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ABSTRACT: The presence of an abnormal amount of Ni** in the human body causes various health issues. Therefore, this work
aimed to synthesize the curcumin-based fluorescence-on sensor P [2,6-bis((E)-4-chlorobenzylidene)-cyclohexan-1-one] that was
capable of selectively responding to Ni’* ions in aqueous solution. The structure of P was confirmed by 'H NMR and Fourier
transform infrared (FTIR) spectroscopy. The Ni** ion sensing was based on the fluorescence enhancement of the fluorophore (P) in
neutral aqueous medium. The response of the P-based sensor was highly selective toward Ni** ions, whereas the possible
interferences from other metal cations were negligible. P had a fast response; it was selective and had a sensitive detection limit
(LOD =2 X 107'° M) toward Ni*" ions in neutral medium with a high association constant (K) value of 3.6 X 10° M~* for the
complex formation between the P and Ni** ions. Job’s plot and DFT calculations proved that the binding stoichiometry of P for Ni**
was 2:1. P was recovered using EDTA as a chelating agent after being employed as a fluorescent sensor. These characteristics
ensured the potential use of P as a new class of chemosensor for environmental applications.

1. INTRODUCTION

Worldwide, water pollution has become a serious problem with
rapidly increasing industrialization." Environmental pollution is
one of the major challenges in modern human society.”
Environmental contamination and pollution by heavy metals
are a threat and of serious concern to the environment.®
Industrial effluents as well as domestic sewage are continuously
discharged into water bodies, which mostly contain heavy
metal ions.* Due to their coordination ability, heavy metal ions
are highly toxic, thereby directly or indirectly affecting the
environment and human health. The Ni** ion, in particular, is
highly hazardous for human and marine life even at low
concentrations.” The World Health Organization (2000)
recommended the maximum permissible limit for Ni** ions
in drinking water up to 0.02 mg L™".° Ni** ions are stable and
accumulate in the environment and organism bodies for a
longer period. Depending on the dose and length of exposure,
nickel causes different effects in organisms. Hence, time
demands the development of materials for fast and selective
removal of Ni** ions from water samples. Various methods
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have been developed for the removal of Ni** ions from
aqueous samples, including atomic absorption spectroscopy,”
liquid—liquid extraction,” co-precipitation,9 solid-phase extrac-
tion,'” inductively coupled plasma mass spectrometry,'’ and
electrochemical deposition.'” Although these methods exhibit
good sensitivity and selectivity, yet their applications are
limited due to their high operational cost, nonportability of
instruments, sophisticated sample preparation, and need of
intense technical training. Thus, the development of simple,
rapid, sensitive, and less expensive methods is highly
demanded. Fluorescence-based detection of Ni** ions gained
the attention of the scientific community due to its simplicity,
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low cost, quick response, and environmentally friendly
nature.'*> However, the fluorescence-based sensor has some
limitations including low sensitivity, lack of selectivity, poor
solubility of the probe, and serious interference by other
metals. To overcome these shortcomings, organic probe-based
fluorescent sensors have been reported, which show better
fluorescence sensing of Ni*".'* An efficient fluorescence
performance is shown by these organic probes for the
detection of Ni** due to the presence of good optical
properties and high solubility and stability. Also, these probes
are found to be more suitable for making complexes with
divalent metal ions such as Ni** via restricting ICT
phenomena. Furthermore, at specific excitation and emission
wavelengths, complexes with metal ions also enhance the
optical behavior. The signals from emission and absorption
changes of light by fluorophores provide information about the
mechanism of sensing of Ni?* ions. Goswami et al,,'> Sarkar et
al,,'® Prabhu et al.,'” Biswajit Chowdhury et al,'® and Santhi et
al."” have developed organic probe-based fluorescent sensors
for the detection of Ni** in aqueous medium. However, the
sensitivity and selectivity of this organic probe-based
fluorescence are still not ideal. Therefore, in this work, we
have focused on the synthesis of a curcumin derivative (P)-
based fluorescence-on sensor that could detect Ni** with
selectivity and sensitivity in aqueous medium. Due to the
presence of best coordination sites, P was capable of forming
stable complexes with Ni** ions. The sensing mechanism of P
was based on competitive binding with Ni*' ions among
different metal ions.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Instruments. Cyclohexanone (Sigma
Aldrich), 4-dimethyl aminobenzaldehyde (Alfa Aesar), NaOH
(Merck), and all metal salts (BDH chemicals England) in the
form of chloride or nitrate including Cd(NO;),-4H,0,
Hg(Nos)zx Co(NO;),4H,0, Ce(NO;);:6H,0, Zn(NO;),:
6H,0, CuCl,2H,0, Mn(NO;),-4H,0, NiCl,-6H,0, Cr-
(NO;);, and Pb(NO;); were used. All the chemicals were
used without any further purification. Solution pH was
measured with a digital pH meter (Merck). For fluorescence
and absorption spectral measurements, a spectrophotofluor-
ometer RF-5301 PC (Shimadzu, Japan) and 1601 Double-
beam UV-—visible Spectrophotometer (Tokyo, Japan) was
used. "H-NMR and FTIR spectra were taken on a Bruker
Avance 400 MHz spectrometer (Varian) and FTIR instrument
Prestige 21 (Shimadzu, Japan) in the 400—4000 cm™' range,
respectively. All chemical shifts were recorded on the d-scale in
deuterated chloroform (CDCI;) solvent.

2.2. Synthesis of [2,6-Bis(E)-4- chlorobenzylidene-
cyclohexan-1-one] P. [2,6-Bis((E)-4-chlorobenzylidene)-
cyclohexan-1-one] was synthesized by reacting 4-chloroben-
zaldehyde at 12 mmol (1.68 g), in 15 mL of ethanol and 6
mmol (0.58 g) cyclohexanone. Then, 10 mL of sodium
hydroxide (10%) was added to the reaction mixture in a
dropwise manner. The mixture was refluxed for 4 h; the thin-
layer chromatographic technique was used for determining the
reaction progress. The final product was processed in ice, with
the addition of the HCl/water (30:70) mixture, resulting in
yellow color crystals having Mp 158—159 °C. '"H-NMR: § 7.74
(s, 2H=CH), 7.40 (m, 8H, ArH), 2.91 (m, 4H, 2CH,), 1.82
(m, 2H, CH,), 1.82 (m, 2H, CH,). The IR (KBr) spectrum (v
cm™): 1628—1649 (C=C Ar), 2997-2935 (C—H asym-
metric), 1713 (C=0) 3027, (C—H Ar).

2.3. Spectroscopic Studies. UV—visible and fluorescence
spectroscopic analyses were used for exploring the optical
properties and metal ion detecting capability. In all experi-
ments, P and metal ion solutions (stock and working) were
prepared in acetonitrile and distilled water, respectively. The
concentration of the stock solution was 0.01 mM, and that of
the working solution was 12 yM P. The metal solution was
0.0.1 mM stock, and the working solution was 18 yM in all
experiments except in initial fluorescence studies. The
wavelength of excitation and emission was 330 and 580 nm,
respectively. Excitation and emission spectra of probe P and its
Ni** complex are shown in Figure S2. The UV-—visible
spectrum of P (12 uM) separately in acetonitrile and its
complex with nickel (II) ions (18 zM) in distilled water was
recorded.

2.4. Selection of a Suitable Solvent. In the current
study, acetonitrile was used as a solvent for P as acetonitrile
offers excellent chemical stability, ensuring reliable exper-
imental conditions. Also, it has excellent solubility properties,
ensuring the effective dissolution of the probe. This choice
allowed for the creation of a homogeneous solution, which was
crucial for accurate and reliable measurements.

2.5. Effect of Time on Fluorescence Intensity. The
time study on fluorescence intensity was assayed for both P
(12 uM) and its Ni** ion (18 uM) complex. The fluorescence
spectra were recorded in the 5—50 min range.

2.6. Detection and Quantification Limit. The detection
and quantification limits were determined using eqs 1 and 2,
respectively

35
LOD = =
S (1)

LOQ = 3. LOD )

where “6” is the standard deviation and “S” is the slope of
fluorescence vs sample concentration curve.

2.7. Computational Details. The computational inten-
tions were carried out with the sub-density functional theory
(DFT) flavor Becke’s Lee—Yan§—Parr’s correlation function
(B3LYP),” Gaussian-09 code.” The empirical dispersion
GD3”” was used to accurately describe empirical dispersion
correction in the intermolecular interactions during the
complexation. For the rest of the computations, the 6-
31G(d,p)*® basis set was used. The frequency calculations
were employed to ensure whether the geometries correspond
to potential energy minima or not. The imaginary frequency
absence confirmed that all the geometries correspond to
potential energy minima. To evaluate the binding energy
(Epina), €q 3°* was used.

Epina = E

complex (Eprobe + Niz+) (3)
where C,ex i the total energy of the complex (P and nickel
ion) and E, e and E\** are the total energy of probe P and Ni
ion, respectively.

2.8. Fluorogenic Recognition of Nickel(ll) lons in
Aqueous Samples and Reusability Study. The effective-
ness of P toward nickel(I) ion detection was evaluated in
different aqueous samples. For this purpose, river, tap, and lake
water samples were collected, filtered, and stored in poly-
ethylene bottles. Spiking was performed in a concentration
range of nickel(II) ions (2—18 uM) at constant (12 uM) P.

The reusability experiments were performed using ethylenedi-
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Figure 1. Schematic representation of the synthesis of probe P through aldol condensation.

amine tetra acetic acid (EDTA) as a reversibility agent. The
concentration of EDTA and Ni** used was 18 yM.

2.9. EDTA as a Chelating Agent for the Reversibility
Experiment. A number of chelating agents can be used as
reversibility agents such as diethylenetriaminepentaacetic acid
(DTPA), N,NO-bis-(dithiocarboxy)piperazine, nitrilotriacetic
acid (NTA), and 1,3,5-hexahydrotriazinedithiocarbamate.
However, among these chelating agents, EDTA was used for
reversibility studies due to its easy availability, low cost, and no
interference with results.

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. P/[2,6-Bis((E)-4-
chlorobenzylidene)-cyclohexan-1-one] was synthesized by the
base-catalyzed reaction between 4-chlorobenzaldehyde and
cyclohexanone with 74% yield (Figure 1).

The functional groups of the synthesized P were confirmed
by FT-IR spectroscopy (Figure 2). The peaks at 1628—1649
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Figure 2. Fourier transform infrared spectroscopic analysis of P.

and 2997-2935 cm™ were attributed to C=C aromatic and
C—H vibration, respectively. The absorption peak around 1713
cm™! indicated the presence of the C=0 group, and the peak
at 3027 cm™' represented the existence of C—H aromatic
vibrations.”’

The proton NMR spectrum of P showed distinctive peaks
around 6 7.74 and 7.40 demonstrating the presence of 2H=
CH and Ar protons. The signals at 2.91 and 1.82 were
attributed to 4H and methylene protons, respectively (Figure
S1).

3.2. Preliminary Study. Initially, the UV—visible spectra
of P and the probe P—nickel(II) ion complex were measured

27502

in a wide range of wavelengths (260—400). The spectrum of P
exhibited maximum absorption at around 300 nm and would
shift to 330 nm upon the addition of Ni** ion solution,
revealing the complexation of P with Ni** ions. Significant
enhancement in absorption wavelength was observed after the
complexation of P with Ni** ions (Figure 3a). The complex-
ation study of P with different metal ions was recorded by
fluorescence spectroscopy. The fluorescence spectra of P
showed an emission band at 580 nm in acetonitrile (12 uM).
Among the addition of various metal ion solutions (220 M in
H,0), the emission band at 580 nm underwent significant
enhancement with Ni** in comparison with other metal ions
(Figure 3b,c). The Ni** ion sensing was based on the
fluorescence enhancement of the fluorophore (P) in neutral
aqueous medium.*® The probe in the absence of Ni>* exhibited
a pale yellow color, while after making complex with Ni**, a
visible color change was observed from pale yellow to deep
yellow color. For the complexes of P with other metal ions, a
slight color change was observed, indicating poor complex
formation. These results indicated a high affinity of P in terms
of fluorescence intensity toward the Ni** ion; therefore, based
on these initial results, further fluorescence analyses were
performed. The visual color change of free probe P and its Ni**
complex and complexes with other metal ions is shown in
Figure 4.

3.3. Effect of Time. The fluorescence response by a change
in time of P toward Ni** ions was studied by taking probe P
(12 uM) separately and then its complex with the Ni** ion (18
uM) and recording fluorescence spectra in the range of 5—50
min, at 580 nm. As shown in Figure 8b, for both probe P and
P-Ni**, the intensity remained constant, indicating the stability
of the complex.””

3.4. Effect of the Ni** lon Concentration. The
fluorescence titration studies showed that a linear enhance-
ment in fluorescence was observed with increasing Ni**
concentration from 2 to 18 uM at constant P (12 uM) as
shown in Figure 6a. The detection limit was calculated from
Figure 6a using eq 1. The limits of detection and quantification
were 2.0 X 107'% and 6.0 X 107'° M, respectively. Similarly,
UV—vis absorption titration was also performed and is shown
in Figure Sb. The fluorescence emission spectra of P (12 M)
complexes with incremental concentration of Ni** (2—18 uM)
were recorded as shown in Figure 8c. The results showed that
the fluorescence intensity increased up to 18 yM.

3.5. Binding Stoichiometry and Association Constant
Determination. For the current study (10 uM), solutions of
both P and Ni** were prepared for Job’s plot analysis. For the
experiment, the P (0.1—0.9) molar concentration range was
used. Throughout the experiment, the total concentrations of P
and Ni** ions were kept constant. Maximum fluorescence
intensity was observed at 0.6 mole fraction of P as shown in
(Figure 5a), indicating a 2:1 ratio between P and Ni*" ion. The
photophysical properties of probe P are shown in Table 1. The
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Figure 3. (a) UV—vis absorption study of P and P—nickel(II) complex, using P = (12 uM) and Ni** ion = (18 uM); (b) preliminary study of P (12
puM) and metal ions (220 uM) at A,/A., = 330:580 nm; and (c) representation of preliminary study by a bar graph for clarity.

association constant (K,) was 3.6 X 10° M2, calculated from
the Benesi—Hilderbrand plot (Figure 6b). The association
constant of P is higher than that of the previously reported
organic probe-based fluorescence sensors, thus confirming the
good binding capability of P toward Ni*" ions.

The accuracy of the stability constant determination does
not depend solely on the concentration of one of the reagents;
it is essential to have accurate measurements of all reagents
involved in the reaction to obtain a precise determination of
the stability constant. If the concentration of one of the
reagents cannot be measured precisely, Job’s plot can still be
used as a graphical method to determine the stoichiometry of
the metal—ligand complex. However, the accuracy of the
stability constant determination using Job’s plot may be limited

due to the binding stoichiometry and the effects of competing
reactions or solution conditions that may affect the absorbance
measurements.

Therefore, the accurate measurement of the concentration
of all reagents involved in the reaction is crucial to obtain a
precise determination of the stability constant, and Job’s plot
should only be used as a complementary method when the
exact concentrations of the reagents are unknown or difficult to
measure accurately.

3.6. Mechanism of Ni?* Detection. In the current study,
the free probe P showed quenching in fluorescence intensity
due to ICT phenomena, while after binding with Ni**, the ICT
phenomena were restricted and hence, fluorescence intensity
enhanced. The chelation of Ni(II) with the carbonyl group in
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Figure 4. UV—visible color change of probe P and its complex with
Ni** and other metal ions.

our probe generated a coordination complex that exhibited
different electronic characteristics compared to the free ligand.
The presence of Ni(II) could have modified the energy levels
and electronic transitions within the system, resulting in a
bathochromic shift toward longer wavelengths in the UV
range. This shift is commonly observed when metal—ligand
interactions occur. Additionally, chelation with Ni(II)
enhanced the fluorescence emission of the probe. The
coordination of the metal ion stabilized the excited state of
the fluorophore, reducing nonradiative decay pathways and
increasing the fluorescence quantum yield. This phenomenon
is often observed in chelation-based fluorescent probes. The
Ni(II)-mediated turn-on fluorescence of probe P was based on
the ligand’s electronic properties, enabling efficient charge
transfer from the ligand to the Ni(II) ion upon excitation. This
charge transfer process resulted in enhanced fluorescence
emission compared to the free ligand. The coordination of the
ligand with Ni(II) created a favorable environment for ligand-
to-metal charge transfer (LMCT), leading to an increased
excited-state population and higher fluorescence intensity in
the presence of Ni(II) ions.

3.7. Sensitivity and Selectivity of Probe P toward Ni**
lons. The next experiment was performed to investigate the
selectivity of P toward Ni** by the addition of other metal ions
(manganese(II), copper(Il), cobalt(Il), chromium(III),
cerium(I11), zinc(II), cadmium(II), lead(I1), and mercury(II)).
For this purpose, the fluorescence performance of the probe
complex with Ni** in the presence of the above-mentioned
interfering metal ions was recorded. The results showed that
even in the presence of a higher concentration of these co-
existing metal ions, the fluorescence intensity remained
constant, indicating the high selectivity of P for Ni*" ions
(Figure 6¢,d).

A best sensor is one that shows minimum interference for
the target metal ions from other available metal ions. The
selectivity of the probe for making a selective complex with
Ni** was also confirmed by taking replicate analysis.
Furthermore, the high selectivity of the current probe for
detecting Ni** can be attributed to several logical factors. First,
P possesses a specific carbonyl functional group that is known
to exhibit strong binding affinity toward Ni** ions. This
functional group allowed for specific recognition and binding
of Ni** ions, while potentially minimizing interactions with
other metal ions. Even if the carbonyl group is capable of
binding with Ni(1I), it does not necessarily imply that the
probe will exhibit the same response to other positively
charged metal ions, such as Al(IIT) and Fe(III). Different metal
ions have distinct coordination preferences and affinities for
ligands. While the carbonyl group may form coordination
bonds with Ni(I), it may not interact favorably or selectively
with other metal ions due to differences in their electronic
configurations and coordination geometries. Therefore, the
probe’s response to metal ions other than Ni(II) cannot be
solely extrapolated based on the presence of a carbonyl group.
We did measure the emission of the compound with all tested
metal ions, but Ni(II) with the ligand showed a significant
increase in emission as compared to other metal ions. The
significant increase in emission observed with Ni(II) can be
attributed to favorable ligand-to-metal charge transfer
(LMCT) transitions and the stabilization of excited states.
These factors resulted in a more pronounced enhancement of
emission for Ni(II) compared to other tested metal ions.
However, the extent of emission enhancement with other
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Figure 5. (a) Binding stoichiometric analysis (b). Absorption titration study in P (124M) and Ni** (2—18uM).
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Table 1. Photophysical Properties of P

Aex (nm) Aem (nm) association constant (M>) LOD (M) LOQ (M) standard deviation color of P
330 580 3.6 X 10° 2.0 X 10710 6 x 10710 0.75 pale yellow
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Figure 6. (a) Effect of Ni** ion concentration (2—18 uM), P = (12 uM), and 4,,, = 580 nm; (b) Benesi—Hilderbrand plot analysis of probe P; (c)
interference study of the P—nickel(II) complex in the presence of a higher concentration of interfering metal ions, 4., = $S80 nm; and (d)

representation of the interference study by a bar graph for clarity.

metal ions was lower due to differences in their coordination
preferences, electronic properties, and overall binding affinities.
These variations in metal ion-specific interactions affect the
efficiency of energy transfer processes and subsequent emission
enhancement.

Furthermore, the size compatibility between the P and the
Ni** ion played a crucial role in its selectivity. The P was
designed to have dimensions and structural features that
aligned well with the size and coordination preferences of Ni*'.
This enabled the probe to form stable complexes with Ni**
ions, while potentially hindering interactions with ions of
different sizes. Additionally, the binding nature of P and Ni**
ions contributed to its selectivity. The probe underwent
specific coordination interactions, such as chelation or
coordination through lone pairs of electrons, which are
particularly favorable for Ni**. This binding nature enhanced
the selectivity of the probe toward Ni** ions, as it ensured
strong and specific interactions, while potentially reducing
binding affinity toward other metal ions that lack similar
coordination preferences.

3.8. DFT Calculation. The absorption and fluorescence
analysis showed that almost every metal atom was capable of

27505

forming a complex with the ligand/probe P. However, the
highest enhancement was observed in the case of Ni*',
indicating a high selectivity for this particular metal ion. Thus,
we proceeded to investigate only the complexation reaction
between the probe P and Ni** through DFT calculations. Our
experimental results were supported by the DFT calculations,
which confirmed both the stability of the complex and the
binding stoichiometry of 2:1 between the probe P and Ni**.
The bonding of atoms in a material is caused by the charged
nature of the electron. Therefore, to understand the removal of
Ni** from water through an organic probe at the atomic level,
the electronic properties of both the probe and metal ion must
be studied. Density functional theory (DFT) is an effective
tool that considers the quantum mechanical nature of electrons
of a material.”® The coordination site present in the probe is
one carbonyl oxygen. The probe is to act as a monodentate. To
gain full insights into the bonding strength between the active
sites, i.e., O of the probe and Ni** ion, we performed density
functional theory (DFT) simulations. Nowadays, the DFT
simulations are a powerful tool to predict correctly the bonding
behaviors between the probe and Ni** ion. In the present
study, the DFT calculation was performed using the DMOL3

https://doi.org/10.1021/acsomega.3c03131
ACS Omega 2023, 8, 27500—27509


https://pubs.acs.org/doi/10.1021/acsomega.3c03131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03131?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c03131?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

Probe

v 1.77

— 1.77

Complex-1

CHOC @0 CCI@Ni
(2) 3.17 (b) 2.94 (c) 2.18 (d) 2.20 (e) 2.18 (f)2.20
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Figure 9. (a) Application of P (12 M) in acetonitrile with Ni** (18 4M) in distilled water, at 4., = 330 nm and 1, = 580 nm. (b) Reusability of

P—nickel(II) employing EDTA as a chelating agent at A, = 580 nm.

code,”” Materials Studio. For the exchange-correlation function
in these quantum chemical calculations, the Perdew—Burke—
Ernzerhof (PBE) formulation was used within the generalized
gradient approximation (GGA). The DFT + D2 method
(Grimme’s scheme) was applied for a long-range dispersion
correction in intermolecular interactions. The double numer-
ical plus polarization (DNP) basis set was employed for
calculations, which was reliable in obtaining good results like
Pople’s 6-31G(d,p) basis set. Recently, the GGA/PBE method
with the DNP basis set is frequently used for different
complexation studies, which gives reliable results. The Fermi
smearing was set to 0.005 Ha with a real space cutoff of 4.6 A
utilized in the calculations. The geometries of all the systems
(monomers and complexes) were optimized at a convergence
tolerance of 107> Ha, 0.002 Ha/A, and 0.005 A for the energy,
force, and displacement, respectively.

Therefore, we performed a computational study for two
different complexes as shown in Figure 7. In complex 1, the
Ni** interacts with the two carbonyl oxygen (C=0) of the P
each at a distance of 1.77 A, while in complex 2, the Ni**
interacts with the two carbonyl oxygen (C=0) of the probe
and four chloride ion at a distance of 3.17 (a), 2.94 (b), 2.18
(c), 2.20 (d), 2.18 (e), and 2.20 A (f), respectively.

The binding energies (E,;,) calculated (Table S1) using the
same theory in gaseous and solvent phases for both complexes
were found to be negative, which proved that the formation of
these complexes was energetically favorable. The E,;, (gas
phase) for complex 1 (—733.86 kcal/mol) is more than that of
complex 2 (—639.37 kcal/mol), indicating that complex 1 was
more energetically favorable than complex 2. The order of Ey;,
in the solvent (water) phase was similar to the gas phase, but
the values were smaller than in the gas phase due to the greater
value of the dielectric constant of water (78.5). Generally, by
raising the dielectric constant of a medium, according to the
Coulomb law, the force of attraction or repulsion between the
charges decreases. The comparative graphical representation of
both gas and solvent phases E,;, is described in Figure 8a.

Furthermore, to check the nature of the interaction of Ni**
with P and CI7', the difference in charge transfer (Agcr) was
calculated by using Mulliken atomic charges. The obtained
results indicated that after interaction of Ni** with the probe

and CI™!, a decrease was observed in the negative charges of
oxygen atoms of the probe and CI™'. Similarly, a decrease in
the positive charge of Ni** ions was recorded. This illustrated
that charge transfer occurred from the oxygen and chloride
ions to the central metal ion, i.e., Ni*" ion.

3.9. Environmental Sample Analysis and Reusability
Test. The analytical applicability of the prepared P is necessary
to be evaluated. Therefore, P was applied to remediate the Ni**
ions from environmental water samples. For this purpose,
different concentrations of Ni** ions were spiked in tap, river,
and lake water samples (Figure 9a). As can be seen from the
results, P showed good results for the detection of Ni** ions in
these spiked water samples. The obtained results suggested
that P is sensitive and reliable enough for the practical
detection of Ni** ions in environmental water samples. For a P
to be economical and used at a large scale, its reusability
should be high. The reversible fluorescence-based analysis is
highly demanded in the modern period due to its wide
applications. Therefore, to check the economic importance and
efficiency of the prepared P, it was subjected to reusability
experiments. Ethylenediaminetetracetic acid (EDTA) was used
as a reversible agent to investigate the reversible behavior of P.
Upon the addition of EDTA, the fluorescence intensity of the
complex decreased (at 4., = 580 nm), which confirmed the
recovery of P (Figure 9b). This result proved that P can be
used reversibly for the detection of Ni*'.

3.10. Comparison of Probe P with the Reported
Fluorescent Probes. To check the practical advantage of the
prepared P for Ni** ion detection, the current work was
compared with some other recently reported work based on
detection and quantification limits as shown in Table 2. The
study revealed that the prepared P showed maximum
sensitivity and selectivity in aqueous medium as compared to
the previously reported work. P is an efficient fluorescence
ligand in terms of sensitivity, selectivity, and ease of reusability
for practical application to remediate toxic Ni’* ions from
water samples.

4. CONCLUSIONS

A simple synthetic protocol for the synthesis of P via a
condensation reaction has been carried out. Due to the
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Table 2. Comparison of the P Sensor with Other
Fluorescence-Based Organic Sensors for Ni2* Detection in
Aqueous Media

optical probe LOD LOQ references
benzylhydrazone derivative 7.3 x 1070 2.19 x 107" 30
pyrimidine-based ligand 8.9 X 107° 267 x 107 31
hydrazide derivative 2.0 X 1077 6.0 X 1077 32
quantum dots 0.1 X 1077 0.3 x 1077 33
quinoline-based sensor 146 x 107° 438 x 107° 34
APAI 046 x 1077 138x 107 35
MOFs 046 x 107 138x10° 36
benzothiazole 74x107°  222x107 37
Si-NPs 1L73x107° 519X 107° 38
schiff base ligand 74 x 1077 222 % 1078 39
QDs 0.1 X 107 ¢ 0.3 x 107° 40
probe P 2x 1071 6 x 107" this work

presence of the carbonyl oxygen group in P, good photo-
stability and enhanced fluorescence in aqueous medium were
displayed by P upon formation of the Ni** complex. Job’s plot
analysis and DFT calculations supported the 2:1 complex
formation between P and Ni**. The P proved to be an efficient
fluorescent probe for the selective sensing of toxic Ni** ions by
the process of fluorescence enhancement among the many
other heavy metals chosen with a lower LOD of 2 X 107" M.
Also, P displayed good reusability with EDTA as a chelating
agent. The developed P proved to be an efficient and time-
saving sensor, which put forward the latest trend in the
removal of Ni** ions from water very selectively and
economically.
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