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In this work, we have developed two single-molecular probes, (S)-
3-(4-hydroxyphenyl)-2-((4-nitrobenzyl)amino)propanoic acid (H,Tyr-4-
nitro, 1) and (S)-3-(4-hydroxyphenyl)-2-((3-nitrobenzyl)amino)propanoic
acid (HzTyr-3-nitro, 2), from cheap and readily available L-tyrosine and
demonstrated their use as (i) a solvent mediated differential fluorescent
sensor for iodide in aqueous methanol and fluoride in aqueous DMSO
and (i) a reversible chromogenic pH indicator in DMSO. A flip-flop halide
sensor also acting as a pH indicator is unprecedented.

In recent years, the progress in supramolecular chemistry has
opened new avenues in the field of sensing multiple analytes
and physical observables (pH, temperature, etc.) using a single-
molecular probe. However, the complexity related to the working
of these probes makes their obtainment quite challenging. Only
few multiple sensing fluorescent probes have been reported for
the ratiometric detection of different cations® or different
anions® or cation with anions® or metal-ions along with proteins
or amino acids or sugar’ along with physical parameters like
temperature.® A few solvent mediated multiple-analyte sensors
has been reported.® On the other hand, some probes acting as
pH indicators have also been documented.” However, to the best
of our knowledge, a single-molecular probe acting as both a
solvent mediated differential halide sensor and an optical pH
indicator is unprecedented. The design of such new multiple-
action molecular probes is important for budding new tools for
sensing multiple analytes and observables and for the basic under-
standing of the mechanism of their action. We initiated our work
towards this direction by formulating 1-tyrosine derived fluorescent
probes and exploring their role as halide sensors and pH indica-
tors. Two fluorophores (phenol and 3- or 4-nitrobenzyl groups)
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that have been judiciously put together in a single molecule
are attributed to its triple mode of action. Herein, we report
simple i-tyrosine derived fluorescent probes (S)-3-(4-
hydroxyphenyl)-2-((4-nitrobenzyl)Jamino)propanoic acid (H,Tyr-4-
nitro, 1)° and (S)-3-(4-hydroxyphenyl)-2-((3-nitrobenzyl)amino)
propanoic acid (H,Tyr-3-nitro, 2) and their abilities to act as
solvent mediated differential halide fluorescent sensors and
reversible chromogenic pH indicators. The functionalization of
the r-tyrosine introduces an enhancement of the fluorescence
intensity similar to the enhancement reported in the literature.’
These are synthesized via the combination of r-tyrosine and
4-nitrobenzaldehyde or 3-nitrobenzaldehyde moieties, respec-
tively, in a single pot (see experimental details and Scheme S1,
ESIT). In each case, the synthesis starts with the condensation of
monosodium salt of i-tyrosine (prepared in situ from r-tyrosine
and NaOH) with the corresponding aldehyde in a methanol:
water mixture (v/v 1:1). The resultant Schiff base is further
reduced using sodium borohydride. The desired product is
obtained by the addition of glacial acetic acid to the sodium salt
of the reduced Schiff base in 80% yield. These are fully
characterized using M.P., "H NMR and FTIR spectroscopy,
and HRMS data (see ESIT).

The photo-excitation of 1 in ag. DMSO at 220 nm yields a
fluorescence spectrum with an emission maximum at 365 nm.
On adding various anions, a significant change was observed in
the fluorescence intensity (an enhancement) of the probe only
for fluoride ion (Fig. S1, ESIT). To analyze the role of a solvent in
anion sensing, fluorescence spectrum of 1 in aq. methanol was
desired. However, insolubility of 1 in aq. methanol inhibited us
from doing so. On the other hand, utilization of the fact that
the monosodium salt of 1 is soluble in both aq. DMSO and aq.
methanol solves the problem. When excited at 220 nm, the
fluorescence spectrum of monosodium salt of 1 in aq. methanol
(1a) shows an emission maximum at 320 nm with a hump at
365 nm while in aq. DMSO (1b) shows an emission maximum at
365 nm. On adding various anions, 1a shows selective quenching
of fluorescence intensity by iodide ion whereas 1b shows selective
enhancement of fluorescence intensity by fluoride anion (Fig. 1).
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Fig. 1 Quenching of fluorescence in 1a upon the addition of iodide ion and enhancement of fluorescence in 1b upon the addition of fluoride ion.

With the subsequent addition of iodide to 1a, a sequential
decrease in the main peak at 320 nm and an increase in the
hump at 365 nm are observed (Fig. S2, ESIt). The percentage
decrease at 320 nm is well observed (Fig. S3, ESIT). On the other
hand, an addition of fluoride ion to 1b gradually increases its
fluorescence intensity at 365 nm (Fig. S4, ESIt). The increase in
the fluorescence intensity of 1b is a two-step process (Fig. S5, ESIT)
indicating the involvement of two different interactions at differ-
ent concentrations (vide infra). In the case of 1a and 1b, the
detection limit for iodide ion is 3.28 ppm (2.59 x 107> M) (see
Fig. S6 and Tables S1, S2, ESIt) and for fluoride ion is 0.14 ppm
(7.28 x 10~° M), respectively (see Fig. S7 and Tables S3, S4, ESI*).
These values are comparable to those reported in the literature for
each analyte.'® The homologous nature of the anion sensing
abilities of 1 and its anionic form 1b in aq. DMSO nullifies the
role of sodium ion and strengthens the part played by the solvent
in sensing various halides. This differential halide ion sensing
using the same probe in different solvents can be accredited to the
variation in the orientation of the probe depending on the extent
and type of interaction between both the probe and the halide ion
with a particular solvent, which further depends on the polarity of
the solvent.

Having established the solvent-dependent sensing behaviour
of 1, for the positional effect of the nitro group, a second probe
H,Tyr-3-nitro (2) was considered under similar conditions. When
excited at 220 nm, the fluorescence spectrum of monosodium
salt of 2 in aq. methanol (2a) shows a peak at 310 nm with a
hump at 365 nm while in ag. DMSO (2b) shows a peak at 368 nm.
On adding one equivalent of iodide ion to 2a, a much higher
fluorescence quenching (68%) compared to that of 1a (43%) is
observed (Fig. S8, ESIT). Similarly, the addition of one equivalent
of fluoride ion to 2b causes 188% enhancement in fluorescence
intensity compared to 72% by 1b (Fig. S9, ESIt). This indicates
that the sensitivity of 2b is much more towards fluoride ions
than 1b. On successive addition of iodide to 2a and fluoride to 2b
further changes in the intensity of the probe are seen (Fig. S10
and S11, ESIT). However, for 2a and 2b, the detection limits are

© 2021 The Author(s). Published by the Royal Society of Chemistry

4.66 ppm (3.67 x 10> M) for iodide (see Fig. $12 and Tables S5,
S6, ESIT) and 0.19 ppm (1.01 x 10> M) for fluoride, (see Fig. S13
and Tables S7, S8, ESIt), respectively, which are quite similar to
those of 1a and 1b. Based on the above data 2a/2b is slightly
better than 1a/ib, emphasizing that both fluoride and iodide
ions interact with the nitrobenzyl group of the probes where a
stronger positive dipole is generated in 2a/2b compared to that
in 1a/1b due to the meta vs. para position of the nitro group.
For a deeper understanding of the mechanism of this
differential sensing, a titration between the anions and the
probe was performed by 'H NMR spectroscopy. The *H NMR
titrimetry (see Fig. 2) between iodide ion and NaHTyr-4-nitro in
CD;OD shows a downfield shift of all the aromatic protons
(including protons of both nitrobenzyl and phenyl rings)
whereas that between fluoride ion and NaHTyr-4-nitro in
(CD3),SO shows an upfield shift of the protons of nitrobenzyl
rings with a slight change in the protons of the phenyl ring
(peaks at 6.65). Hence, the fluoride sensing can be ascribed to
the anion- interaction* between fluoride ion and the nitrobenzyl
ring along with the hydrogen bonding between the NH group and
fluoride ion. The presence of both these interactions further
supports the two-step process observed in the enhancement of
fluorescence intensity suggesting an increase in the electron
density of the nitrobenzyl ring due to through-bond effects on
the addition of fluoride ion to 1b and thus supports an upfield
shift of protons as shown in Fig. 2 (bottom). The anion-n
interaction is more prominent in DMSO, as it does not interact
with any halide and thus enhances the anion-n interaction.
However, in the case of methanol the interaction between the
solvent and the halide (especially fluoride due to its small size and
high electro negativity) diminishes the extent of anion-r interac-
tions. The iodide ion being larger in size does not show much
interaction with the solvent. The formation of a hydrophobic
cavity by the probe in methanol (vide infra) helps in iodide sensing
and also brings a downfield shift of all aromatic protons (through-
space effects), which polarize the C-H bonds in proximity to the
hydrogen bond, creating the partial positive charge. The "H NMR
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Fig. 2 H NMR titrimetry of NaHTyr-4-nitro with Kl (top) and KF (bottom) as an analyte in CDsOD and (CD3),SO, respectively.

shift observed in each case can be further enlightened by the
predicted structures obtained through MM2 calculation (Chem 3D)
for energy minimization. As can be seen in Fig. S14 in the ESL
the formation of hydrogen bonds in methanol brings two mole-
cules of the probe together forming a cavity (which is well
observed in the space-fill model). This cavity is suitable for the
iodide to fit in, and thus, the decrease in the electron density of
the aromatic region causes a deshielding effect. On the other
hand, in DMSO no such cavity is observed in the structure of the
probe (see Fig. S15, ESIT) and thus the fluoride ion is being sensed
by the anion-rn interaction. With the above-mentioned facts, a
probable mechanism for the solvent assisted differential sensing
of halides is summarized in Scheme S2 (ESIt).

From the NMR titrimetry as well as MM2 calculation it is
clear that in iodide sensing both nitrobenzyl and phenol groups
of the probe contribute equally while for fluoride sensing the

role of the nitrobenzyl group appears to be more important
compared to that of the phenol group. To consolidate this fact,
the hydroxy group in 1 was replaced with a hydrogen to obtain
(8)-2-((4-nitrobenzyl)amino)-3-phenylpropanoic acid (HPhe4-
nitro, 3); the details of its synthesis and characterization are
provided in the ESIL.f On excitation at 220 nm, the fluorescence
spectrum of monosodium salt of 3 in aq. methanol (3a) shows
peaks at 338 nm and 362 nm while in aq. DMSO (3b) shows a
peak at 365 nm. The change in the fluorescence intensity of 3a
due to iodide ion and that of 3b due to fluoride ion is shown
in Fig. S16-S19 in the ESL{ For 3a/3b, the detection limits
are 11.77 ppm (9.27 x 10~° M) for iodide (see Fig. S20 and
Tables S9, $10, ESIt) and 0.58 ppm (3.04 x 10> M) for fluoride
(see Fig. S21 and Tables S11, S12, ESIt), respectively.

A comparison of the halide sensing abilities of the three
probes in aq. DMSO and aq. methanol (Fig. 3) clearly indicates

Fig. 3 Comparison of halide sensing abilities of (a) 1a, 2a and 3a in ag. methanol and (b) 1b, 2b and 3b in aq. DMSO.
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Fig. 4 Change in color of the DMSO solution of H,Tyr-4-nitro at different pH values.

the superiority of the r-tyrosine based sensor over the r-phenyl-
alanine based sensor in both fluoride and iodide sensing.
Practically, these probes can be used to detect urinary iodine
concentration, which is generally detected using a very complex
Sandell-Koltoff method."”> The aq. methanolic solution of
probes would be an easy way for the detection of urinary iodide
concentrations. The aq. DMSO solution of these probes can
also be used to detect fluoride ions in ground water as higher
concentrations of fluoride can cause great damage to dental
structures.™

Apart from being flip-flop sensors, 1 and 2 also act as optical
pH indicators. These are the first examples of flip-flop sensors
also acting as pH indicators. The effect of pH on the absorption
response of probes 1 and 2 in DMSO was analysed in the pH
range of 2-14. At pH 2 the color of the DMSO solution of 1 and 2
is yellow and at pH greater than 9 it is pink (Fig. 4). A distinct
change in the color with a change in pH that is visible to the
naked eye clearly makes probe 1 a good contender for a broad
range pH indicator, especially the intense color change from

OH
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Fig. 5 Visual reversible changes in the DMSO solution of (a) probe 1 and
(b) probe 2.
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acidic pH to basic pH and vice versa (going from yellow to pink
in color and vice versa).

The absorption spectrum of 1 at pH 9 shows a peak at
512 nm while this peak is not observed at pH 2 (Fig. S22, ESIt).
Similarly, a peak at 574 nm in the absorption spectrum of basic
solution of 2 diminishes at acidic pH (Fig. S23, ESI}). This
variation in the absorption maxima of 1 and 2 is attributed to
the change in the electronic distribution in the probe due to the
positional effect of the nitro group.

This pH dependent change in color (Fig. 5) and the UV-vis
absorption pattern (Fig. 6) were reversible even after several
cycles of chronological alternative addition of HCl and NaOH.
This suggests that both 1 and 2 in DMSO are reversible optical
pH indicators. To verify the stability of the chromogenic sensor
towards pH variation, its DMSO solution was adjusted back and
forth between pH 5 and pH 9 with HCl and NaOH solutions,
respectively. The corresponding UV pattern indicates the good
sensitivity of the material towards pH switching (Fig. 6). The pH
indicator is quite stable in this pH range. It is also clear that the
pH of the medium can be switched to acidic and basic range
several times repeatedly without much degradation of its
changing chromogenic character.

Similar to a few pH indicators reported earlier, indicators
1 and 2 also consist of both an acidic H-bond donor moiety and
a basic H-bond acceptor moiety. The hydrogen bonding ability
(or deprotonation/protonation ability) of the indicator may
fine-tune its internal charge transfer (ICT) state responsible
for the distinct color change.”” The attachment of a
4-nitrobenzyl group to r-tyrosine further enhances the effect,
and thus the naked eye chromogenic effect can be ascribed to it.

b) |

H . H H 1
0.0 T T T T

0 2 4 6 8 10
Number of addition

Fig. 6 Reversible changes in the UV-absorption of DMSO solution of (a) probe 1 at 512 nm and (b) probe 2 at 574 nm.
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Scheme 1 Mechanism of the role played by 1 as a pH indicator.

A probable mechanism of the pH indicating behavior of 1 is
summarized in Scheme 1. The pH of the creamish DMSO
solution of H,Tyr-4-nitro (1) is ~5. On addition of a base, the
deprotonation of the carboxylic acid (more acidic than phenol)
of the sensor takes place (pH ~ 9) giving rise to a colorless
solution. On further addition of the base, the pH rises above 9
and the solution turns pink due to the deprotonation of the
phenolic group of the sensor. On the other hand, in an acidic
DMSO solution (pH < 2), the amino group of 1 is protonated,
generating a yellow color. The mechanism can be corroborated
with the pK, values of tyrosine as well. In 1-tyrosine, the pK, of
the a-CO,H group is 2.20, pK,, of the a-NH;" group is 9.11 and
the pK, of the phenolic group (sidechain) is 10.11. A similar
mechanism for 2 is expected.

In conclusion, two new r-tyrosine derived fluorescent
probes, H,Tyr-4-nitro (probe 1) and H,Tyr-3-nitro (probe 2),
were synthesized and explored for their unique applications.
Both the probes act as an iodide sensor in aq. methanol and a
fluoride sensor in aq. DMSO. The homologous nature of the
anion sensing abilities of 1 or 2 and its monosodium salt
nullifies the role of sodium ion and strengthens the part played
by the solvent. Fluoride sensing is accredited to the anion-n
interaction and hydrogen bonding, whereas iodide sensing is
via a hydrophobic cavity formation, which is supported by the
NMR titrimetry and MM2 calculations, providing a clear under-
standing of the process. The positional effect of a nitro group in
the benzyl part of the probes (para vs. meta) is evaluated as well.
Using the same probe to detect two different anions by just
changing the solvent of the solution makes these probes
efficient, cost effective and multifunctional. In addition to this,
both 1 and 2 in DMSO also act as reversible broad range optical
pH indicators. An acid-base pH conversion or vice versa is
clearly visible to the naked eye (yellow to pink or vice versa).
This further adds another dimension to the multi-functionality
of these probes.
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