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The detection of Pb?" ions is essential because to their extensive industrial applications and
well-documented toxicity. In this study, a series of chromone hydrazone-based ligands,
namely FCMSH, CFCMSH, and DCFCMSH, were synthesised under reflux conditions and
characterised using CHNS elemental analysis, FTIR, NMR, and UV—Vis spectroscopy. The
fluorescence properties of the ligands in the presence of Pb?" ions were examined using a
fluorescence spectrophotometer. Only DCFCMSH exhibited turn-on fluorescence, changing
from silent quenching to a green glow upon Pb?" ion coordination. The DCFCMSH sensor
exhibited a binding constant of 1.17 x 10* M~! and a limit of detection (LOD) of 2.4 x 108 M,
demonstrating its sensitivity toward Pb2" ion detection. FTIR analysis of DCFCMSH revealed
shifts in the C=0 (1598 cm™) and C=N (1519 cm™) bands, suggesting coordination through
carbonyl and imine sites, while the appearance of the v(SO2) band at 1050 cm™ confirmed
sulphonyl-oxygen involvement. The disappearance of the N—H proton signal (10.67 ppm) in the
'H NMR spectrum and the C=N signal shift (147.39 ppm) in the *C NMR spectrum further
supported Pb?" ion coordination in DCFCMSH. DFT (B3LYP/6-311G(d,p)) calculations
provided insights into the HOMO-LUMO transition responsible for fluorescence enhancement.
Overall, coordination through ONO donor sites induces a chelation-enhanced fluorescence
(CHEF) effect, and these findings represent an important step toward the development of
chromone hydrazone-based as potential Pb>" ion chemosensors in aqueous environments.
Overall, the proposed coordination through ONO donor sites is associated with a chelation-
enhanced fluorescence (CHEF) effect, and these findings highlight the potential of DCFCMSH
as fluorescent chemosensors for Pb?" ion detection.
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Heavy metal contamination of water sources has
become a major global concern because of its severe
impact on humans and the environment [1]. Among
various toxic metals, lead (Pb2") is one of the
most persistent and hazardous pollutants, originating
mainly from industrial processes, paints, and mining
activities [2]. Chronic exposure to Pb?" ions can cause
neurological, cardiovascular, and renal disorders,
especially in children and pregnant women [3].
Therefore, developing sensitive and selective methods
for detecting Pb?" ions is of paramount importance
for environmental monitoring and public health
protection.

Traditional analytical techniques such as
atomic absorption spectroscopy (AAS), inductively
coupled plasma mass spectrometry (ICP-MS), and
voltammetric methods, offer high sensitivity and
accuracy [4]. However, these approaches often require
sophisticated instrumentation, costly reagents, and
complex sample preparation. In contrast, fluorescent
chemosensors have emerged as promising alternatives
owing to their operational simplicity, low cost, rapid
response, and potential for on-site detection through
visible colour or fluorescence changes [5-8].
Chromone-based compounds have attracted increasing
attention as versatile fluorescence scaffolds due to
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their rigid aromatic framework, strong n-n* conjugation
and tunable photophysical properties [9, 10]. The
presence of functional moieties such as hydrazide,
hydrazone or thiosemicarbazone groups further
enhances their metal-binding ability through
coordination with nitrogen, oxygen, or sulfur donor
atoms [11, 12]. These interactions often modulate
fluorescence via mechanisms such as chelation-
enhanced fluorescence (CHEF) or inhibition of
photoinduced electron transfer (PET) [7].

Although various chromone derivatives have
been reported for coordination applications and as
fluorescent probes for metal ion sensing, studies on
chromone-based sulfonohydrazone analogues remain
limited, particularly in the context of Pb?" ion
recognition. The influence of chlorine substitution on
the Pb?" sensing behaviour and electronic structure of
chromone-based sulfonohydrazone ligands has not
been systematically investigated. Furthermore, the
correlation between experimental spectroscopic
observations and theoretical electronic structure
analyses remains insufficiently explored. Therefore,
in this study, the interaction of Pb?" with three
chromone hydrazone-based ligands with different
substitution patterns (FCMSH, CFCMSH and
DCFCMSH) was investigated to evaluate the effect of
chlorine substitution on Pb?" sensing performance. To
further support the experimental findings, theoretical
studies were conducted to gain deeper insight into the
coordination mechanism and electronic transitions
involved in Pb?" induced fluorescence enhancement.

EXPERIMENTAL
Chemicals and Materials

All starting materials and solvents used in the
synthesis and characterisation studies were purchased
from Acros and Aldrich and used without further
purification. 3-Formylchromone derivatives (FC),
6-Chloro-3-formylchromone (CFC), 6,8-dichloro-3-
formylchromone (DCFC), p-toluenesulfonyl hydrazide
(MSH), ethanol, DMSO, and DMSO-ds were used for
ligand synthesis and characterisation. Lead(Il) nitrate
(Pb(NOs)2) was used as the Pb?" source, and other
metal nitrate salts were used for selectivity and
sensitivity studies.

Characterisation Methods

All reagents and solvents used for the synthesis and
spectroscopic measurements were purchased from
Sigma-Aldrich. FTIR spectrum was obtained using
Thermo Nicolet Nexus spectrometer from 4000-
600 cm™! region with diamond as an Attenuated
Total Reflectance (ATR) accessory. The UV-VIS
measurements were performed in 200 to 800 nm region
by using Cary 60 UV—Visible spectrophotometer.
Fluorescence measurements were performed using
dimethyl sulfoxide (DMSO) as the solvent. Elemental
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analyses of C, H, and N were carried out using a
CHNO-SEA 1112 Series Elemental Analyser. 'H
and '2C NMR spectra were recorded on a JEOL
INM-ECX500 NMR spectrometer using DMSO-d;
and acetone-ds as the solvents.

Computational Methods

DFT and time-dependent density functional theory
(TD-DFT) calculations for all ligand series and the Pb-
DCFCMSH complex were performed using Gaussian
09 and visualised with GaussView 5.0 [13, 14]. The
ligands and complexes were drawn using GaussView
software. Geometrical optimisation and vibrational
frequency calculations were the performed without
symmetry constraints (C1 point group). The basis set
of Becke’s three-parameter functional (B3LYP) and
the 6-311G,d,p basis set were used for all ligands [15],
while a hybrid basis set compliant with LANL2DZ
was used to calculate the Pb metal atom [16, 17]. The
solvent effects were considered in all calculations,
employing dimethyl sulfoxide (DMSO) as the solvent
in the IEFPCM model. Frequency calculations were
performed on the fully optimised geometries, and no
imaginary frequencies were found, confirming that the
optimised structures were true minima [15].

Synthesis of Chromone Hydrazone-based Ligands:
FCMSH, CFCMSH and DCFCMSH

Figure 1 presents the general synthetic pathway for
the synthesis of chromone hydrazone-based ligands,
following a modified literature procedure [18, 19]. An
equimolar amount (1 mmol) of the corresponding 3-
formylchromone derivative (FC, CFC or DCFC)
was condensed with p-toluenesulfonyl hydrazide,
MSH (1 mmol) in 30 mL of acidified ethanol (pH
4) under reflux at 110 °C. The synthesis duration
was standardised by monitoring the progress of
the reaction using thin-layer chromatography (TLC).
After completion of the reaction, the resulting
precipitate was filtered, washed with cold ethanol at
room temperature, and dried in a desiccator. The
crude products were subsequently recrystallised
from ethanol to afford the corresponding ligands,
FCMSH, CFCMSH, and DCFCMSH.

FCMSH: (Yield: 73%). FTIR (cm!): 3122 (N-H
stretching), 1632 (C=0 stretching), 1617 (C=N
stretching), 1346 (S=0,s stretching), 1117 (S=0s
stretching). UV—vis: (DMSO): Amax (nm): 305. 'H
NMR (500 MHz) 6 11.70 (s, 1H), 8.90 (d, J= 0.7 Hz,
1H), 8.23 (d, J = 0.7 Hz, 1H), 8.04 — 7.97 (m, 2H),
7.99 —7.93 (m, 1H), 7.61 — 7.54 (m, 1H), 7.54 — 7.47
(m, 2H), 7.04 — 6.95 (m, 2H), 2.43 (s, 3H)."3C NMR
(126 MHz) 6 20.83 (C-1), 117.98 (C-18), 119.59 (C-
12), 123.29 (C-14), 126.44 (C-15), 128.62 (C-15),
128.62 (C-7), 130.49 (C-4), 130.49 (C-4), 133.29 (C-
13), 134.64 (C-2), 136.63 (C-6), 145.28 (C-8), 147.26
(C-11), 162.12 (C-10), 191.68 (C-17). CHN elemental
analysis: Calculated for C17H14N204S: C: 60.56%,
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H: 4.50%, N: 7.70%. Found: C: 60.79%, H: 4.52%, N:
7.80%. EI-MS: m/z calculated: 342, found: 342.07.

CFCMSH: (Yield: 83%). FTIR (cm™): 3132 (N-H
stretching), 1638 (C=0 stretching), 1602 (C=N
stretching), 1372 (S=0,, stretching), 1152 (S=0
stretching), 813 (C—Cl stretching). UV—vis: (DMSO):
Amax (nm): 299. 'H NMR (500 MHz) & 11.55 (s, 1H),
8.62 (s, 1H), 7.95 (d, J = 2.6 Hz, 2H), 7.83 (ddd, J =
9.1,2.8, 1.1 Hz, 1H), 7.76 — 7.70 (m, 3H), 7.39 — 7.35
(m, 2H), 2.33 (s, 3H). *C NMR (126 MHz) §
188.81(C-17), 155.79 (C-10), 155.76(C-8), 138.55
(C-11), 145.63 (C-8), 137.56 9 (C-6), 132.74(C-2),
129.17 (C-13), 128.72 (C-3), 127.99 (C-14), 127.96
(C-15), 126.02 (C-5), 123.05(C-14), 122.49 (C-12),
119.25(C-9), 40.87, 21.33(C-1). CHN elemental
analysis: Calculated for C17H13CIN2O4S: C: 54.19%,
H: 3.48%, N: 7.43%. Found: C: 54.27%, H: 3.29%, N:
8.30%. EI-MS: m/z calculated: 376, found: 376.03.

DCFCMSH: (Yield: 85%). FTIR (cm™): 3148 (N-H
stretching), 1633 (C=0 stretching), 1544 (C=N
stretching), 1343 (S=0,s stretching), 1160 (S=0s
stretching), 814 (C—Cl stretching). UV—vis: (DMSO):
Amax (nm): 310. 'H NMR (500 MHz) § 10.68 (s, 1H),
8.96 (s, 1H), 8.23 (s, 1H), 7.95 — 7.92 (m, 2H), 7.76
(d,J=2.6 Hz, 1H), 7.49 — 7.46 (m, 3H), 2.37 (s, 3H).
3C NMR (126 MHz) 5 187.38 (C-17), 151.61 (C-11),
147.61 (C-8), 145.81 (C-2), 136.66 (C-6), 133.09
(C-14), 132.88 (C-13), 131.12 (C-3), 128.83 (C-7),
128.69 (C-10), 128.61 (C-9), 124.67(C-12), 124.01
(C-16), 70.30 (C-18), 21.76 (C-1). CHN elemental
analysis: Calculated for C7H2CLaN>04S: C: 49.65%,
H: 2.94%, N: 6.81%. Found: C: 49.91%, H: 2.75%, N:
7.66%. EI-MS: m/z calculated: 410, found: 410.28.

Fluorescence Measurement

The fluorescence emission spectra of the chromone
hydrazone-based ligands in the absence and presence

3-formyl chromone

X: CI/H
Y:C/H

EtOH, pH 4 X

4-Methylbenzenesulfonhydrazide
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of Pb?* ions, were recorded using fluorescence
spectrophotometer with excitation and emission slit
widths of 5 nm. Stock solutions of the ligands and Pb?"
ions were prepared, and the effects of solvent, ligand
concentration, ligand-to-Pb?" molar ratio, pH, and
response time were systematically investigated
to establish the optimum fluorescence sensing
conditions. Following optimisation, the ligand
solution (1.0 x 107%) was mixed with an equimolar
Pb?* ion solution (1:1 molar ratio), and the final
volume was adjusted to 3 mL using DMSO. The
samples were equilibrated for 5 min prior to analysis.
For comparative fluorescence analysis, the excitation
wavelength was set to 439 nm and the emission
spectra were collected over the range of 400—700 nm.
The interference study was further conducted by
adding 1.0 eq of competing metal ions (Pb?", AI*",
Co?', Cu?*, Fe?', Hg?", Mn?", Ni**, and Zn?") to the
ligand solution in the presence of Pb?".

RESULTS AND DISCUSSION

Structural Characterization of Chromone Hydrazone-

Based Ligands

The synthesised chromone hydrazone-based ligands
were obtained in good yields with high purity, as
confirmed by elemental analysis and mass spectrometry.
The ligand FCMSH was isolated as a white precipitate,
whereas the chlorinated derivatives (CFCMSH and
DCFCMSH) were isolated as yellow precipitates.
These colour differences may be attributed to the
electronic effects caused by the substitution patterns
on the chromone ring, particularly the presence of
halogen atoms [20, 21]. Additionally, the relatively
high melting points suggest good thermal stability
which is beneficial for their potential use in metal
coordination and chemosensing studies.

A WAN //O
o//
(0]

Y
Chromone-based ligand

FCMSH: X=H, Y =H; CFCMSH: X=Cl, Y =1; DCFCMSH: X=Cl, Y =Cl

Figure 1. Chemical synthesis pathway for FCMSH, CFCMSH, DCFCMSH.
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The elemental analysis of carbon, hydrogen,
and nitrogen for all synthesised chromone hydrazone-
based ligands showed good agreement with the
calculated values, with deviations within + 1.0. This
small variation range (£ 1.0 %) indicates a high
degree of homogeneity and suggests the presence of
impurities in the bulky species [22]. Such consistency
further validates the proposed molecular formulations
and confirms the correct stoichiometry of the
synthesised compounds. The accuracy of the CHNS
analysis supports the successful synthesis of the target
ligands and together with the mass spectrometry,
FTIR, and NMR data, provides a robust foundation
for structural confirmation. Moreover, the confirmed
purity ensured the reliability of subsequent applications
involving metal coordination and chemosensor
development.

FTIR Spectroscopy

In summary, the FTIR spectra of the FCMSH,
CFCMSH and DCFCMSH ligands exhibited almost
similar patterns of absorption bands at 3122-3148
cm™!, 1632-1638 cm™!, 1592-1602 cm™!, 1343-1372
cm™' and 1117-1160 cm™' which were assigned to
V(N-H), v(C=0), v(C=N), v(S=04) and v(S=0s),
respectively [19, 23]. In addition, the vibration of
v(C—Cl) from the aromatic chromone ring was
observed at 813-814 cm™, confirming the structures
of CFCMSH and DCFCMSH (Figure 1). The
disappearance of the band of the primary amine
(NH) in p-toluenesulfonyl hydrazide at 3200-3400
cm™! is accompanied by the appearance of a new
band attributed to imine (C=N) at around 1602-
1592 cm™!. This indicates that condensation occurred
between the NH, of p-toluenesulfonyl hydrazide and
the carbonyl of 3-formyl chromone, confirming the
successful formation of the targeted Schiff base
compound [11].

UV-Vis Spectroscopy

The UV-Vis spectra displayed absorption bands at
shorter wavelengths of 305, 299 and 310 nm for
the FCMSH, CFCMSH, and DCFCMSH ligands,
respectively. These transitions involve the excitation
of electrons from the bonding 7w orbitals in the
conjugated aromatic system of the 3-formylchromone
and p-toluenesulfonyl hydrazide structures to
antibonding 7* orbitals, corresponding to absorption
bands at relatively higher energies [12]. However, no
absorption bands could be clearly assigned to n—m*
transitions, which are typically associated with non-
bonding electron transitions from functional groups
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such as C=0, C=N, and S=0 [24]. This phenomenon
may be attributed to the overlapping contributions
of intense m—m* transitions with weaker n—n*
transitions, resulting in the latter being undetectable
in the spectra [25, 26]. In addition, UV—Vis analysis
demonstrated a bathochromic shift upon the
introduction of two chloro substituents in DCFCMSH
compared with FCMSH and CFCMSH. The presence
of additional chloro substituents may enhance the
conjugation with the chromone system, lowering the
energy gap between the HOMO and LUMO, thereby
resulting in a higher Amax value (310 nm) [27].

NMR Spectroscopy (‘H and 3C NMR)

The detailed assignments of the significant 'H
and '3C resonances are summarised in Table 1 and 2,
while the complete spectral data are provided in the
Experimental section. According to Table 1, the 'H-
NMR spectra of FCMSH, CFCMSH, and DCFCMSH
exhibited a multiplet range of & 6.99-8.23 ppm
corresponding to the aromatic protons (chromone
and p-tolyl moieties), and a singlet at 6 8.62-8.96 ppm
attributed to the azomethine proton (—CH=N-).
Meanwhile a singlet peak occurred in the range of 6
10.67-11.70 ppm assigned to the NH group, and the
methyl protons of the p-tolyl group appeared as a
singlet at signal at § 2.33-2.43 ppm [9, 25]. The 1*C
NMR spectra of the ligands showed signals
between & 117.98-162.12 ppm corresponding to
aromatic carbons, an azomethine carbon (—CH=N-)
at 6 145.28-147.61 ppm, a carbonyl carbon (C=0) at
5 187.38-191.68 ppm, and a methyl carbon at 5 20.83-
21.76 ppm (Table 2) [12].

Fluorescence Properties

The photophysical behaviours of FCMSH, CFCMSH,
and DCFCMSH were investigated via fluorescence
studies. These studies were carried out through
fluorescence-based screening of the ligands under
UV light exposure, both visually and spectroscopically
to evaluate their potential as fluorescent chemosensors,
particularly for the detection of Pb2". In this
preliminary qualitative experiment, 1.0 eq of Pb2"
solution was added to each ligand solution. Figure 2
(inset:a) shows that no fluorescence emission was
observed for the free ligands in the absence of
Pb?" ions. Upon the addition of Pb?* (inset:b), only
DCFCMSH exhibited noticeable green fluorescence
under UV illumination, suggesting the formation of a
new fluorescent species or enhanced conjugation due
to metal coordination [28].
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Table 1. Summary of significant '"H NMR signal assignments for FCMSH, CFCMSH and DCFCMSH.

Chemical Structure '"H NMR Assignment S (ppm)
W o e N-H (H12) 11.70
: H o Hs CH=N (H6) 8.90
NN " Aromatic H (H4-H14) 6.99-8.23
J CH; (H1-H3) 2.43
H (o] H H
/ 1
" ’ 1:'4-| C\H2
1" 14H Ha
FCMSH
H 0 W N-H (H11) 11.55
woo CH=N (H6) 8.62
Cl N .
NN Hy Aromatic H (H4-H13) 7.37-7.95
o// CH; (H1-H3) 2.33
H (o] H H
/ 1
: ! 1£'| C\H2
10 M )
CFCMSH
W o " N-H (H12) 10.67
o « H //o Hs CH=N (H6) 8.96
N Ha Aromatic H (H4-H12) 7.48-8.23
7 CH; (H1-H3) 237
H (¢} H H,
° 7 H c
cl " H,
12H H3
DCFCMSH

Table 2. Summary of significant *C NMR signal assignments for FCMSH, CFCMSH and DCFCMSH.

Chemical Structure 3C NMR Assignment 3 (ppm)
(C=0) C(16) 191.68
(C=N) C(8) 147.28
MO Aromatic C (C2-C6, C9-15, 117.98-162.12
C17)
é/H CH; (C1) 21.33
\H
H
(C=0) C(16) 188.81
iy (C=N) C(8) 145.63
Aromatic C (C2-C6, C9-15, 119.25-155.79
M C17)
i CH; (C1) 2133
H
CFCMSH
W0 ] (C=0) C(16) 187.38
@ \N/H\S//O y (C=N) C(8) 147.61

J

DCFCMSH

Aromatic C (C2-C6, C9-15,
C17)
CH; (C1)

123.73-151.61

21.76
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Figure 2. Fluorescence emission spectra of FCMSH, CFCMSH, and DCFCMSH (1 x 1073 M) in DMSO in the
absence and presence of Pb?* (1.0 eq) at 501 nm (Aex= 439 nm). Inset: photographs of ligands solution (a) before
and (b) after Pb?>" addition under UV irradiation at 365 nm.

The fluorescence behaviour was further
examined using fluorescence spectroscopy with
an excitation wavelength of 439 nm (Figure 2).
Interestingly, compound DCFCMSH showed a strong
emission peak at 501 nm upon the addition of Pb>".
In contrast, the other ligands showed no detectable
emissions under the same conditions. No fluorescence
emission from DCFCMSH was observed in the
absence of Pb?" due to the quenching effect attributed
to photoinduced electron transfer (PET) from the lone
pair of electrons of nitrogen, oxygen, and sulfur atoms
present in azomethine, sulfonyl, and carbonyl [7, 29].
Upon the addition of Pb*" ions, the lone pairs on the
donor atoms are involved in coordination with the
metal ion, resulting in chelation-enhanced fluorescence
(CHEF). This coordination inhibits both the excited-
state intramolecular proton transfer (ESIPT) and
photo-induced electron transfer processes (PET),
thereby restoring fluorescence [30]. Consequently, a
clear “off—on” fluorescence signal was observed, with
strong green emissions at 501 nm for DCFCMSH
(Figure 2). This coordination-induced suppression
of PET is consistent with literature-reported PET-
based sensing mechanisms, in which analyte binding
restores radiative decay processes [29]. These results
indicate that the DCFCMSH compound exhibits an
'off-on' fluorescence behaviour in the presence of Pb?*
ions, highlighting its potential as a chemosensor for
Pb?" ion detection.

A series of optimisation studies were carried
out to determine the ideal experimental conditions for
fluorescence sensing using the synthesised chromone-
based ligands. Among the tested solvents, DMSO
provided the highest fluorescence emission and was
therefore selected as the working solvent. The optimal
pH was found to be alkaline with pH 10, which offered

maximum emission intensity. Ligand concentration
studies revealed that 1 x 107> M for DCFMSH in the
presence of equimolar Pb2* ion (1:1 molar ratio),
yielded the most intense fluorescence signals. Time-
dependent fluorescence measurements showed that
DCFCMSH responded rapidly within 5 minutes to
reach a stable emission plateau. These optimised
conditions were subsequently adopted for further
selectivity studies.

The fluorescence selectivity of the ligands
towards Pb?" was subsequently evaluated in the
presence of various metal ions including Cu?*, Fe?*,
Mn2*, Co?*, Zn?*, Hg?*, and Ni*" (Figure 3). These
metal ions were selected due to their different
electronic configurations, oxidation states, and
coordination properties, which may influence their
interactions with the donor atoms of the chromone
hydrazone-based ligand. The goal was to identify
the metal ion that yielded the highest fluorescence
intensity with each ligand. The addition of Zn?*, Mn?*
and Pb*" ions caused a significant bathochromic shift
in the emission peak to 501 nm, with Pb?* ion giving
the highest response, with a substantial fluorescence
enhancement of 440 a.u. Other metal ions did not
induce a notable enhancement in the fluorescence of
DCFCMSH. This selective response to Pb?" indicates
the suitability of DCFCMSH as a fluorescent probe for
the detection of Pb?".

A sensitivity study was performed to investigate
the interference of other metal ions on the fluorescence
behaviour of the DCFCMSH. Figure 4 shows the
addition of interfering metal ions such as Al**, Hg?",
Mn?" and Zn*" decreased the fluorescence intensity,
but a significant fluorescence signal of the DCFCMSH—
Pb?* system remained observable. The presence of
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Co*'reduced the fluorescence signal to approximately
one-sixth of that observed for the Pb?" system, while
Cu?" and Fe*" completely quenched the fluorescence
intensity and Ni?" caused substantial fluorescence
quenching.

The great drop in the fluorescence intensity
particularly Cu?*, Fe?*, Co?" and Ni?" is consistent
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with previous reports, which attribute such behavior
to the strong coordination ability and paramagnetic
nature of these transition-metal ions [31]. Although
the DCFCMSH sensor exhibited a preferential
response toward Pb?', its selectivity may be further
improved through ligand modification or appropriate
sample pretreatment using selective masking agents in
future studies.
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z 400 A

2}
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E 300 -
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2 200 -
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= 100 I
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Cu Fe Mn Co Zn Hg Pb Ni

metal ion (M?2")

Figure 3. Selectivity study of DCFCMSH (1 x 10~ M) towards various metal ions (1.0 eq) in DMSO based on
fluorescence intensity at 501 nm (Aex =439 nm).
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Figure 4. Fluorescence emission spectra of DCFCMSH (L) (1.0 x 1073 M) in DMSO upon addition of Pb*" (1.0
equiv.) in the presence of competing metal ions (1.0 eq) at 501 nm (Aex =439 nm).
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Binding Study

To elucidate the interaction between DCFCMSH
and Pb?*, binding studies were performed by
characterising the ligand in the absence and presence
of Pb?" ions using complementary spectroscopic
techniques. Changes in the electronic and structural
properties of the ligand upon coordination with
metal ions are commonly monitored using UV—Vis,
FTIR and NMR spectroscopy, which provide valuable
information on complex formation and the possible
coordination sites. In addition, Job's plot was employed
to support the proposed complex composition and
binding stoichiometry of the complexes. The combined
experimental results provide a basis for proposing the
coordination mode of the Pb—DCFCMSH complex.

Figure 5 presents the UV-Visible absorption
analysis of the interaction between Pb?' ions and
DCFCMSH, using DMSO as a solvent. The addition
of Pb?" ions causes a reduction in the absorbance
intensity at 310 nm, accompanied by the appearance
of a new absorption band at 439 nm. The newly
formed band is likely attributed to a bathochromic
(red) shift of the intraligand n-z transition upon
complexation. This spectral change suggests that the
coordination of Pb>" modifies the electronic structure
of the ligand through ligand-to-metal interactions,
consistent with previous reports [28, 32]. These results
indicate that DCFCMSH coordinates with Pb?" ions,
demonstrating the selective sensing behaviour of the
Schiff base ligand towards Pb?".

Figure 6 shows that upon the addition of Pb?",
the bands for v(C=0) and v(C=N) shifted to lower
frequencies at 1598 cm™! and 1519 cm™!, respectively,
suggesting the coordination of Pb?*" to the carbonyl
oxygen of the chromone moiety and azomethine
nitrogen [18]. The disappearance of the v(N—-H) band
indicates deprotonation of the amine nitrogen during
metal chelation. A weakening and shift of the

Chromone Hydrazone-Based Fluorescent Chemosensor
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asymmetric and symmetric S=O stretching bands
of the sulfonyl group were observed at 1303 cm™
and 1154 cm™, respectively, accompanied by the
appearance of a new band at 1050 cm™!, suggesting
the coordination of the sulfonyl oxygen atom to
Pb?" [33]. The absorption band observed at 1380 cm™
was attributed to the asymmetric stretching vibration
of nitrate ions, which likely originated from the
Pb(NO;), salt used as the Pb>" source [34]. New bands
in the IR spectra were assigned to v(M-O) and
v(M-N) at 603 cm™! and 473 cm™!, respectively,
providing coordination information between metal
chelation toward carbonyl oxygen and azomethine
nitrogen [12].

"H NMR spectral assignments in Table 3 show
that, upon the addition of Pb?" ions, the N-H(10)
proton signal disappeared, which is attributed to
rapid proton exchange or strong coordination between
the Pb2?" ion and the nitrogen atom bearing the
N-H(10) proton. This interaction caused significant
broadening and eventual loss of the NH signal in
the spectrum. This such behaviour reflects notable
changes in the chemical environment and molecular
dynamics induced by the Pb*" ion coordination. The
downfield shift of the CH=N proton resonance from
8.96 to 9.00 ppm indicates deshielding due to the
coordination of Pb?* to the azomethine nitrogen. This
coordination reduces the electron density around the
CH(6)=N proton, causing the signal to appear at a
higher chemical shift (downfield) [19]. Furthermore,
the coordination process likely involves both the
carbonyl oxygen and the azomethine nitrogen atoms
of DCFCMSH interacting with Pb2* ions. This
is supported by FTIR data, where the stretching
frequencies of the v(C=0) and v(C=N) bands shift
to lower wavenumbers at 1598 cm™! and 1519 cm™,
respectively, consistent with the coordination of Pb?*
ions to these functional groups. These combined
spectroscopic results confirm the formation of the Pb—
DCFCMSH complex [28, 31].
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0.6

DCFCMSH

DCFCMSH+Pb

439

250 300 350 400 450 500 550 600 650 700

Wavelength (nm)

Figure 5. UV-Vis absorption spectra of DCFCMSH (1.0 x 1073 M) in DMSO upon addition of Pb?* (1.0 equiv.).
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Figure 6. FTIR spectra of DCFCMSH and upon the addition of Pb?".

Table 3. 'H NMR spectral assignments for DCFCMSH in the absence and presence of Pb>* ion

Compound N-H(10) H(6)-C=N H (aromatic)
©®) ©® ©®)
DCFCMSH 10.67 8.96 7.48 - 8.23
DCFCMSH+Pb - 9.00 7.50 - 8.25

Table 4. '*C NMR spectral assignments for DCFCMSH in the absence and presence of Pb*" ion.

Compound C(16) (C=0) C(8) (C=N) C (aromatic) C(1) (methyl)
DCFCMSH 187.38 147.61 123.73-151.61 21.76
DCFCMSH+Pb 190.15 147.39 122.83-156.03 20.84

Table 4 shows the !*C NMR spectral
assignments of DCFCMSH in the presence of
Pb>*ions. Upon the addition of Pb?", the signals
assigned to the carbonyl (C=0) and azomethine
(C=N) carbons shifted to 190.15 ppm and 147.39
ppm, respectively, indicating changes in the
electronic environment at these sites due to metal
binding [19, 28]. The aromatic signals shifted
slightly to 122.83-156.03 ppm in the presence of
Pb2*, whereas the methyl carbon signal shifted
to 20.84 ppm. These '*C NMR chemical shift
changes suggest the coordination of Pb?* through
the carbon oxygen of the chromone moiety and
azomethine nitrogen atom of the ligand. This

observation confirms the formation of the Pb-—
DCFCMSH complex, consistent with the results
obtained from electronic absorption spectroscopy,
FTIR, and 'H NMR analyses.

Job’s Plot

Fluorescence titration of DCFCMSH with Pb2*
ions was carried out by gradually increasing the
concentration of Pb**ions from 0.2 to 2.0 equivalents
while maintaining a constant ligand concentration
(Figure 7a). Job’s plot analysis (Figure 7b) was carried
out by varying the molar fractions of DCFCMSH and
Pb** while maintaining a constant total concentration
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of DCFCMSH and Pb?". The analysis reached the
maximum value at a molar fraction of 0.5 for
[DCFCMSH]/([DCFCMSH]+[Pb?*]), indicating that
the binding ratio between DCFCMSH and Pb?" ion is
1:1 complexation stoichiometry [28, 34]. This was
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found to be consistent with the saturation
behaviour in the fluorescence titration experiments
when reaching between 1.0-2.0 molar equivalence,
confirming that the coordination ratio of DCFCMSH
to Pb?* ions is 1:1.
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Figure 7: (a) Effect of Pb*" ion concentration (0-2.0 eq) on the fluorescence spectra of DCFCMSH (1.0 x 1073 M)
in DMSO at 501 nm (Aex= 439 nm). (b) Job’s plot of the interaction between DCFCMSH and Pb?*. (c) The
Benesi-Hildebrand plot of 1 / (F — Fo) versus 1 / [Pb?*]. (d) Linear calibration plot for LOD calculation of
DCFCMSH and in the presence of Pb>*
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Figure 8. Proposed binding mode of Pb—DCFCMSH complex.

Based on this result, the binding constant
of Pb?* with DCFCMSH was determined using
the Benesi—Hildebrand equation (eq. 1) for a 1:1
binding model [36], where Fy, F, and Fu.x represent
the fluorescence intensities of the free ligand
(DCFCMSH), DCFCMSH in the presence of Pb?',
and the maximum fluorescence intensity at saturation,
respectively. The plot of 1/(F—Fy) versus 1/[Pb*'] in
Figure 7c resulted a good linear relationship with y
=6 x 1078 x + 0.0007 (R*>=0.992). Subsequently,
the association constant (K,) was calculated from
the slope and intercept to be 1.17 x 10* M7!,
indicating a moderate binding affinity of DCFCMSH
towards Pb?" ions.

(Fmai—FO) - Ka(Fl—FO) ([Pb12+]) + (F—l_FO) eq.1

Based on the Job’s plot results and the
alignment of data from FTIR, 'H and '*C NMR, the
probable binding mode of DCFCMSH and Pb?' is
proposed as shown in Figure 8. DCFCMSH acts as a
tridentate ligand and is coordinated to the Pb?" ion
through the carbonyl oxygen, azomethine nitrogen,
and sulfonyl oxygen. The binding mode of metal
complexation with one molecule of ligand has also
been reported [26, 37]. In addition, the appearance
of a new FTIR band at approximately 1380 cm™,
suggests the incorporation of a nitrate group into the
complex. Based on these findings, a Pb—DCFCMSH
complex containing a coordinated nitrate ion was
included. Nevertheless, this structural assignment
should be regarded as tentative, as definitive
confirmation of the coordination environment requires
further characterisation using single-crystal X-ray
diffraction and high-resolution mass spectrometry
(HRMS).

Table 5. Comparison of the sensing performance of previously reported fluorescent chemosensors for Pb2*.

Probe Binding medium LOD (M) Response Reference
(L:M)
. CH:CN/HEPES y
QMC 1:2 buffer 1.3 % 10 turn on [32]
eureumin 2:1 CH-CN/H.0 5% 107 turn on [41]
derivative
triazole bis- ) . 4
Schiff base 1:2 CH;3;0OH-tris buffer 3.1x10 turn on [28]
quinoline-
based-Schiff 1:1 CH3;OH-H;0 9.9 x 1077 turn off [35]
base
half-salamo- 1:2 DMF / H,0 3.80 x 1077 turn on [39]
based
thodamine 1:1 HEPES buffer 2.7x107 turn on [40]

6G
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Limit of Detection (LOD)

A linear calibration plot (Figure 7d) was constructed
based on the fluorescence titration data to obtain the
correlation coefficient (R?) for the calculation of the
limit of detection (LOD). The LOD was calculated
using 3 X Gplank/k, Where Oplank is the standard deviation
of the blank and £ is the slope of the calibration
curve [36]. The data showed a 1:1 binding ratio
and the LOD was determined to be 2.4 x 10 M
(4.97 ng/L), which is below the limit of lead in
drinking water (10 png/L) by the World Health
Organization (WHO) [38]. This shows that the
sensor has great potential for detecting Pb?'. The
sensing performance of the DCFCMSH was compared
with that of previously reported Pb?" chemosensors
(Table 5). The detection limit of DCFCMSH is
comparable to those reported in the literature,
demonstrating its potential as a sensitive fluorescent
chemosensor for Pb?" detection.

Frontier Molecular Orbital Analysis

Figure 9 shows the optimised structures of FCMSH,
CFMSH and DCFCMSH using DFT-B3LYP/6-311G
(d,p) basis set level calculation to explore the electronic
properties through frontier molecular orbital (FMO)
analysis. The HOMO of all three ligands was mainly
distributed over the chromone—hydrazone n-conjugated
framework, whereas the LUMO exhibited a more
extensive delocalisation towards the p-toluenesulfonyl
moiety (Figure 10). Chlorine substitution did not
significantly alter the spatial characteristics of the
frontier molecular orbitals, as evidenced by the similar
orbital distributions across all three ligands. However,

FCMSH

CFCMSH
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additional orbital density was observed around
the chlorine-substituted positions in the LUMO of
CFCMSH and became more noticeable in DCFCMSH,
indicating a progressive contribution of the chlorine
substituents to the electron-accepting orbital.
Consequently, the HOMO-LUMO energy gap
decreased progressively from 4.453 for FCMSH to
4.288 eV for DCFCMSH, indicating that chlorine
substitution gradually stabilises the electronic
properties of the ligands and facilitates electronic
excitation. Accordingly, both the HOMO and
LUMO energies decrease with increasing chlorine
substitution, with the HOMO energy decreasing
from —6.562 to —6.677 eV and the LUMO energy
decreasing from —2.109 to —2.389 eV. This trend is
consistent with the electron-withdrawing inductive
effect of the chlorine substituents, which stabilises
the frontier molecular orbitals and reduces the
HOMO-LUMO energy gap, thereby facilitating
electronic transitions [12, 26].

Although chlorine substitution gradually
reduced the HOMO-LUMO energy gap among
the free ligands, the reduction was relatively small,
suggesting that chlorine substitution alone is
insufficient to account for the significant fluorescence
enhancement observed experimentally. Therefore,
the electronic structure of the Pb—DCFCMSH
complex was further investigated to evaluate the
influence of metal coordination on the frontier
molecular orbitals. To gain further insight into the
electronic properties of the sensing mechanism,
the optimised Pb-DCFCMSH was subjected to
DFT calculations. The optimised structure was
constructed based on the experimentally proposed
coordination environment in Figure 8.

DCFCMSH

Figure 9. Optimised structure of FCMSH, CFMSH and DCFCMSH using DFT-B3LYP/6-311G(d,p).
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Figure 10. Frontier molecular orbital (HOMO and LUMO) distributions and energy gaps (AE) of the
synthesised chromone hydrazone-based ligands

®
LUMO E=-2.390 eV 1 )9
A ‘/ )
E=-3.131eV Nb‘h
fﬁ’
[* 2%
3
A=4288 eV A=3.130 eV
’ 53(
) E=-6.261¢V
9, \4
HOMO < E=-6.677cV
) ‘J
J
&
q d J;\J
DCFCMSH Pb-DCFCMSH

Figure 11: Frontier molecular orbital (HOMO and LUMO) distributions and energy gaps (AE) of DCFCMSH
and Pb—DCFCMSH complex
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In the Pb—DCFCMSH, both the HOMO and
LUMO exhibited noticeable orbital redistribution
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