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ABSTRACT: Indium is a nonphysiological toxic metal widely
used in industry. While misunderstood, its toxicity is proposed
to be linked to a perturbation of Fe** homeostasis through the
binding of In*" ions to essential iron metalloproteins such as
transferrins. Therefore, the monitoring of In** and Fe®*' in
biological environments is of prime interest for both basic
research and diagnosis. Here we report the design of a salen-type
anthracene-based probe able to selectively sense and discrim-

inate In** and Fe*"/>* ions by fluoro-colorimetry.
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B INTRODUCTION

Physiological metal ions play key roles in all kingdoms of life,
and their homeostasis is finely regulated. Being the most
abundant transition metal on earth, iron is involved in many
biological processes such as DNA synthesis, oxygen transport,
or electron transfer. Hence, slight perturbations of its cellular
homeostasis can lead to severe diseases, such as Parkinson or
Alzheimer diseases.””” On the other hand, the industrial use of
metals leads to a release of nonphysiological metal ions into
the environment, increasing their bioavailability and hence the
frequency of associated diseases. Nowadays, the industrial use
of indium is globally increasing due to the growth of
photovoltaic and optoelectronic industries’ > with the global
indium market estimated at 810 tons in 2016.° While toxicity
and exposure data are limited for this metal,”~” recent reports
highlighted the involvement of indium in lung diseases of
exposed workers.'’""* Indeed, indium has been proposed to
perturb alveolar macrophage functions, resulting in the so-
called indium lung disease.'® Furthermore, the biochemical
similarities between In** and Fe®" ions (ionic radii of 94 pm
and 78.5 pm (high spin)/69 pm (low spin), in octahedral
environment, respectively)'” may be responsible for a
disruption of the iron metabolism by indium, resulting in
imbalances at iron absorption sites, transportation, usage, and
storage in cells.'® For instance, the iron transport has been
proposed to be inhibited by indium ions, due to their tight
binding to transferrins.”” Indeed, possessing the same charge,
In*" ions can accommodate in Fe*" binding sites of transferrins

with a high affinity. For Fe3* detection, numerous probes have
been recently reported.””™>* For instance, Lee et al. have
reported a selective rhodamine-based sensor showing a
sensitive and selective detection of intracellular Fe’* ions in
hepatocytes.”””* To the best of our knowledge, Kim and co-
workers were the first in synthesizing an indium sensor, based
on pyrene moieties.”> Due to the high interest of monitoring
In*" concentrations in biological environments, the number of
optical probes for In** detection is also increasing.’®™
Nevertheless, the design of new chemosensors able to quantify
the cellular concentrations of iron and indium ions is still
needed for the fundamental understanding of indium toxicity
as well as for the diagnosis of associated diseases.

Lately, considerable efforts have been made in the
conception of new chemosensors for the selective detection
of multiple metal ions.**~* Among the available sensing
methods, probes based on metal ion-induced fluorescence
changes are principally attractive and offer many advantages
such as the selectivity, the fast responses, and the high
sensitivity.”~** However, due to the fluorescence quenching
effects by certain metal ions,*® the development of turn-on
fluorescence chemosensors remains very challenging. On the
other hand, the colorimetric method represents an easy and
fast technique allowing detection of targets by a color change,
ideally even visible with the naked-eye.”” ™"
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In order to design a versatile probe especially able to
discriminate In* among other cations, Schiff base ligands have
caught our attention.”’ > Azomethine ligands, such as salen
and its derivatives, which are commonly used as chelating
ligands in coordination chemistry, are of crucial interest in
multiple areas such as supramolecular chemistry,””*® material
sciences,”” %' or catalysis.éz_64 Furthermore, salen based
ligands are well-known to coordinate In*" cations with their
N,O, chelating site, producing complexes which are widely
used as efficient catalysts for e.g. isoselective lactide polymer-
ization.”® Such compounds are easy to prepare and are
readily tunable.

Building on this framework, we developed the first
fluorescent and colorimetric multitarget anthracene-based
sensor S1 able to distinguish indium and iron through distinct
optical methods. This multisensing probe is able to selectively
detect In’" ions with a strong excimer fluorescence emission
and selectively senses Fe**/Fe** ions by the formation of a
broad charge transfer (CT) band involving the inner 0,0, and
outer N,0O, coordination spheres of S1 and giving rise to a red
color of the complex.

B EXPERIMENTAL SECTION

Materials and Methods. All experiments were performed in air
and at RT. Ligand S1 was prepared based on the procedure reported
previously by Mandolini and co-workers.”” All chemicals were
commercial products of reagent grade and were used without further
purification.'H and '*C NMR measurements were carried out with a
Bruker 400 MHz spectrometer at ambient temperature, and chemical
shifts are given in ppm with respect to the residual solvent peak. Mass
spectra (ESI-TOF, positive mode) were recorded with a Bruker
esquire HCT spectrometer with a DMF/ACN mixture as solvent. The
UV-vis spectra were recorded with a Perkin—Elmer Lambda 40
spectrometer. The spectrofluorimetric studies have been conducted
on a Varian Cary Eclipse spectrofluorimeter.

Sensor Synthesis. Synthesis of Anthracene-Based Aldehyde
$1'. To a suspension of pure NaH (0.73 mg, 2.8 equiv) in dry DMSO
(3 mL) was added a solution of 2, 3-dihydroxybenzaldehyde (152 mg,
1.1 mmol) in DMSO (2 mL) at 20—25 °C. After stirring for 90 min, a
solution of 9-bromomethylanthracene (300 mg, 1.1 mmol) in DMSO
(2 mL) was added. Stirring was continued for 20—24 h in the dark,
whereupon the mixture was poured into water (25 mL) and extracted
with CHCL; (3 X 20 mL). The aqueous layer was acidified with 6 M
HCl to adjust the pH to 4 and again extracted with CHCl, (3 X SO
mL). The combined CHCI, layers were washed with 1 M HCI (2 X
20 mL). The solvent was evaporated, and the residue was purified by
column chromatography (silica gel, DCM/hexane (8:2)) to give the
pure aldehyde S1” as a yellow solid (187.8 mg, 52%) (Figure S1). 'H
NMR (400 MHz, DMSO-dy): § 6.10 (s, 2H), 6.93—6.99 (t,] = 8 Hz,
1H), 7.27-7.30 (d, J = 4 Hz, 1H), 7.36—7.39 (d, J = 12 Hz, 1H),
7.46—7.58 (m, 4H), 8.02—8.05 (d, J = 8 Hz, 2H), 8.39-8.49 (d, J =
12 Hz, 2H), 8.52 (s, 1H), 9.93 (s, 1H), 11.04 (s, 1H). 3C NMR (100
MHz, DMSO-d,): 6 193.81, 151.61, 14828, 131.45, 131.20, 129.37,
12924, 127.54, 127.14, 125.75, 12479, 123.00, 122.35, 122.08,
120.62, 120.32, 119,83, 64.01. ESI-mass: m/z calculated for
Cp,H c05+Na" ([M + Na]*), 351.09; found, 351.09.

Synthesis of the Anthracene-Based Receptor S1. The suspension
of the corresponding aldehyde S1’ (0.2 g, 0. 609 mmol, 2 equiv) was
solubilized in MeOH (10 mL), and ethylenediamine was added
slowly (0.0203 mL, 0.304 mmol). After letting the reaction stir at
reflux overnight in the dark, the light-yellow product S1 was collected
by filtration and dried under vacuum (163.7 mg, 79%) (Figure S2).
'H NMR (400 MHz, DMSO-dy): 6 3.97 (s, 4H), 6.07 (s, 4H), 6.76—
6.81 (t, ] = 8 Hz, 2H), 6.93—6.96 (d, ] = 8 Hz, 2H), 7.17-7.20 (d,] =
12 Hz, 2H), 7.54—7.44 (m, 8H), 8.00—8.03 (d, J = 12 Hz, 4H), 8.38
(s, 2H), 8.42—8.45 (d, J = 16 Hz, 4H), 8.50 (s, 2H), 13.67 (s, 2H).
13C NMR (100 MHz, DMSO-dy): § 161.35, 157.60, 151.47, 150.09,

131.08, 129,31, 128.26, 126.58, 125.88, 125.70, 125.40, 124.40,
118.00, 115.94, 70.80, 67.7. ESI-mass: m/z calculated for
CyH3N,O,+H" ([M + HJ"), 681.21; found, 681.27.

Sensing Tests of S1. Stock solutions (1 mM) of sensor S1 (4.765
mg, 0.007 mmol) were prepared in DMF (7 mL). In order to obtain a
solution with a final concentration of 40 uM, 24 uL of the previous
solution (1 mM) was then diluted into 2.976 mL of DMF (3 mL in
the cuvette). Metal ion salts were added from 0 to 3 equiv using 20
mM solutions of M(NO;) (M = Na, K, Ag), M(NO;), (M = Mn, Nj,
Cu, Zn, Cd, Mg, Ca, Pb), M(ClO,), (M = Fe), and M(NO;); (M =
Al, Fe, Cr, Ga, In) in DMF (addition of 9 uL, corresponding to 1.5
equiv), respectively. UV—vis and fluorescence spectra were recorded
after mixing of the samples for a few seconds at ambient temperature.

Fluorescence Titrations of S1. For In*', a solution of 40 uM of
sensor S1 was prepared in a cuvette of 3 mL. Then, 6—90 uL of a
solution of In(NO;); in DMF (S mL, 20 mM) was added to the
solutions of S1 (40 uM) prepared previously. After mixing them for a
few seconds, fluorescence spectra were recorded at 30 °C.

UV-Vis Titrations of S1. For Fe**, a solution of 40 uM of sensor
S1 was prepared in a cuvette of 3 mL. Then, 0.6—18 uL of a solution
of Fe(NO,); in DMF (S mL, 20 mM) was added to the solutions of
S1 (40 uM) prepared previously. After mixing them for a few seconds,
UV—vis spectra were recorded at room temperature.

NMR Titration of S1. For In*', a solution of 0.5 mM in CDCl; of
sensor S1 was prepared in an NMR tube. Then, 1.7—10.2 uL of a
solution of In(NO,); in MeOD (1.5 mM) was added to the solutions
of S1. After mixing them for a few seconds, the 'H NMR spectra were
recorded at room temperature.

Job Plot Measurements. For In**, a stock solution (1 mM) of
sensor S1 (4.765 mg, 0.007 mmol) was prepared in DMF (7 mL).
Volumes of 0, 18, 36, 54, 72, 90, 108, 126, 144, 162, and 180 L of
the chemosensor S1 solutions (1 mM) were transferred to
independent vials. In the same way, the volumes of 9, 8.1, 7.2, 6.3,
5.4, 4.5, 3.6, 2.7, 1.8, 0.9, and 0 uL of In*" solutions (20 mM) were
added to the correspondent diluted S1 solution. Each vial is then filled
with the latter solution to a total volume of 3 mL and after shaking
them for a few seconds, fluorescence spectra were recorded at 30 °C.

For Fe** and Fe’*, the same procedure has been adopted and the
UV—vis spectra were recorded at room temperature.

Competition with Other Metal lons. For Fe**/Fe** and In*, a
stock solution (1 mM) of sensor S1 (4.765 mg, 0.007 mmol) was
prepared in DMF (7 mL). In order to obtain a solution with a final
concentration of 40 M, 24 uL of the previous solution (1 mM) was
then diluted into 2.967 mL of DMF (3 mL in the cuvette). Metal ions
salts were added (addition of 18 uL, corresponding to 3 equiv) using
20 mM solutions of M(NO;) (M = Na, K, Ag), M(NO;), (M = Mn,
Ni, Cu, Zn, Cd, Mg, Ca, Pb), M(CIO,), (M = Fe), and M(NO,), (M
= Al, Fe, Cr, Ga, In) in DMF, respectively. Then, 9 uL (corresponding
to 3 equiv) of the analyzed metal ion, namely Fe**/Fe** and In** (40
mM solution), was added and the UV—vis or fluorescence spectra
were recorded after mixing the samples for a few seconds at room
temperature, respectively 30 °C.

B RESULTS AND DISCUSSION

Ligand Synthesis and Characteristics. A salen-type
compound has been modified via the introduction of two
anthracene moieties, employed as chromophores for their
efficient fluorogenic behavior. The anthracene derivative of the
o-vanillin, S1’, was synthesized by a nucleophilic substitution
reaction between 2,3-dihydroxybenzaldehyde and 9-bromome-
thylanthracene. The final anthracene ligand S1 has been
produced by a nucleophilic addition forming a hemiaminal,
reacting ethylenediamine as starting material with the
anthracene corresponding aldehyde S1’. The subsequent
dehydration provides the resulting imine-based ligand S1
(Scheme 1). The latter has been fully characterized by 'H and
13C NMR, UV—vis, ESI-MS spectrometry and by single crystal
and powder X-ray diffraction.
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Scheme 1. Synthetic Route of the Ligand S1 and Its
Potential Recognition Sites Generating a Q-Shape
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The self-assembling of the two anthracene moieties upon the
coordination of certain metal cations is expected to induce a
strong A—A* excimer fluorescence.’® Indeed, containing a
N,O, imine-based coordinating site, the ligand S1 can bind
transition metal ions upon deprotonation. The coordination of
the N,O, moiety preorganizes the ligand in a Q-shape, offering
thus a second recognition site, O,0,, for the coordination of a
second metal ion (Scheme 1). The coordination of a second
metal ion at the 0,0, site becomes favorable and is expected
to further modify the previous architecture, altering in turn the
luminescence by bringing the fluorophores close to each other.
Indeed, changing the degrees of freedom (mobility) of the
molecular scaffold, receptor S1 could have the ability to
produce an excimer emission by metal ion-induced fluo-
rescence.

Colorimetric Sensing of Fe?**’**, The coordination of
Fe** and Fe®* ions by S1 (40 uM) leads to a coloration of the
solution in red brown. This feature is the result of the
establishment of broad CT bands in the 450—700 nm spectral
window. One of them was assessed to be a metal-to-ligand
charge transfer (MLCT) from a t)y d-orbital of Fe?* to the r*

antibonding orbital on the N,O, site, leading to the oxidation
of the metallic center.”” The other band was described as a
ligand-to-metal charge transfer (LMCT) from a z-orbital of
N,O, to the e, unoccugned d-orbital of Fe’*, leading to the
reduction of the metal. The absorption coefficients (&)
were determined to be 2900 and 4300 M~ cm™, respectively.
Although the spectral features are similar for these two metal
ions, the CT bands appeared to be more intense for Fe**. To
exclude any interference in Fe®" sensing by Fe®, the
experiments were additionally carried out under anaerobic
conditions, avoiding thus the potential oxidation of Fe?* into
Fe®" by O, (Figure S3). Similar UV—vis spectral features have
been observed under these conditions.

The Fe®'/Fe®* binding properties of S1 were then
investigated by UV-—vis titrations. Upon the addition of
increasing amounts of Fe** (Fe(NO;);) or Fe** (Fe(ClO,),),
the characteristic absorption band at 366 nm is slightly red-
shifted by 3 nm, giving rise to two isosbestic points at 385 and
389 nm (Figure 1A).

The corresponding binding isotherm curve shows a plateau
after 1 equiv of Fe*"/Fe®" was added, indicating the formation
of a 1:1 complex. This binding stoichiometry is then confirmed
by a Job plot analysis which exhibits a maximum at 0.5
attesting the formation of a 1:1 complex in both cases (Figure
S4—S5). The stoichiometry is supported by mass spectrometry
for the Fe** compound with m/z: 734.19 [M — NO,]* where
M([(FeS1 — 2H) + NO,]) = 796.12, Figure S6. (The Fe**-
complex oxidizes rapidly in air). Moreover, a 'H NMR titration
of S1 by Fe’* and Fe?* salts has been performed, showing a
complete disappearance of the signals for the OH-group upon
the addition of 1 equiv of Fe** or Fe®" ions. This confirms the
participation of O atoms (Figure S7—S8) of the N,O,
chelating site in the iron coordination. For both Fe**- and
Fe*-S1 complexes, the proton signal becomes broader upon
metal jon addition, preventing an accurate titration of the
complexes. This phenomenon indicates that the Fe**-complex
is high spin, while in the case of Fe¥*, no conclusion can be
drawn from NMR data as both high and low spin states give
paramagnetic species.
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Figure 1. (A) UV—vis titration of S1 (40 uM) by Fe(NO;); (0 to 80 uM)
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corresponding binding isotherm curve (4 = 530 nm). (B) UV—vis spectrum and color of S1 solutions (100 M in DMF) upon the addition of 1.2

equiv (120 yM) of different metal ions.
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Scheme 2. Suggested Coordination Modes of the Sensor S1. (A) Coordination of Fe**

or Fe* Tons by S1 Leading to the

Establishment of a Broad CT Band, Giving Rise to a Red Brown Color. (B) Coordination of In** Ions by S1 Leading to the
Self-Assembling of the Anthracene Moieties, Giving Rise to a Strong Excimer Emission
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Figure 2. (A) Spectrofluorimetric titration of S1 (40 uM) by In(NO,); (0 to 240 uM) in DMF (A,= 365 nm). The inset depicts the
corresponding binding isotherm curve by plotting the relative fluorescence intensity (I/I,) changes (4., = 508 nm). (B) Selective detection of In**
by sensor S1. Fluorescence emission spectra (4., = 365 nm) of S1 (40 M in DMF) upon the addition of 1.2 equiv (48 uM) of different metal ions
(detailed labeling of the fluorescence intensity depending on the used metal ion can be found in the Supporting Information, Figure S11).

The suggested coordination mechanism involves a twisted
arrangement of the anthracene moieties impeding sterically the
coordination of the 0,0, recognition site by a second cation
(Scheme 2A). Therefore, the sensing ability of other metal ions
has been determined by monitoring the potential CT
transitions in the visible range after the addition of each
metal ion. The absence of the latter broad band confirms that
sensor S1 can be used as a colorimetric chemosensor able to
selectively sense Fe®* or Fe>* among other cations (Ag*, Al
Ga3+, In3+l Zn2+, Cu2+, Mg2+) CI‘3+, C02+, Ni2+) Na*, K+) Ca2+,
and Pb**) by colorimetry (Figure 1B). The calculation of
detection limit (LOD) was then performed through standard
deviations and linear fittings, giving a result of 0.44 uM for Fe®"
and 0.69 uM for Fe** (Figure S9—S10).

Fluorimetric Sensing of In3*. Initially, after an excitation
at 365 nm, receptor S1 exhibits a weak monomer emission in

the 375—475 nm range with a maximum at 420 nm. This
might be explained by a photoinduced electron transfer (PET)
which takes place from the nitrogen atoms of the imine groups
to the fluorophore moieties, leading to fluorescence quench-
ing.”* The subsequent coordination of In** by S1 generates an
intense excimer emission in the 475—600 nm range with a
maximum at 508 nm (A, = 365 nm), probably via a parallel
self-assembly of the two anthracene moieties through z—x
stacked dimer interactions, leading to a bright green
fluorescence (Figure 2A).7*77° Concomitantly, a strong
decrease of the typical monomer emission band is observed.
The binding mode was then analyzed by performing a
spectrofluorimetric titration of S1 by In**. This titration
showed an increase of the excimer emission until 2 equiv of
In** added. In the corresponding binding isotherm curve
obtained by plotting the relative fluorescence intensity (I/I,)
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Figure 3. (A) Aromatic region of the 'H NMR titration of S1 with In(NO,); (in MeOD) forming the corresponding In**-S1 complex at room
temperature (0.5 mM) in CDCl,. (B) 'H NMR proton signals assignation of the complex assignation. (C) "H NMR titration binding isotherm of
the In**-S1 complex formation focused on the methylene-CH, bridge integrals, taking TMS as reference.

changes as a function of the metal concentration, a plateau is
reached after the addition of 2 equiv of metal ion, revealing the
formation of a 2:1 complex (Figure S12). This result also
indicates the formation of the excimer conformation already
after the coordination of the first In** ion within the N,O, site
(Scheme 2B) and displays thus a ratiometry with an
isoemissive point at 428 nm (4= 365 nm). The calculation
of detection limit (LOD) was performed through standard
deviations and linear fittings yielding 0.53 uM (Figure S13).
Together with the Job plot result from fluorescence titration,
which presents a maximum at around 0.35, the ESI-MS
analysis also indicates the formation of a 2:1 complex (m/z:
1095.03 [M-NO;]* where M([(In,S1 — 2H) + 4NO;]) =
1156.03, Figure S14). Additionally, a "H NMR titration of S1
by In** ions in CDCI, has been carried out in order to confirm
the complex stoichiometry. The perturbation of the S1 'H
NMR spectrum upon the addition of In** suggests a drastic
reorganization and distortion of the ligand backbone during
the complex formation, probably similar to what is observed in

single crystal structures of 1:1 salen-type indium complexes.*®
For instance, the initial aromatic and methylene bridge signals
disappear in favor of new shifted signals that appear during the
titration, showing the formation of a new species in slow
exchange regime (Figures 3A and 3B). The splitting of the
anthracene external mutliplet signal at 7.5 ppm reflects the
formation of an asymmetrical complex which is stabilized after
the addition of 2 equiv of In** added. The shift of the
methylene bridge-CH, singlet from 6.07 to 6.12 ppm also
follows this tendency and confirms the 2:1 stoichiometry of the
complex. Indeed, the binding isotherm of the complex
formation established based on the methylene bridge-CH,
signal appearing at 6.12 ppm, taking tetramethylsilan (TMS) as
reference, shows a plateau after the addition of 2 equiv of In*"
ions (Figure 3C) (More details of the '"H NMR titration can
be found in the Supporting Information, Figures S15—516). In
addition, a 'H NMR titration of S1 by In*" ions has been
performed in DMSO displaying the complete deprotonation of
the —OH groups, validating the contribution of oxygen atoms
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Figure 4. (A) Selectivity of S1 (40 uM) toward In** (88 uM, 2.2 equiv) in the presence of other metal ions (88 uM, 2.2 equiv) in DMF (4, = 365
nm, A,,= 508 nm). (B) Selectivity of S1 (40 uM) toward Fe®* (48 uM, 1.2 equiv) in the presence of other metal ions (48 uM, 1.2 equiv) in DMF

(4 = 500 nm).

(from the N,O, chelating site) in the complex formation
(Figure S17).

Altogether, these results suggest that the chelation of one
In*" ion in the first N,O, recognition site of the ligand brings
the anthracene moieties into close enough proximity to start
the formation of the excimer A—A* in the sensing mechanism.
However, the overall structure is subsequently rigidified upon
complexation of the second In*' ion, amplifying thus the
excimer emission in solution (Scheme 2B).

The lack of a single crystal X-ray structure prevents the exact
characterization of the coordination compound. Nevertheless,
several previously described salen-based indium complexes
provide valuable examples of different possible coordination
modes. Indeed, some reported indium structures®”””® allow
us to state that the reaction of S1 with one In*" could give rise
to a distorted square pyramidal coordination of In** by the
N,O, chelating moiety of S1 (formed by two phenolate
moieties and two imine groups) with an axial oxygen donor
atom from a nitrate ion. This will likely enhance the
nonplanarity of the ligand as it wraps around a metal ion
that is too large to perfectly fit into the N,O, cavity. For the
second indium ion, it is suggested to be coordinated by all four
oxygen atoms of the 0,0, compartment of the ligand.
Similarly to a few similar structures reported earlier,”” it is
proposed that the coordination sphere of the second metal ion
is completed by two O atoms of two nitrate ions in axial
positions. The presence of a complex dimer or 1D
coordination polymers can be discussed via bridging nitrate
or solvent ligands; however, this phenomenon seems to be less
probable due to the steric hindrance of the two anthracene
moieties and the fact that no evidence of such species or
oligomers was observed by ESI-MS analysis. In total, one
2—-charged ligand and three nitrate anions would thus be
coordinated directly to the indium ions, while an additional
anion may not directly be coordinated to the complex. This
situation would perfectly fit to the observed mass spectra.

The binding capacity of sensor S1 for diverse metal ions was
also studied by spectrofluorimetry, showing however no
excimer formation. This specific behavior allows sensor S1 to
detect and discriminate In*" from all other metal ions tested
(Ang, A13+, Ga3+, Zn“, Cu2+, Fe3+, Fez+’ Mg2+; Cr3+! C02+’ Ni2+,
Na®, K*, Ca*, and Pb*") by fluorometry (Figure 2B). The
excimer emission is not produced by the coordination of other
cations due to the lack of an efficient distortion of the SI’s
backbone, avoiding thus the excimer formation.

Compared to other 3+ charged, yet smaller, metal ions such
as AI** (ionic radius 67.5 pm) or Ga** (76 pm), In*" is the only

one generating an excimer emission. Furthermore, the
interaction of S1 with lanthanide ions such as Er** (103 pm)
or Eu’* (108 pm), which are bigger than In*, has been
qualitatively studied and also no optical response has been
observed. This phenomenon is likely due to the “optimum”
size of the indium ion to induce the excimer formation from
the two anthracene moieties of the ligand.®® Crystal structures
of salen-type ligands with smaller metal ions do not lead to a
strong deformation of the salen backbone on one hand,*® while
larger ones may not fit well into the N,O, chelating site.%2
This may then possibly lead to sandwich-type complexes with
two ligands per cation, binding via N,O,-entities like in the
case of Tb***** or protonation of the N-donor atoms and
binding via the 0,0, entity only, as for Ln>",** preventing thus
the excimer formation, respectively offering quenching path-
ways. This allows us to argue that indium possesses the
“optimal size”, resulting in a strong excimer emission
generating from the perfect arrangement of the anthracene
moieties.

Competition Studies. In order to challenge the robustness
of the sensor, potential interference from other ions in the
detection of Fe?*/Fe** and In** was investigated in the
presence of other competitive ions, in particular Ag®, Al*',
Ga3+, Zn2+l Cu2+, Fe2+) Fe3+’ In3+, Mg2+) CI’3+, C02+, Ni2+’ Na*,
K*, Ca?*, and Pb**. These cations were added to a solution of
S1 (40 uM) before the addition of equivalent amounts of
In**or Fe®/Fe** (2 and 1 equiv, 88 uM and 48 uM,
respectively) (Figures S18—S520).

In the case of In*, the experiment was performed by
monitoring the excimer emission of the In**-S1 complex. Most
of the present cations did not interfere with the detection of
In®* except three of them, Cu®*, Fe**, and Fe®*, which inhibited
the indium sensing considerably (Figure 4A). Indeed, after the
coordination of these three metal ions by S1, no subsequent
excimer emission band was observed upon In** addition even
though a decrease of the monomer emission has been
observed. Cu*" and Fe’* are well-known paramagnetic ions
with an incompletely filled d shell. These cations have been
described to strongly quench the fluorescence of the
fluorophore by electron or energy transfer.*"*® Moreover,
the coordination of Cu®*, Fe®", or Fe** ions by S1 would also
prevent the assembly of the anthracene moieties, avoiding the
In*"-induced excimer emission. Therefore, the formation of
these three different complexes decreases the monomer
emission fluorescence of S1 and impedes the formation of
the excimer upon the addition of In** ions (Figure S20).
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Scheme 3. Suggested Recognition Mechanism of Fe?*, Fe**,
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For Fe’* and Fe®, similar competition experiments were
performed by monitoring the typical broad absorption band of
the Fe?*- or Fe*-S1 complex upon the addition of the
challenging cations. In this case, Cu®* ions were the only
cations able to interfere with the detection of Fe?'/Fe®*
(Figures S19 and 4B). Indeed, when Cu®" was preliminarily
added to the solution, no color change and respectively no
appearance of the broad CT band were observed upon the
subsequent addition of Fe** or Fe** (Figure S18—S19).

These results suggest a stronger binding of Cu®" compared
to the other cations, suggesting a binding strength tendency:
Cu® > Fe’* > Fe** > In’". However, the binding constant
could not be accurately determined, due to a too high affinity
of 81 for these cations. A study of Cu** complexation by sensor
S1 revealed a 1:1 stoichiometry (Figure S21). Although this
higher affinity for Cu?* limits the sensing of In®*" and Fe**/Fe?*
to copper-free media, it also expands the sensing ability of the
probe, able to detect and discriminate Fe**/Fe** and Cu®* ions
when used in the form of the In**-S1 complex as “on—off”
sensor. Indeed, the In**-S1 complex can be hence used as a
switch-off fluorescent probe for Cu?* and Fe**/Fe®* detection,
which subsequently discriminates these metal ions by color-
imetry upon the formation of the Fe**- or Fe**-S1 complex
(Scheme 3).

Solvent Effect Studies. The behavior of S1 has been
investigated in common solvents by UV—vis and spectro-
fluorimetric measurements. The fluorescence emission spec-
trum of the ligand S1 upon excitation at 365 nm exhibits the
characteristic monomer emission of the anthracene moiety in
all tested conditions. However, the excimer emission agpeared
to be strongly dependent on the solvent system used.””

Figure 5 shows a clear enhancement of the excimer
formation in less polar solvents such as toluene, THF, or
DCM. By increasing the polarity of the solvents, the In**-S1
complex displays a decrease of the emission presumably due to
nonradiative relaxation and solvent interactions inducing a lack
of flexibility within the sensor and inhibiting the excimer
formation.”””" For instance, in pure DMSO as well as in a
mixture of DMSO with $% of buffer (Bis-Tris, 10 mM, pH 7),
the addition of In** to the solution of S1 resulted only in a
slight excimer emission. In contrast, the fluorescence emission
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Figure 5. Solvent dependency of the fluorogenic detection of In** (40
uM) in DCM, THF, DMF, DMSO, ACN, toluene, and their
corresponding buffer (5%, Bis-Tris, 10 mM, pH 7) mixtures.

spectra of the In**-S1 complex in the other solvents and their
respective buffer mixtures exhibit a broad excimer emission
band, reducing drastically the monomer emission band. In
DCM, THE, or toluene, this effect is even more pronounced,
increasing the excimer emission band intensity and decreasing
almost totally the monomer emission band. Therefore, the In**
sensing is less effective in DMSO than in other solvent systems,
even though a slight excimer emission band can be detected.
These results showed a clear dependency of the In**-S1
excimer formation as a function of the solvent used (Figure 5).
Moreover, the presence of the buffer leads in general to a
weaker emission than in the absence of buffer. This might be
due to the interaction of the buffer with the ligand, e.g. via H-
bonds, and hence additional quenching pathways.

The Fe?*/Fe** detection is however not dependent on the
solvent system. Indeed, the characteristic broad CT band
appearing upon Fe**/Fe®" addition has been observed in all
tested solvents (Figure 6).

These results revealed that the use of different solvents does
not interfere with the detection of Fe*"/Fe*" and In*', despite
the low efficiency of the In** detection in DMSO and in its
buffer mixtures. These measurements also showed that the use
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Figure 6. Solvent dependency of the colorimetric detection of Fe** (40 uM) in (A) DMF, DMSO, and toluene and in (B) THF, ACN, DCM, and

their correspondent buffer (5%, Bis-Tris, 10 mM, pH 7) mixtures.

of buffer in diverse solvents is also possible in order to target
potential biological assays.

Crystallography. In order to gain further insights into the
coordination mechanisms of metal ions by S1, considerable
efforts were undertaken to obtain good quality single crystals of
the host—guest complexes. This was however only possible for
compound S1’, the ligand S1, and the 1:1 Cu**-S1 complex.

For S1, having a C,-axis running through the geometrical
middle of the central C—C bond of the molecule, the two
anthracene moieties point outward with the chromophore
planes nearly perpendicular to the dioxo-benzene rings with an
angle of 85° (Figure 7). These latter two dioxo-benzene rings

Figure 7. Crystal structure of sensor S1, (#2(1/2 —x, 1/2 — y,2)); H
atoms are omitted except for O1—H and O1#2-H (thermal ellipsoids
at 50% probability level).

are arranged in an antiparallel fashion forming an angle of 70°,
probably due to the steric hindrance of the two chromophores.
This arrangement is stabilized by the H-bonds between the
alcohol proton H1 and the N atom N1 (and their symmetry
equivalents), with a distance of 1.947 A.

In the Cu**-S1 complex, the molecule of SI is now
deprotonated and wraps around the Cu®* cation, which
occupies the N,O, chelating site of the ligand in a quasi-
perfect square planar fashion (Figure 8). Having a bond
valence sum”” of nearly 2.0 provided by the N,0, cavity of the
sensor, Cu’* does not need to complete its coordination sphere
using additional solvent or anion entities. The angle sum
around the metal ion within the N,O, recognition moiety is

o€
N1 7 \_ N2
" G\cm , Q\

€@
c18 g \b ./
‘; 0;001 ‘

Figure 8. Two views of the crystal structure of the complex Cu**-S1,
all H atoms are omitted for clarity (thermal ellipsoids at 50%
probability level).

360.85°, indicating the quasi planarity of this coordination.
Compared to the structure of S1 alone, the orientation of one
side arm of the complex is almost preserved with an angle of
79.40° between the external anthracene moiety and the main
plane formed by the dioxo-benzene ring. For the other
extremity of the ligand, the anthracene moiety points toward
the benzene ring with an angle of 64.44° inducing a slight
distortion of the planarity of the N,0, coordination of 20.03°
based on the mean aromatic ring planes. The two anthracene
moieties are in parallel planes; however, they do not stack on
top of each other, showing closest contacts via C32- 7 and C10
- C33 at 3.584 and 3.534 A, respectively. Access to the 0,0,
cavity seems thereby hindered by the large hydrophobic
groups, one of which points above, and the other below that
binding site. A detailed description of all single crystal
structures and their corresponding figures can be found in
the Supporting Information (Figures S22—S24 and Table S1).

The structural aspects of this Cu complex of S1 allow us to
conclude that the binding of a metal ion to the first
coordination site, N,O,, apparently induces a steric hindrance
of the anthracene moieties within the Cu®* complex. This
binding restricts thus the access to the second recognition site,
0,0,, inhibiting the coordination of a potential second cation
and impeding the correct self-assembly of the anthracene
moieties. From the above solution studies, we assume that the
ligand will adopt a similar behavior in the presence of iron,
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while a distinct arrangement of the probe in contact with
indium seems to occur. Indeed, solid state structures of Schiff
base derived ligands with indium show a ca. 10° greater folding
deformation of the liégand scaffold than for transition metal
ions such as Cu?".**® Therefore, the coordination of the first
indium ion to the probe S1 might lead to a parallel
arrangement of the anthracene moieties on one side of the
0,0, cavity, as indicated by the excimer formation, thereby
giving access to the 0,0, cavity and thereby rendering the
coordination of a second indium ion possible.

B CONCLUSION

A highly versatile sensor has been successfully synthesized and
introduced as first selective chromogenic and fluorogenic
sensor for iron and indium ions. Probe S1 is able to detect In*"
ions exhibiting strong excimer emission in various common
solvents. Moreover, the designed compound can also be
employed as selective sensor to detect the presence of Fe** or
Fe** ions. In both cases, competition experiments in the
presence of other cations demonstrated that the Cu®* ion
prevents the excimer emission of the two anthracene moieties
of the sensor S1 and impedes the color change of the solution.
This effect may lead to the formation of a potential new sensor,
the In**-S1 complex, which could be used as “On—Off’
fluorogenic sensor for the detection of Cu®" and Fe?'/Fe¥,
subsequently distinguishable by colorimetry. Moreover, the
obtainment of the ligand crystal structure and its Cu-complex
helped to interpret the different detection mechanisms. This
new anthracene-functionalized Schiff-base probe S1, which
exhibits very low detection limits for the sensing of In** and
Fe®*/Fe* ions in various solvent systems, could be used in the
tracking of environmental In*" and Fe**/Fe* ions and in vitro
biological samples. It could then also provide inspiration for
the design and development of new hydrosoluble sensors for
such detection in vivo.
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