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ABSTRACT: Two cyanoimidazopyridine-based sensors (SS1 and SS2) were explored for the colorimetric and fluorometric
detection of Fe**, Fe**, and Cu*" ions in the semi-aqueous medium. The “turn-off” fluorescence response of both sensors to these
ions was due to the restriction in internal charge transfer. Job’s plot and semi-empirical calculations revealed that SS1 and SS2
complexed with Cu?* ions in a 1:1 ratio and Fe*"/3* ions in a 2:1 ratio, respectively. The sensors were found to have high binding
constant (K,) values and low detection limit values. FMO analysis using the semi-empirical quantum mechanics method revealed the
decrease in energy gap after complexation with metal ions. Sensor-coated filter paper strips were prepared and analyzed, where the

color changes in the strips could be utilized for the real-time detection of Fe?*, Fe**, and Cu*" ions.

1. INTRODUCTION

The selective ligand design for complexation with metal ions is
active research in supramolecular chemistry." The ions and
molecules play an essential role in both chemical and biological
systems and their imbalanced concentration can lead to many
health issues.” Monitoring their concentration in vitro and in
vivo is really beneficial as these ions are directly involved in
biological and chemical processes.”* Various analytical
techniques, such as X-ray spectroscopy, fluorescence spec-
trometry, voltammetry, atomic absorption spectrometry
(AAS), atomic fluorescence spectrometry, flow injection
analysis (FIA), electrothermal atomization atomic absorption
spectrometry (ETAAS), inductively coupled plasma mass
spectroscopy, and ion-pair chromatography,’™” have been
developed to detect metal ions in biological and environmental
samples. These techniques suffer from drawbacks, such as
requiring skilled technicians, being time-consuming, being
expensive, and having complicated instrumentation, thereby
making them less desirable for direct assays. On the other
hand, colorimetric and fluorometric techniques are highly
demanding. They have attracted researchers worldwide to
detect various analytes because of easy fabrication, easy
operation, short detection time, technical simplicity, instant
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responses, naked-eye detection, and high sensitivity and
selectivity. Literature studies'®™'” have shown that a large
number of fluorometric- and colorimetric-based sensors have
been developed for the detection of various analytes.
Compared to a single analyte detector,*~*' the probes capable
of simultaneous detection of two or more analytes have several
advantages such as analytical time reduction and cost
effectiveness.””~>* Therefore, it is highly desirable to develop
sensors with multiple ion detection behavior.

Copper (Cu**) and iron (Fe*" and Fe*") play a vital role in
various biological processes. Copper is directly involved in
enzymatic catalysis, induction of signal transduction, electron
transfer, and growth and development of connective tissues,
brain, heart, and many other body organs. Iron, one of the
most abundant elements in the human body, plays a crucial
role in oxygen transport, cellular metabolism, and energy
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generation and serves as an essential component in myoglobin,
hemoglobin, siderophores, and cytochromes.”™** Living cells
should maintain the optimum concentration of these ions as
their imbalance can cause severe diseases. For instance, the
presence of unregulated copper and disrupted copper ion
homeostasis can lead to numerous neurodegenerative dis-
eases’> such as Alzheimer’s disease,”® Menke’s syndrome,
Wilson’s syndrome,”” amyotrophic lateral sclerosis, prion
disease, and Parkinson’s disease.”® On the other hand, the
imbalance/alteration in the concentration of iron may lead to
severe diseases like restless leg s.yndrome,39 Alzheimer’s
disease, Parkinson’s disease,*’ p-thalassemia, Friedreich’s
ataxia,*' anemia, heart diseases, liver and kidney damage, and
diabetes.”” In addition to the physiological role, the
imbalanced concentration of these ions in soil and water
adversely affects the environment.”>** Therefore, the develop-
ment of chromofluorogenic chemosensors, which can be used
to evaluate ion levels in environmental and biological systems,
is of great significance.

Imidazo[1,2-a]pyridine-based scaffolds have drawn consid-
erable attention due to their potential applications in materials
science.”> Owing to the immense significance of the imidazo-
[1,2-a]pyridine nucleus and as a part of our research, our
group has reported the synthesis of imidazopyridines**™**
including hi§hly conjugated triarylimidazo[1,2-a]pyridine-8-
carbonitriles.” While working with triarylimidazopyridines, it
was observed that these molecules exhibit high fluorescence in
solution. The intense fluorescence nature may be attributed to
the presence of large delocalization in these compounds.
Moreover, the architecture of these compounds allows the
nitrogen atom and cyano group to be in the vicinity of each
other for chelating to metal ions. Both features coupled with
serendipitously visibly high fluorescence properties prompted
us to explore these compounds for metal sensing applications.

Herein, we report two highly fluorescent derivatives of
triarylimidazo[ 1,2-a]pyridine-8-carbonitrile, SS1 and SS2, with
N and CN as coordinating sites for the detection of Fe®', Fe*,
and Cu*" among other cations (Li*, Na*, K*, Ca**, Mg**, Co*",
Zn*", and ng) in the THF/water medium using absorption
and fluorescence spectroscopy. The binding ability of these
compounds was analyzed using semi-empirical quantum
calculations. Moreover, the practical applicability of SS1 and
§S2 is demonstrated by the colorimetric response of sensors
toward Fe®" and Fe’" ions using a filter paper-based study.

2. RESULTS AND DISCUSSION
2.1. Design and Synthesis of SS1 and SS2. It is widely

recognized that designing of an optical chemosensor for metal
ions requires the presence of a chromophore or fluorophore as
a signaling unit along with metal-chelating centers as a
recognition unit. The interaction of the designed sensor with
metal ions leads to changes in the absorption and emission
properties of the sensor, which will be manifested as signals in
UV—Vis and fluorescence spectroscopy. On the basis of this,
the design strategy involves the incorporation of highly
conjugated aromatic systems as a fluorophore and a basic
electronically depleted imidazopyridine core within the same
molecule. The electron donation by aryl groups at positions 5
and 7 and electron acceptance by the imidazopyridine nucleus
might create a significant push—pull system within the
molecule. The electron-accepting tendency of the imidazopyr-
idine nucleus is further enhanced by the introduction of the
cyano group at position 8. Moreover, the position of the cyano

group and nitrogen atom is very suitable for chelation to metal

ions (Figure 1).
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Figure 1. Proposed sensors showing internal charge transfer.

Therefore, we have synthesized the cyanoimidazopyridine-
based sensors (SS1 and SS2) with fused signaling and
recognition sites (CN and N) to probe for their use in
detection of Fe**, Fe**, and Cu®" ions in THF /water (7:3, v/
V).

The route for the synthesis of SS1 and SS2 is shown in
(Scheme 1). The synthesized sensors were characterized by the
IR, 'H, 3C, and mass spectra (Figures S1-S6).

2.2. UV-Vis Studies of SS1 and SS2 with Metal lons.
To understand how different metal ions modulate the
photophysical properties of sensors, we performed emission
and absorption spectroscopy. The UV spectrum of both the
sensors (SS1 and SS2) displayed absorption maxima at 342 nm
in THF /water (7:3, v/v) (with & = 2.16 X 10* and 3.28 X 10*
mol/dm?®, respectively). This band may be attributed to
internal charge transfer (ICT). To check the selectivity of
sensors toward metal ions, the UV response of sensors toward
various metal ions was checked, and among all the scanned
cations (Li*, K¥, Na*, Ca**, Mg*', Fe**, Fe**, Co*', Cu**, Zn*",
and Hg*"), only Fe’" and Fe®" affected the absorption spectra
with the complete disappearance of the band at 342 nm
(Figure 2). Other metal ions did not show any significant
change in the UV spectra. Moreover, a colorimetric response of
SS1 and SS2 for Fe*" and Fe’* was also observed with a sharp
color change from fluorescent aqua-green to yellow in visible
light as well as under UV illumination, hence showing the
sensing of these ions by SSI and SS2. Other metal ions were
unable to produce such color changes. These changes are
photographed and shown in Figure 3. The UV titration of both
the sensors with Fe?* and Fe®" showed that as the
concentration of metal ions (0—100 equiv) increased, the
absorption band at 342 nm started disappearing with a large
increase in the absorbance, suggesting the complexation of
Fe** and Fe®" with sensors (Figure 4).

The complete disappearance of the absorption band could
be explained on the basis of distortions produced in the ground
state of the sensor due to the formation of a bulkier complex
with Fe** and Fe®* ions. The complexation of the sensor with
these ions restricted the internal charge transfer responsible for
the generation of the absorption band.

2.3. Fluorescence Studies of SS1 and SS2 with Metal
lons. The emission spectra of SS1 and SS2 (10 uM) sensors
have been studied in the absence and presence of different
metal cations in THF /water (7:3, v/v) solution by exciting the
solutions at 340 nm and measuring the emission spectra in the
range of 400—600 nm. Both the sensors displayed highly
intense emission bands at 470 nm. The fluorescence quantum
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Scheme 1. Chemical Synthesis of SS1 and SS2
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Figure 2. (a) UV—Vis spectra of SS1 (10 uM) with different metal ions in THF/water (7:3, v/v) solution; (b) UV—Vis spectra of $S2 (10 uM)

with different metal ions in THF/water (7:3, v/v) solution.
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Figure 3. (a) Color changes of SS1 (10 uM) with different metal ions in THF /water (7:3, v/v) solution; (b) color changes of SS2 (10 uM) with

different metal ions in THF/water (7:3, v/v) solution.

yield values of free sensors SS1 and SS2 were found to be
0.878 and 0.420, respectively. The fluorescence response of
sensors was studied by adding an equal concentration (100
equiv) of different ions (Li*, K, Na*, Ca®*, Mg**, Fe*', Fe’",
Co**, Cu®*, Zn*, and Hg’"). Significant quenching of the
emission band at 470 nm was observed only with Fe®*, Fe*,
and Cu®" ions (Figure 5), suggesting the specific sensing of
these ions by the sensors among other tested metal ions. A
probable mechanism for the quenching of the emission band
might be attributed to a decrease in the z-conjugation and
charge transfer within the system on interaction with these

11116

ions, which might be responsible for the high luminescence
intensity of the free sensor.

A comparative analysis from Figure S showed the maximum
quenching response of SS1 and SS2 toward Fe®" followed by
Fe** and then Cu’* ions. The quantum yield values of metal-
bound sensors and relative quenching (%) of sensors by these
metal jons are collected in Table 1. After the multimetal
sensing experiment, the fluorescence titration experiment of
both the sensors (SS1 and SS2) was performed separately with
Fe, Fe’*, and Cu’" ions (0—100 equiv) (Figure 6). The
results indicated a gradual decrease in the intensity of the
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Figure 4. (a) UV—Vis spectrum changes of SS1 (3 uM) on increasing concentration of Fe* and Fe*" ions (0—100 equiv) in THF /water (7:3, v/v)
solution; (b) UV—Vis spectrum changes of SS2 (3 M) on increasing concentration of Fe** and Fe** ions (0—100 equiv) in THF/water (7:3, v/v)
solution.
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Figure S. Bar graph representing the emission intensity of (a) SSI1 and (b) SS2 (10 #M) on treatment with various metal ions (100 equiv) in THF/
water (7:3, v/v).

Table 1. Quantum Yield and Relative Quenching Values signal was attained beyond a certain concentration of metal

ions, indicating the complete chelation between the sensor and

2 2+ 3+

metal used mone  Cu Fe Fe corresponding metal ions (Figure S7).
QY for SS1 0820 0224 0045 0.009 2.4. Determination of Binding Stoichiometry, Bind-
QY for SS2 0.597 0.240 0.037 0.004

ing Constant (K,), Limit of Detection, and Limit of
Quantification. The binding stoichiometry, binding constants
(K,), quantification limits, and detection limits were
determined from fluorescence studies. To confirm the binding
ratio between [SS1-M""] and [SS2-M"*], where M"" = Fe*',

relative quenching (%)“ (SS1)
relative quenching (%)“ (SS2)

“Formula used: (I, — I/I,) X 100.

60.58%
54.95%

94.78%
76.13%

98.16%
98.89%

emission band at 470 nm on the incremental addition of
corresponding metal ions (0—100 equiv), and a saturation

11117

Fe**, and Cu*, the method of continuous variation (Job’s
plot) was carried out by varying the mole fraction of metal ions
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Figure 6. (a) Emission spectrum changes of SS1 (10 M) on increasing concentration of Cu®*, Fe?*, and Fe’* ions in THF/water (7:3, v/v)
solution; (b) emission spectrum changes of SS2 (10 gM) on increasing concentration of Cu*, Fe**, and Fe®* ions in THF/water (7:3, v/v)

solution.

added from 0.1 to 0.9 and keeping the total concentration of
the sensor and metal constant at 50 uM in THF /water (7:3, v/
v). As shown in Figure S8a—f, different plots were obtained
with distinct inflection points. The corresponding binding
ratios were then determined from these points, and they are
summarized in Table 2, which shows that with Fe** and Fe*,
both the sensors combine in a 2:1 ratio, whereas with copper
ions, the combination ratio is found to be 1:1. The values of
association constants were calculated using the Benesi—
Hildebrand plot for [SS1-M™] and [SS2-M™], where M"* =

Table 2. Inflection Points Obtained from Job’s Plot and

Their Corresponding Binding Ratio

metal ion Cu?* Fe®*
SS1 0.40 0.60
SS2 0.40 0.58
binding ratio (sensor:ion) 1:1 2:1

E e3+
0.60
0.60
2:1

Fe?*, Fe**, and Cu** are collected in Table 3 and their linear fit
graphs are shown in Figure S9a—f. Binding constants were

11118 https://doi.org/10.1021/acsomega.1c07193
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Table 3. Values of Binding Constants Calculated from the
Benesi—Hildebrand Plot

metal Cu?* Fe?* Fe3*
K, for SS1 0.451 x 10* M 0.58 x 10* M™! 1.17 x 10* M™!
K, for SS2  0.216 x 10* M™! 0.61 x 10* M™! 092 x 10* M™!

calculated in 10* M™' order, indicating good interaction
between the sensor and metal ions. Both the sensors showed
similar results with a maximum K, value for Fe** ions and a
minimum value with Cu®* ions.

Further, to determine the limits of detection and
quantification of SS1 and SS2 for Fe®', Fe’*, and Cu®', the
fluorescence titration of sensors (10 uM) in the presence of
different concentrations of corresponding metal ions (0—100
equiv) was recorded, as shown in Figure 6ab. The limits of
detection and quantification for sensing Fe**, Fe*’, and Cu**
were calculated by using the formulas 36/S and 1006/S,
respectively. Each titration was repeated three times and the
data was recorded. The standard deviation of the blank
measurements ¢ was calculated from recorded data and the
slope (S) was calculated from the linear graph plotted between
fluorescence intensity at 470 nm and the varying concentration
of metal ions (Figure S10a,b). The values of LOD and LOQ
are summarized in Table 4. The results showed that the
proposed sensors exhibit detection and quantification limit
values in the micromolar range for Cu®*, Fe**, and Fe*" ions.

Table 4. Limit of Detection and Limit of Quantification
Values

sensor metal ion limit of detection limit of quantification
SS1 Cu* 252 X 10°° M 842 X 107° M
Fe?* 55 % 10°° M 1839 X 10°° M
Fe¥* 36.64 X 10°° M 121.13 X 107° M
SS2 Cu* 177 X 10° M 590 X 107 M
Fe?* 2215 %X 10°° M 73.86 X 107°° M
Fe* 1433 X 10°° M 4779 X 10°° M

2.5. Stern—Volmer Analysis. To evaluate the quenching
process of complexes [SS1-M""] and [SS2-M"*], where M"* =
Fe®’, Fe¥*, and Cu®', Stern—Volmer analysis was done using
the fluorescence titration method. The addition of these metal
ions resulted in the decrease in fluorescence intensity from I,
to I, and the required graphs were plotted between I,/I against
different concentrations of metal ions [M""], where M"" =
Fe?*, Fe*', and Cu®". The plots (Figure S10a,b) showed a good
linear relationship with different Kgy values, which are
collected in Table 5. The linear relationships obtained for

Table 5. Kgy Values of SS1 and SS2 with Different Metal
Ions at 470 nm

metal used Cu?* Fe’* Fe¥*
Kgy for SS1 1.95 x 10° 0.87 X 10* 1.31 x 10*
Kgy for SS2 1.12 x 10° 0.88 X 10* 1.36 x 10*

Fe’* and Fe’' along with the changes in the UV spectra
suggested the static type of quenching. On the other hand,
with Cu®* ions, the insignificant change in the UV spectra
suggested the dynamic quenching.

2.6. Effect of pH on the Emission of SS1 and SS2. The
fluorescence response of SS1 and SS2 as a function of pH was

recorded. The emission spectra of both SS1 and SS2 at
different pH values showed similar behavior. The emission
spectra of sensors were recorded with a variation in pH by 0.5
units. Changing pH showed a negligible effect on the intensity
as well as on the wavelength of the emission band. Even
extreme acidic and basic conditions were unable to produce
any appreciable changes in the emission spectra (Figure S11).
These observations led us to infer that the sensors could find
wide utility under all physiological and environmental
conditions.

2.7. Comparative Studies. The comparative analysis of
sensors (SS1 and SS2) with some of the reported sensors
showed almost comparable results in terms of association
constants (10* M™!) and LOD (10~ M) (Table 6). Some of
the advantages offered by the proposed sensors are as follows:

e Multianalyte signaling (Fe®*, Fe*, and Cu*" ions).
e Broad operational pH range.

e Dual detection response (colorimetrically as well as
fluorometrically).

2.8. Computational Studies. To obtain the optimized
structures of SS1 and SS2, semi-empirical calculations using
MOPAC 2016 were carried out as shown in Figures 7 and 8.
The analysis of frontier molecular orbitals for the calculation of
HOMO-LUMO energy and their gap (AE) was done by
plotting the HOMO—-LUMO orbitals of SS1 and SS2 before
and after complexation. The AE values for SS1 and SS2 were
found to be 4.044 and 4.116 eV, respectively. On the
interaction with metal ions (Cu**, Fe?’, and Fe"), the energy
gaps were found to decrease to 3.23, 2.89, and 2.320 eV in SS1
and to 2.641, 2.013, and 2.84 in SS2, respectively. The
prominent reduction in energy gaps on binding with Cu*,
Fe?*, and Fe®' indicated the effective interaction of SS1 and
SS2 with these metal jons. The results revealed that the
interaction of both SS1 and SS2 with metal ions leads to the
stabilization of the complex. The changes in the energies of the
system were due to the differences in the s-electron
distribution in the complex.

2.9. Filter Paper-Based Analysis. To explore the practical
utility of the sensor, the filter paper-based analysis was
performed where the circular filter papers (Whatman cellulose
nitrate paper, size of 0.2 ym) of 3 cm in approximate diameter
were immersed in sensor’s solution (SS1 and SS2) for S h,
followed by air drying. These sensor-coated filter papers were
then subsequently immersed in the respective metal ion (100
uM) solution and air-dried, and the color changes were
analyzed both in ambient light as well by illuminating under a
UV lamp.

A significant visual fluorescence color change and quenching
in filter papers were observed after treatment with Cu?*, Fe?*,
and Fe* salt solution when analyzed under UV illumination
(Figure 9). This observation led to the conclusion that both
the proposed sensors could be applied for the on-scene
detection of metal ions.

3. CONCLUSIONS

In conclusion, we explored the metal ion sensing ability of
cyanoimidazopyridine-based sensors (SS1 and SS2) by
fluorometric and colorimetric measurements. These sensors
showed quenching behavior toward Fe®', Fe®', and Cu®*
among other cations as depicted by the emission spectra.
The quenching process was also observed with naked ions as
well as under UV illumination. The quenching mechanism
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Table 6. Comparison of Our Sensor to Some of Imidazole-Based Chemosensors Reported in the Literature for Sensing Cu**, Fe?*, and Fe**

ref.

mechanism involved

binding ratio
ICT and CHEF

LOD
46 x 1078 M

binding constant

4.859 X 10° M

media used
DMSO,

ions

Cu2+

method

sensor

(E)7(diethylamino)3((2phenylimidazo[1,2-a]

1:1

water

CH,CN,

colorimetric and
fluorometric

2H-chromen-2-one

i

triazole-appended imidazopyridine sensor

pyridinylimino )methyl

57

MLCT

1:1

18.17x 10°° M

312 x 108 M

Cu*, CN™

fluorometric

water

58

paramagnetic quenching

1:1

~107 M

~10* M™!

Cu** CH;O0H,
water
CH;CN

colorimetric and
fluorometric

furan-2-yl substituted imidazoazine-based sensor

59

coplanarity and CHEF
LMCT and CHEF

attainment of

1:1

19 X 1077 M

277 x 10° M~}

E es+’ C r3+

F 23+, H g2+

3+
ALY,

colorimetric and
fluorometric

2-(3-(tert-butylamino)imidazo[ 1,2-a]pyridin-2yl) phenol

1:1

4.0 ppb

1.09 X 10° M1

EtOH,
water

fluorometric

a]-pyridine
(E)-5-((4-(diethylamino)-2-hydroxybenzyldene)amino)-

3-(4-methoxyphenyl)- 1-phenylbenzo[4,5]imidazo[1,2-

61

and

0.73 uM gFe3*) 111 2:1

uM (Fe**)

)

(Fe™)

5.0 X 10" M™! (Fe**

bis—tris

F e3+, F e2+

colorimetric

1.0 x 10" M~!

buffer
DMSO

1H-imidazole-4-carboxamide
3,4-dimethoxyphenyl) (4-(3,4-dimethoxyphenyl)-1H-

62

ESIPT and LMCT

1:1

E 33+

fluorometric

imidazol-2-yl) methanone oxime
present sensors (SS1 and SS2)

ICT

1:1 (Cu®"), 2:1
(Fe2+’ Fe“)

~107¢

THF, water ~10*

Cu 2+) F 82+,
Fe3+

colorimetric and
fluorometric

could be attributed to the restriction in intramolecular charge
transfer in sensors after complexation with metal ions. The
quenching mechanisms were also explored on the basis of the
Stern—Volmer plots. In both SS1 and SS2, significant changes
in the UV spectrum were observed with Fe?* and Fe®', where
the fine spectra with maxima at 342 nm were lost and a broad
spectrum was observed. The pH titration profile of both the
sensors indicated that they could be operational in wide pH
conditions, e.g, in the acidic condition also. The 1:1
complexation of both the sensors with Cu®* ions and 2:1
complexation with Fe** and Fe®* were confirmed by Job’s plot.
HOMO-LUMO energy gap calculation showed a decrease in
energy gaps after complexation, and hence, a good and stable
complex formation was observed. The values of binding
constants of the order of 10* M™' suggested the good binding
affinity of SS1 and SS2 toward Fe®*, Fe**, and Cu®* with a low
limit of detection in micromolar range. Additionally, for the
practical applicability of sensors, filter paper strip-based studies
were done for the colorimetric detection of Fe**, Fe3*, and
Cu®". Currently, we are exploring the biological applications of
these sensors.

4. MATERIALS AND METHODS

4.1. Reagents and Instruments. The commercially
available chemicals were bought from Aldrich. Solvents were
distilled before their use in extraction and purification, and
further, a rotary evaporator was used to remove them. For
photophysical characterization (UV—Vis absorption and
fluorescence emission), spectroscopic grade solvents (Merck
or Aldrich) and deionized water were used. Melting point (°C)
measurement was done using glass capillaries. The reaction
was monitored using the thin-layer chromatography (TLC)
plates (60 F254, Merck). Spots were visualized using
ultraviolet light (UV) light at 365 and 254 nm. The other
visualizing materials include an iodine vapor chamber,
Draggendorft reagent, and anisaldehyde reagent. The crude
product purification was done by column chromatography
(silica gel, 60—120 mesh) and ethyl acetate/petroleum ether
(eluting solvent). The IR spectra (v, cm™") were performed
using a PerkinElmer FTIR spectrophotometer aided by KBr
discs. The "*C and "H NMR proton-decoupled spectra were
recorded in CDCl; on a Bruker AC-400 spectrometer where
the working frequencies were set at 400 and 100 MHz,
respectively. The internal standard used was tetramethylsilane
(TMS). The UV—Vis and fluorescence spectra were recorded
with a U-2900 spectrophotometer and a PTIQM40 spectro-
fluorometer, respectively, using quartz cuvettes with an optical
path length of 10 X 4 mm. Deionized water was obtained from
a Direct-Q3 UV deionizer from Millipore. All pH measure-
ments of samples were carried out using a digital pH meter.

4.2, Synthesis and Spectroscopic Characterization of
Chemosensors (SS1 and SS2). The synthesis of SS1 and
SS2 was carried out by our earlier reported protocol™” (Scheme
1). The compound 2-amino-4-(4-methoxyphenyl)-6-(p-tolyl)-
nicotinonitrile (1; 1 mmol) was reacted with 1 mmol of
corresponding 1-aryl-2-nitroethylene (2) in 20 mol % FeCl; at
120 °C under solvent-free conditions. The temperature
throughout the course of the reaction was maintained at 120
°C. The reaction progress was analyzed using TLC and the
reaction was completed in 30 min (SS1) and 60 min (SS2).
The crude mixture purification was done using silica gel
column chromatography with the solvent system of ethyl
acetate and petroleum ether (10:90) to give the pure product
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Figure 7. HOMO—LUMO energy gaps of (a) the free sensor (SS1), (b) SS1-Cu** complex, (c) SS1-Fe?* complex, and (d) SS1-Fe** complex.
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2.641eV
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Energy= -5.9077eV
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Figure 8. HOMO—LUMO energy gaps of (a) the free sensor (SS2), (b) SS2-Cu®* complex, (c) SS2-Fe?* complex, and (d) SS2-Fe** complex.

(SS1 and SS2) in 72—75% yield. The product obtained was
then characterized using FTIR, 'H NMR, *C NMR, and mass
spectroscopy data (for spectroscopic details, see Figures S1—
S6, Supporting Information).

4.2.1. Characterization of SS1 and S52. 4.2.1.1. 551: 7-(4-
Methoxyphenyl)-2-phenyl-5-p-tolylimidazo[1,2-a]pyridine-
8-carbonitrile. Physical appearance: yellow solid; yield: 75%.
M.pt.: 211-213 °C.

'H NMR (400 MHz, CDCL,) & 8.03—8.00 (m, 3H), 7.72 (d,
J = 8.7 Hz, 2H), 7.64 (d, ] = 8.0 Hz, 2H), 7.46—7.43 (m, 4H),
7.36 (m, 1H), 7.08 (d, J = 8.8 Hz, 2H), 6.92 (s, 1H), 3.91 (s,
3H), 2.53 (s, 3H).

3C NMR (100 MHz, CDCl;) § 160.82, 147.46, 144.86,
141.43, 141.23, 132.94, 130.33, 130.18, 130.09, 128.74, 128.70,

128.51, 128.06, 126.40, 118.

55.48, 21.56.
IR (KBr, v

max

94, 114.49, 113.69, 107.39, 96.81,

cm™!): 2954, 2924, 2852, 2219, 1742, 1606,

1511, 1461, 1376, 1256, 1180.
Mass (ESI): calculated for CpgH, N,O [M + H]', 416.17;

found: 416.70.

4.2.1.2. S52: 7-(4-Methoxyphenyl)-2,5-dip-tolylimidazo-
[1,2-a]pyridine-8-carbonitrile. Physical appearance: yellow
solid; yield: 72%. M.pt.: 358—360 °C.

'H NMR (400 MHz, CDCL,) 6 7.97 (s, 1H), 7.92 (d, ] = 8.1
Hz, 2H), 7.72 (d, ] = 8.7 Hz, 2H), 7.63 (d, ] = 8.0 Hz, 2H),

11121
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Figure 9. Fluorescence photograph of filter paper strips before and
after treatment with respective salt solution under a UV lamp.

7.45 (d, ] = 8.0 Hz, 2H), 7.26 (d, ] = 8.0 Hz, 2H), 7.08 (d, ] =
8.8 Hz, 2H), 6.91 (s, 1H), 3.91 (s, 3H), 2.53 (s, 3H), 2.41 (s,
3H).

BC NMR (100 MHz, CDCl;) § 160.77, 147.55, 145.26,
144.64, 141.34, 141.15, 138.42, 130.38, 130.15, 130.11, 130.08,
129.39, 128.78, 128.08, 126.27, 116.04, 114.44, 113.57, 106.99,
96.58, 55.47, 21.57, 21.40.

IR (KBr, 0,,, cm™"): 2954, 2924, 2852, 2224, 1742, 1606,
1511, 1461, 1376, 1256, 1180.

Mass (ESI): calculated for C,oH,;N,0 [M + HJ*, 430.18;
found: 430.75.

4.3. General Procedure for Metal Binding, Quantum
Yield, Stern—Volmer Plot, Binding Constant (K,), Job's
Plot, and Limit of Detection and Quantification Studies.
For absorption and emission titration studies, a stock solution
(1.0 X 107" M) of SS1 and SS2 was prepared in an optimized
THF /water solution (7:3, v/v) and 10 uM was set as the
working concentration. Stock solutions with concentrations of
10 X 1072 and 1.0 X 107> M of various metal salts (LiCl, KCI,
NaCl, CaCl,, MgCl,-6H,0, FeSO,-7H,0, FeCl;-6H,0, CoCl,
6H,0, CuCl,-2H,0, ZnCl,, and HgCl,) were prepared in
deionized water. All the spectral measurements were carried
out at room temperature. To study the binding behavior of SS1
and SS2 toward different metal cations, 100 equiv of metal salts
(100 L) was added independently to 1 mL of 10 uM sensor’s
solution in a quartz cuvette. Before taking the electronic
absorption as well as fluorescence spectra, the solutions were
mixed properly. For UV experiments, the slit width of the
instrument was set at 1.50 nm, and for fluorescence studies, slit
widths of both excitation and emission were set at 1.00 nm
with excitation wavelength A, = 340 nm. Titration studies
were performed by varying the concentration of metal ions
(2—100 equiv) and keeping the sensor’s concentration
constant at 10 uM to get the required molar ratios between
the sensor and the metal ions. The total volume of the solution
used for the measurements was maintained at ~1 mL
throughout the experiment. Dilution was not allowed to
exceed by more than a factor of 10% to minimize the dilution
effects.

4.4. Quantum Yield Calculation. The quantum yield
values of sensors (SS1 and SS2) in the absence and presence of
metal ions were determined by employing a relative method,*
and the quantum vyield of the required sample, ¢bs, was
calculated by using eq 1

2
AS’E{"/IS

¢, = ¢, X
SR AgFeng 1)

Here, the subscripts S and R stand for the sample and
reference, respectively, ¢ refers to the emission quantum yield
of the sample, ¢y refers to the reference emission quantum
yield obtained from the literature, A is the absorbance when
excited, F represents the emission band areas, and 75 and 7y
are the solvent refractive indices of the sample and reference,
respectively. The reference used for the measurement of
fluorescence quantum yield was quinine sulfate (¢g = 0.546 in
0.1 N HZSO4).Sl A working concentration was set at 10 yuM
and the excitation wavelength was set at 350 nm for both the
reference and sample.

4.5. Stern—Volmer Plot. The fluorescence quenching
nature of the sensors (SS1 and SS2), when exposed to certain
specific metal ions M"* = Fe?*, Fe**, and Cu®*, was explained
by constructing the Stern—Volmer plot*” according to eq 2

Iy

i 1 + K [QJ )
Here, I, and I refer to the fluorescence intensities at 470 nm in
the absence and presence of a quencher, respectively. Kgy
(M™) refers to the Stern—Volmer constant, which indicates
the quenching efficiency, and [Q] is the concentration of the
quencher.

4.6. Binding Stoichiometry and Binding Constant (K,)
Calculation. The binding ratio and binding constant (K,) for
the complexes (SS1-M™) and (SS2-M™), where M"* = Fe®*,
Fe3*, and Cu?', were determined from fluorescence titration
studies by using Job’s continuous variation method and the
Benesi—Hildebrand equation, respectively.”>>* For construct-
ing Job’s plot, various solutions of (SS1-M™) and (SS2-M™),
where M"™ = Fe?*, Fe*, and Cu** with different sensor—metal
ion mole ratios, were prepared by holding the overall
concentration and volume of solution constant [SO yM and
1 mL (THF/water, 7:3 v/v)]. The fluorescence spectra of each
solution were recorded and the graph was plotted between AI -
Kensor Versus Xeeneor (AI is the change of the fluorescence
intensity of the sensor at 470 nm with the change in mole
fraction of metal ions and X, is the mole fraction of the
sensor in each case). The value of the mole fraction of the
sensor corresponding to the inflection point in the plots was
then analyzed for the determination of binding stoichiometry
for each complex. The binding constant values were
determined from the Benesi—Hildebrand plot according to
eq3

1 1 1
= n+ +
E-F K(E-E,)IM"  F-E, 3)

min

Here, F, represents the fluorescence intensity of the free sensor
(SS1 and SS2), F represents the fluorescence intensity of the
sensor in the presence of different concentrations [M™] of
metal ions in the solution (Fe®*, Fe**, and Cu**), and F,,,, is
the fluorescence intensity at 470 nm at the maximum
concentration of the respective metal ion in solution. K,
represents the binding constant, which was determined from
the linear graph’s slope and intercept plotted between 1/(F, —
F) and 1/[M™].

4.7. Measurement of Limits of Detection (LD) and
Limits of Quantification (LQ). To determine the detection
and quantification limits, fluorescence titration of SS1 and SS2
with metal ions M"* = Fe**, Fe*, and Cu®* was performed at
470 nm. The detection and quantification limits were
calculated by using eqs 4 and 5
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LD = —
S 4)
100
LQ=—
QL= (s)

Here, o represents the standard deviation of the reference and
S refers to the calibration curve slope.”® S was determined
using the plot of (F/F,) versus the metal ion concentration
[M™] (M"™ = Fe, Fe*', and Cu®"). Here, F, refers to the
fluorescence intensity of the sensor without a metal and F
refers to the fluorescence intensity at different metal M"* ion
concentrations. The concentration of the sensor during the
fluorescence titration experiments was kept at 10 uM [THE/
water (7:3, v/v)]. Each fluorescence titration was repeated
twice.
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