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KEYWORDS Abstract Selective metal ion detection is highly desired in fluorometric analysis. In the current
Real time analysis; study a curcumin-based fluorescence-on probe/[(2E,6E)-2,6-bis(4-(dimethylamino) benzylidene)
Fluorescence-on; cyclohexanone]/probe was designed for the removal of one of the most toxic heavy metal ion i.e.
Aqueous sample; Hg?" . The structure of the probe was confirmed by FTIR and "H NMR spectroscopic analysis dis-
Curcumin derivative; playing distinctive peaks. The complex formation between probe and Hg?" ion was also studied by
Hg*" ion density functional theory to support the experimental results. Chelation enhanced fluorescence was

observed upon interaction with Hg>* ion. Different parameters like pH, effect of mercury ion con-
centration, contact time, interference study and effect of probe concentration on the fluorescence
enhancement were also investigated. A rapid response was detected for Hg?" ion with limit of
detection and quantification as 2.7 nM and 3 nM respectively with association constant of

* Corresponding authors.
E-mail addresses: mariasadia@gmail.com (M. Sadia), mohammadzahoorus@yahoo.com (M. Zahoor), alsharif@tu.edu.sa (K.F Alsharif),
aaljoufi@ju.edu.sa (F.A. Al-Joufi).

Peer review under responsibility of King Saud University.

ELSEVIER Production and hosting by Elsevier

https://doi.org/10.1016/j.arabjc.2022.103710
1878-5352 © 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.arabjc.2022.103710&domain=pdf
mailto:mariasadia@gmail.com
mailto:mohammadzahoorus@yahoo.com
mailto:alsharif@tu.edu.sa
mailto:aaljoufi@ju.edu.sa
https://doi.org/10.1016/j.arabjc.2022.103710
http://www.sciencedirect.com/science/journal/18785352
https://doi.org/10.1016/j.arabjc.2022.103710
http://creativecommons.org/licenses/by/4.0/

J. Khan et al.

1 x 10! M2 The probe displayed maximum fluorescence intensity at physiological pH. The results
showed that the synthesized probe can be employed as an excellent probe for the detection and
quantification of Hg>* ions in aqueous samples with high selectivity and sensitivity due to its higher

binding energy and larger charge transferring ability.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Due to the rapid urbanization and industrialization, water crisis has
become a serious problem for all forms of life on earth, from micro-
organisms to humans (Idros and Chu, 2018). Monitoring of the con-
taminants in water is of particular importance to ensure the quality
of surface, ground, and drinking water. Among the several water pol-
lutants, heavy metal ions, specifically mercury ion, is crucial for its high
toxicity (Razavi et al., 2017, Hakimifar and Morsali, 2018). In recent
years, mercury ion contamination in the aquatic environment has
attracted global attention; therefore, the development of fluorescence
based probe for Hg>" ion detection is highly desired (Zhao et al.,
2017). Mercury contamination of water bodies is either from natural
or man-made activities. The natural sources of water contamination
include rock weathering and geological matrix erosion, resulting in
metal incorporation (Sunet al., 2018). Anthropogenic contamination
occur through a number of means like burning of fossil fuel, metal-
lurgy, transport sector, disposal of untreated effluents, fertilizers, pes-
ticides in agricultural fields, discharge of industrial wastes, and
leaching of metal ions into water due to acid rain (Heet al., 2018,
Van et al., 2018). It is ubiquitous in the environment and is inevitable
for both humans and animals being persistent environmental contam-
inants and cannot easily be degraded (Joksimovic and Stankovic,
2012). Organic form of mercury ion as well as inorganic form is toxic
for organisms. Moreover, it exhibits bio-magnification in aquatic food
chains. The mercury content of food is highly variable depending upon
the nature of product, its origin and industrial processes (Streets et al.,
2017). Mercury being a unique heavy metal exists in different forms i.e
Hg?", Hg°, and methyl-Hg. In soil the ionic form (Hg?") is predom-
inantly present. When mercury ion enters into organisms’ bodies
through water, bio-accumulation occurs over a period of time
(Gonzalez et al., 2017). Mercury ion also crosses the blood—brain bar-
rier and exhibit long-term retention thereby accumulate in vital organs
of organisms, causing severe effects in liver and kidney including devel-
opment of autoimmunity, reduced growth, organ damage, cancer, ner-
vous system disorders and even death (Gonzalez et al., 2017).
Different methods have been developed for trace level detection of
mercury ion in aqueous samples including liquid-liquid extraction
(Panhwar et al., 2017), co-precipitation (Richard et al., 2016), resin
chelation (Maet al, 2011), electrochemical deposition (Dinget al.,
2014), solid phase extraction (Date et al., 2013), atomic absorption
spectroscopy (Agheriand and Naderi 2009), inductively coupled
plasma mass spectrometry (Louieet al., 2012) and polarography
(Somersetet al., 2011); all of them involve complicated instrumentation
and require sample treatment, therefore their applications are limited
(Novaaket al., 2016). The electroanalytical methods and potentiomet-
ric methods are also used for biological and environmental analysis but
potentiometric methods show rapid response with higher sensitivity
and precision as compared to electrochemical methods (JG, M. 2017,
Manjunatha, J. G. 2018, Manjunathaa, J. G et al., 2014). Fluorescence
based detection of contaminants is highly demanded now a days
because of their high sensitivity, multiple sensing parameters, non-
destructive nature, high specificity, portability, fast response time,
technical simplicity, and real-time determination of analyte. For this
purpose, various optical probes have been developed. Among the opti-
cal probes, fluorescence-based detection of mercury ion has been
proved to be advantageous over other methods (Ullah et al., 2018).
Fluorescence-based small organic molecules for mercury ion detection

have already been reported; however, they show limited application due
to quenching of fluorescence caused by mercury ion coordination
(Chenet al., 2011). Curcumin derivatives can be employed as a
fluorescence-on probes for metal ions detection in water samples in addi-
tion to being a potential drug molecule (Hoet al., 2011). Curcumin based
probes possess keto-enol tautomer due to the availability of conjugated
moiety. The tautomeric forms further be classified into their cis and trans
isomers. All of these isomers of conjugated carbon chain contribute to the
complex behavior of curcumin. On the basis of their absorption analysis
and fluorescence based detection; they provide potential applications to
various environmental samples (Linet al., 2017).

Several ligands/probes with different moieties have already been
developed for metal ions detection. However, the development of a
cheap, and facile synthetic approach toward selective Hg> " ion detec-
tion remains a hot research area. Therefore, in the current study, we
aimed to design and synthesize curcumin derivative as a
fluorescence-on probe for selective detection of Hg ™ ion in water sam-
ples. In the current study, the probe has been employed for real time
detection of trace level of mercury ions at physiological pH in aqueous
samples but the probe has also potency to be used as an antioxidant
and anti-inflammatory agent and has role in enzyme inhibition as well.
The method used in the current study is cheap, sensitive, and environ-
mentally friendly and can easily be performed with prominent results.
A comparison of the current work with the already reported work has
been given in Table 1. The current method involving the synthesized
fluorescent on probe shows higher limit of detection and quantification
in nM range and higher association constant as compared to reported
methods with real time detection of mercury ions at physiological pH.

2. Experimental methodologies

2.1. Chemicals and instruments

Cyclohexanone, 4-dimethyl aminobenaldehyde, NaOH (sigma
Aldrich), all metal salts, in the form of chloride or nitrate
including Cd(NO3)24H20, Hg(NO3)2, Ca(NO3)2-4H20,
Ce(NO3);-6H,0, FeCl,, AlCl;-6H,0, MgCl,-4H,0,
ZH(NO3)2'6H20, CuC12~2H20, MH(NO3)2'4H20, Cr(NO3)3,
Fe(NO)3;-9H,O, Pb(NO3); and NiCl,-6H,0, were purchased
from Merck and used without any purification. All the fluores-
cence and absorption analysis were performed with a spec-
trophotofluorometer RF-5301 PC (Shimadzu, Japan and
1601 Double-beam UV-Visible Spectrophotometer (Kyoto,
Japan). '"H NMR and FTIR spectra were recorded on a Bru-
ker Avance 400 MHz spectrometer (Varian) and FTIR instru-
ment Pretige 21 (Shimadzu, Japan) in 400-4000 cm™' range
respectively. All chemical shifts were recorded on the d-scale
in deuterated chloroform (CDCIl3) solvent. Measurements of
pH were done using a digital pH meter (Merck). All the graphs
and data analysis were performed on Origin pro-8.5.

2.2. Synthesis and characterization

The probe/[(2E,6E)-2,6-bis(4-(dimethylamino)benzylidene)cyc
lohexanone] was synthesized by adopting the previously
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Table 1 Comparison of current research work with already published work in literature.
Reagent LOD (M) Association Detection Sample
constant (M ~?) mode Ref.
1,7-bis[4’-bromo-butaneyloxy-3’ -methyloxy-phenyl]-
1,6-heptadiene-3,5-dione
2.54 x 107% 2.52 x 10* fluorescence- water (Xu et al., 2016)
on
curcumin-loaded cellulose acetate 20 x 107 4.23 x 107 fluorescence-  water (Raj and
off Shankaran, 2016)
Curcumin immobilized zeolitic imidazolate 7.64 x 10°° 1 x 10" turn off water (Kumar et al.,
fluorescence 2021)
Curcumin 5% 10 ¢ NA fluorescence-  water (Liu et al., 2017)
on
gold nanoparticles 40 x 1071 NA fluorescence-  water (Zheng et al., 2009)
on
Probe 2.7 aM 1 x 10" fluorescence-  Natural Current work
on water
reported procedure (Zhiquan et al., 2013, Meenatchi et al., conductor-like polarizable continuum model (CPCM)

2015, Wijianto et al., 2020). For the preparation of probe,
the reagents cyclohexnone 0.12 g (5 mmol) and
4-dimethylaminobenzaldehyde 0.23 g (10 mmol) were
dissolved in 20 mL absolute ethanol. The mixture was stirred
for 5 min and, cooled to 0 °C (ice bath) prior to the addition
of 10 mL of 10 % sodium hydroxide aqueous solution in drop
wise manner. The mixture was refluxed under vigorous mag-
netic stirring for 3 h and the reaction progress was monitored
through TLC, using ethyl acetate, n-hexane mixture in 1:4
ratio respectively, as the solvent system (Liu et al., 2013). After
completion of reaction at 0 °C, to neutralize the reaction 30 %
HCI aqueous solution was used. The precipitates of the pro-
duct formed were filtered and dried under reduced pressure.
(Schemel) presents the detailed mechanism of probe. The final
product was recrystallized from chloroform and yellow crys-
tals, mp135 °C, yield 78 %. The IR (KBr) spectrum of the
probe (v em™!): 1620-1640 (C = C Ar), 2920-2835 (C-H
asymmetric), 1296, (C-N) 1689 (C = 0O) 3028, (C-H Ar)
(Fig.S1) (Swayamsiddha et al., 2019). '"H NMR spectrum of
the probe oH (400 MHz, CDCls), 3.103 (s, 12H, 2 x N
(CH3),), 6.69-6.73 (4H, ph), 7.41-7.70 (4H, ph), 7.403-7.562
(2H, ph) (Fig. S2) (Badal et al., 2020).

2.3. Computational details

All the Computational calculations were carried out using den-
sity functional theory (DFT) Becke’s Lee-Yang-Parr’s correla-
tion function (B3LYP) (Nehla et al., 2019) Gaussian-09 code
(Marenich et al., 2011).The Empirical Dispersion = GD3
(Grimme, 2006) was used to accurately describe correction in
the intermolecular interactions during the complexation. The
6-31G(d,p) basis set was used for all nonmetals elements like
H, C, N and O while LANL2DZ basis set was used for
Hg?* jon. The frequency calculations were employed to ensure
whether, the geometries correspond to potential energy min-
ima or not as well to compute the thermodynamic parameters.
The imaginary frequency absence confirmed that all the
geometries correspond to potential energy minima. The contri-
bution of electrostatic effects to the binding energies and
thermodynamic data were computed by employing the

(Marenich et al., 2009, Arakaki et al., 2013). To evaluate the
binding energy (Eping), Eq. (1) was used;

Ebind:Ecomplex—(E + Hg2+) (1)

probe

Where, Ecomplex 18 the total energy of the complex (probe
and mercury ion) while Ep.ope and E]ﬂg are the total energy
of the (probe) and Hg?" ion separately. The change in
enthalpy (AH) and Gibbs free energy (AG) are calculated using
Egs. (2) and (3) respectively;

AHbind:Hcomplex - H(probe+Hg2+) (2)
AGbind:AHhind - TASbind (3)

AHbind - T(S + S(probc+Hg2+))

Where, “H” represents the sum of electronic and thermal
enthalpy, “G” is the sum of electronic and thermal Gibbs free
energy and ““S” is the entropy at 298.15 K and 1 atm.

2.4. Spectroscopic studies

UV-Visible and fluorescence spectroscopy were used for
exploring the optical properties and sensing ability of metal
ions. In all experiments probe was prepared in pure acetonitrile
and metal ion solutions (stock and working) were prepared in
distilled water. The complex between probe and Hg> " was pre-
pared in mixture of acetonitrile and water in 3:2 ratio. The
UV-Visible spectra of probe (6 uM) alone in acetonitrile and
its complex with Hg?>* ion (15 pM) were taken. Similarly,
the fluorescence response of probe at pH 7 was measured sep-
arately for probe and its complex with metal ions in aqueous
samples. The probe-metal ion mixtures were equilibrated at
room temperature before measuring the fluorescence response.

2.5. Fluorogenic recognition of Hg®" ion in spiked water
samples

The efficacy of probe towards Hg>* ion detection was evalu-
ated in different spiked water samples. For this purpose, lake
water, river water and tap water samples were collected from
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Malakand, River Swat and University of Malakand, Khyber
Pakhtunkhwa, Pakistan respectively in polyethylene bottles.
Sufficient time was given for the settlement of solid particles
in samples and then these solid residues were removed with
the help of filter paper. Since Hg?" ions were not found in
these samples so spiking was performed to introduce ions of
interest in these samples in the concentrations range of 2—
12 uM. In fluorometric analysis, the concentration of probe
was kept constant i.e. 6 pM. All the experiments were repeated
four times in order to verify the reproducibility of the results.

2.6. Detection limit and quantification

Stern Volmer plot analysis was carried out for the detection
limit and limit of quantification using the given equations

36
LOD ="¢ 4)
LOQ = 3.LOD (5)

Where “3” represent the standard deviation and “S” is the
slope of the fluorescence emission intensity versus sample con-
centration curve. To check the repeatability of the process,
respective experiment was carried out five times.

3. Results and discussion

3.1. Probe synthesis

The probe of our interest was synthesized by condensation of
4-dimethyl amino benzaldehyde with cyclohexanone by an
inexpensive synthetic route (Scheme.2). The probe (yellow col-
ored) was obtained in a significant yield as the solvent was
evaporated and recrystallized in chloroform. Standard spectro-
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Synthetic route of the probe.

scopic analyses (‘H NMR and FTIR) were utilized for probe
confirmation.

3.2. UV—Visible studies

UV-Vis spectrum of the probe (6 M) in acetonitrile alone and
its complex with Hg>" ions (15 pM) in acetonitrile distilled
water mixture were taken. The probe showed Amax of
440 nm (Fig. 1a). Upon addition of Hg?" solution, bathochro-
mic shift occurred, and maximum absorption wavelength
shifted to 470 nm. A regular change in absorption was
observed with Hg> " ion addition, at pH 7. For each measure-
ment the baseline for probe and its complex with Hg>" ions
was established by placing blank acetonitrile and acetonitrile
water mixture in the ratio of 3:2 in the reference compartment
at 25 + 1 °C for ligand and complex respectively.

3.3. Fluorescence measurements

The excitation and emission spectra of the probe and its complex
with metal ions was recorded in 200-800 nm range. The maxi-
mum excitation and emission wavelengths were found to be
340 nm and 520 nm respectively. Hence; these wavelengths were
used to carry out further fluorescence experiments. No fluores-
cence was observed for the blank at 520 nm. At (Aex = 340 n
m)and (Aem = 520 nm) fluorescence emission intensity of probe
linearly increases upon increase in Hg?" ions in (2-18 uM)
range, which is in line with UV-Vis results.

3.4. Preliminary study

The fluorescence behavior of probe (6 tM) was measured in ace-
tonitrile at Aex = 340 nm. Due to internal charge transfer phe-
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Scheme 2 Chemical structure of [(2E,6F)-2,6-bis(4-(dimethylamino)benzylidene) cyclohexanone].

nomena, very weak fluorescence was observed at Aem 520 nm.
To explore metal ions detection capability of probe, an equiv.
of Hg?" ion and 10 equiv. of different heavy and common metal
ions including (Cd**, Ce**, Cr®*", Zn®", Pb*", Mn?", Co*™,
Ni2+’ Cu2+, Hg+, Cr2+’ Fe3+’ C02+, A13+, F€2+, Mg2+
and Ca®" were individually added to probe solution followed
by equilibration of the mixture for 2 min at ambient tempera-
ture, and their fluorescence spectra recorded (Fig. 1b). Upon
comparing the spectra of probe and its complex with different
metal ions, the results show that fluorescence intensity enhanced
largely in the presence of Hg? " ions only and the rest of metal
ions studied show very small enhancement. In the absence of
Hg?" ion, due to internal charge transfer (ICT) process, the flu-
orescence intensity of the probe was highly quenched. While in
case of Hg>" ions, ICT process is restricted, thus resulting in
enhancement of fluorescence emission intensity due to forma-
tion of stable complex.

3.5. Optimization study

Different parameters were optimized for the accurate determi-
nation of Hg?" ion in water samples using the probe.

3.5.1. Effect of response time on fluoresce intensity

For the real time metal ions detection in aqueous samples, the
response of the probe should be very fast as the long reaction
time is undesired. Therefore, the response time of probe
towards Hg?" ion was studied by taking probe (6 uM) and
Hg?" ion in the range of (2-18 pM) and varying the time of
complex formation between the two from 1 to 15 min, at
Aem = 520 nm (Fig. Ic). The probe and its Hg>" ion complex
fluorescence emission response gradually increases with time,
and maximum fluorescence emission intensity was observed
in 2 min for lower concentration of Hg“ ion, whereas for
higher concentration of Hg> ", probe response becomes almost
instantaneous and the maximum fluorescence intensity was
observed in less than 40 s time. No apparent enhancement in
fluorescence emission intensity took place in the absence of
metal ion in the assay time showing its stability. The sponta-
neous response of probe towards Hg? " ion confirm its practi-
cal applicability in aqueous samples.

3.5.2. Effect of probe concentration

To investigate the effect of concentration of probe on fluores-
cence emission response of Hg>" complex, different working
solution were analyzed separately, at Aem = 520 nm and the
results were plotted against fluorescence emission intensity

(Fig. 1d). Working solutions for analysis were prepared with
addition of probe solution in the range (545 pM) in the pres-
ence of Hg?*(15 uM). Upon increasing concentration of
probe, the fluorescence emission intensity increased gradually
upto (45 uM). After that, no visible enhancement in fluores-
cence intensity was observed. The reproducibility of the probe
was determined with the help of replicate analysis. Eight repli-
cate analyses were conducted using same concentration of
Hg?" and probe i.e. (15 pM) and the relative standard devia-
tion (RSD) came out to be 0.34% (Liu and Lu, 2007).

3.5.3. Effect of mercury ions concentration on fluorescence
response and detection limit

The binding ability of the probe towards Hg>* ion was investi-
gated quantitatively through fluorescence experiments. The sen-
sitivity of probe was examined with increasing Hg> " ion at room
temperature. The probe showed a very weak fluorescence
response at Aem = 520 nm and Aex at 340 nm in the absence
of Hg?>" ion, on the other hand fluorescence response of probe
(6 uM) rapidly increased on addition of Hg?" ion in the range
of (2-18 uM) as shown in (Fig. 2e) at the same wavelengths of
excitation and emission. The linearity of the probe was also
determined by plotting the fluorescence response of probe as a
function of Hg>* ion in the range of (2-20 nM) at Aem = 520
nm. This linear response is shown in (Fig. 2f) with 0.997 R?
value. The limit of detection of probe for Hg? ™ ion based on five
blank measurement was found to be 2.7 nM, which is far less
than the acceptable value recommended by WHO (Huang
et al., 2014). The limit of detection of probe reported in present
work is also less than the already reported ligands/probes for
mercury ion as given in (Table 1). The limit of quantification
for the current probe as determined from the fluorescence exper-
iments is found to be 3 nM based on equation (3).

3.5.4. Job’s plot analysis

The binding stoichiometric ratio of probe with Hg?* ion was
calculated with Job’s plot analysis employing fluorescence
spectroscopy. The equimolar solutions of probe and Hg>*ion
were prepared and analysis was carried out by continuously
increasing one part and decreasing another part, while total
concentration of both probe and Hg?" ion kept constant at
(12 uM). Binding ratio was determined by plotting their
respective fluorescence emission intensities at different frac-
tions of probe (0.1 to 0.9). Maximum fluorescence emission
intensity was obtained at a molar fraction of 0.7 at Aem = 5
20 nm, indicating 2:1 binding ratio between probe and Hg>*
ion (Fig. 2g) (Sadia et al., 2018).
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Fluorescence intensity

Fluorescence intensity

3.5.5. Benesi-Hildebrand plot analysis for association constant
determination

Association constant value was calculated based on Benesi—
Hildebrand plot from Eq. (6)

Absorbance

Fluorescence intensity

UL — (©
a F-F Ka[Hg*)*

204 [ —=—Probe . i}\i\ In equation Ka, “Fy”, “Fmax” and “F” indicate associa-
—®—Probe + Hg / tion constant, intensity of probe without metal ion, [Hg>"]
1.5 in large excess and at different [Hg?> "] (Aex = 340 nm and
Aem = 520 nm. The association constant Ka was determined
Lol by plotting Fmax-F./F-F. versus 1/[Hg**1* (Fig. 2h). Accord-
' ing to the equation data fitted linearly showing excellent liner
relationship with (7.432 x 107", (1.184) slope and intercept
0.5 respectively. The association constant value was calculated
from the slope and intercept of the graph to be 1 x 10" M2,
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Ccut, Zn2*, Cd®*, Pb2Y, Mn®*, Co?t, Zn?*, Ni2*, Cr2™,
Li*, AP, Fe*", Mg?" and Hg" (250 uM) followed by
the addition of Hg?" (50 puM). No significant interference
was observed from the competing metal ions, thus showing
that probe can be useful as an excellent sensitive, and selective
fluorescence-on sensor for trace amount determination of
Hg®" ion with a large amount of other co-existing metal ions
(Fig. 3k) (Zhu et al., 2010, Wang et al., 2020, Lee et al., 2014).

3.5.8. DFT calculations

The coordination sites present in the probe include two N and
one carbonyl oxygen (Scheme. 3). The probe is probable to act
as either monodentate or bidentate. In either case, the pro-
posed structure will be afforded. The coordination sphere of
d-block elements like Hg> ™ is either 4 (Rosiaket al., 2018) or
in several cases, 2 (Dong et al., 2017). Due to the bulkness
of probe, the bonding is strong, consequently, to gain fully
insights into the bonding strength between the active sites i.e.
O and N of the probe and Hg>* ion, we performed density
functional theory (DFT) simulations (Fig. 3J). Now a days
the DFT simulations are the powerful tool to predict correctly
the bonding behaviors between the probe and Hg>" ion
(Lamiel-Garcia et al., 2017, Khan et al., 2019, Ahmad et al.,
2002, Khan et al., 2019). The DFT simulations were performed
by B3LYP level of theory and 6-31G (d,p) basis set for H, C, N
and O atoms and LANL2DZ basis set for Hg> " metal imple-
mented in Gaussian-09 code (Suet al., 2017). As we proposed
two sites for the binding of Hg?™, site-1 is the O site
(C = O group) and N site (C—N(CHs3), group).

Therefore, we performed two different computations for
the interaction of Hg?" ion with the probe at two different
sites i.e. O and N. As in our experiments we used 2:1 of probe
and Hg”" ion therefore, in computational simulations we also
used 2:1 of probe and Hg®" ion. The optimized geometry of
probe and their complexes (Hg>* binding with probe at O site
and N site). The geometry optimization reveals that the Hg**
ion formed a binding distance of 2.22 A with O atom of C = O
group while the binding energy (Ey) of complex is
—305.69 kcal/mol in gas phase respectively. The higher nega-
tive value of binding energy shows binding of Hg>" ion due
to O site is energetically more preferable. Moreover, the natu-
ral atomic charges results obtained through Mullikan atomic
charge analysis shows —0.057 e charge transfer occurred from
the Hg>" atom to the O atom which evidence stronger over-
lapping between the O and Hg?* ion. The interaction of
Hg>" ion with the N site of probe, shows that the Hg*" ion
form a binding distance of 4.41 and 5.46 A with the N site
of probe while the energetic analysis shows that the E,, values
obtained for this site is —74.80 Kcal/mol, shows weaker inter-
actions as compared to C = O site. The atomic charge analysis
indicated that there is (0.004 e) transfer occurred from the

<

Fig. 2 e) Effect of Hg’>" jon concentration on fluorescence
response of probe (6 uM) in acetonitrile with varying Hg>* ion (2—
18 pM) in distilled water, f). Titration curve of probe-Hg?"
complex, g): Jobs plot showing 2:1 binding stoichiometric ratio, h):
Benesi-Hilderbrand plot analysis of Hg®™ (2-18 puM) in distilled
water with probe (6 uM) in acetonitrile.
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Fig. 3 J) Optimized geometry of synthesized probe and their
complexes with Hg"? ion, the binding distances are in A, k).
Selective response of probe (6 uM) in acetonitrile towards Hg?™*
(50 uM) in the presence of interfering metals ions (250 pM) in
distilled water at Aem = 520 nm, I). Fluorescence response of
probe (6 uM) in acetonitrile and its Hg>* (12 pM) complex in
distilled water as a function of pH (hex = 340 nm and
Aem = 520 nm).

Hg?* atom to the N atoms which shows that there is no signif-
icant overlapping exist between the Hg?* ion and N site of
probe. The binding distances, binding energies and atomic
charge analysis show that the O atom of C = O site is more
reactive site for the sensing of Hg>" ion. Therefore, for deep
understanding of the sensing mechanism of Hg?> " ion through
C = O site, we further investigated the thermodynamic analy-
sis and the effect of solvent phase on the sensing phenomenon.
The computation shows that the change in enthalpy (AH) and
change in Gibbs free energy (AG) value calculated for the stud-
ied complex is —302.733 kcal/mol and —281.89 kcal/mol in gas
phase respectively. The negative values of thermodynamic
parameters evince that the sensing process is spontaneous
and feasible at room temperature. The value of AH and AG
for Hg?> " ion interaction with the C = O site of ligand in sol-
vent phase was calculated and is —197.39 kcal/mol and
—164.84 kcal/mol, respectively (Table S1).The binding energies
and thermodynamic parameters values in the gas phase are
higher than the solvent phase, which may be due to the strong
columbic interactions between the charged-Hg(II) cations and
negative C = O group without interference of other ion or
molecule (Ali et al., 2020, Remko et al., 2020). Thus, the
DFT results show that the synthesized probe has higher affin-
ity for the Hg?" ion sensing through its O site of C = O bond
as compared to the N site of C-N(CHj3), group. Furthermore,
the results reveal that the synthesized probe have greater ten-
dency for the sensing Hg>" ion in spiked samples due to its
higher binding energy and larger charge transfer.

3.5.9. ICT mechanism for Hg’" ion detection

The Hg?" ion detection mechanism of probe was proposed to be
intra molecular charge transfer (ICT) through fluorometric analy-
sis. Before coordination with Hg? " ion, probe was found to be
very weakly fluorescent due to lone pair of electrons with oxygen
atom, which result in intra molecular charge transfer. Moreover,
the lone electron pair of the oxygen atom give rise to a non-
radiative process by the n-m* transition, as a result fluorescence
emission intensity quenched. Alternatively, after coordination of
probe to Hg? " ion, radiation process was primarily via n-m* tran-
sitions and the coordination complex was more rigid, thus the ICT
process was restricted upon addition of Hg?" ion at the receptor
site (Kauret al., 2018, Quang et al., 2010, Lal et al., 2020).

3.5.10. Mercury ion detection in water samples

The selectivity and sensitivity of the probe (6 pM) was validated
by plotting the fluorescence response of probe as a function of
increasing Hg”* ion concentration (2-12 pM) in different spiked
aqueous samples collected from natural sources (lake, river and
tap). As natural water samples contain salts, different metal ions
in high amount and has variable pH, but despite of all that, a lin-
ear response of probe (Fig. 4m) with increasing Hg>* concentra-
tion was observed suggesting that the probe has the potential to
monitor Hg®" ions in real samples.

3.5.11. Reversibility study

Reversibility is the most important aspect in establishment of
the fluorogenic probe. Reversibility plays a very important role
in practical assay. The increase in the fluorescence intensity can
also be due to photo activation of probe or a chemical reaction
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Table 2 List of symbols used in the manuscript.

Symbols stands for

S standard deviation
S slope

A wavelength

uM micromolar

Ka association constant

between probe and Hg?* therefore the exact cause of enhance-
ment in fluorescent emission intensity was investigated by per-
forming a reversibility experiment of probe (6 pM) with Hg? "
ion (25 uM). For this purpose, a strong chelating agent,
ethylene-diamine tetra-acetic acid (EDTA) was employed to
regress the fluorescence. An equal amount of ethylene-
diamine tetra-acetic acid (25 uM) solution was used in Hg>"
complex with probe and fluorescence emission intensity was
observed at Aem = 520 nm (Fig. 4n). At this wavelength,
the fluorescence signal was reproduced showing the chemical
reversibility and real binding of Hg?" ion with probe. The
symbols used in the current article are presented in (Table 2).

4. Conclusion

In conclusion, a curcumin derivative (probe) was synthesized by con-
ventional method and its structural elucidation was carried out by Pro-
ton nuclear magnetic resonance and Fourier transform infrared
spectroscopic techniques. The chemically stable probe showed a
fluorescence-on response for trace level detection of Hg?* ion in aque-
ous samples, executing negligible interfering metal ions effect. The
density-functional theory study supported the 2:1 binding ratio
between probe and Hg?" ion, as calculated by fluorescence experi-
ments with the help of Job’s plot analysis. The association constant
value was calculated to be 1 x 10'' M~2 by Benesi-Hilderbrand plot.
In addition, probe functions as a reversible fluorescence-on probe for
Hg>" detection in the presence of ethylenediaminetetraacetic acid as
restoring agent.
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