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Abstract:

The design and development of selective chemosensors for toxic metal ions remain of
significant importance due to their environmental and biological impact. In this study, a series
of Thiocarbohydrazide-based Schiff base ligands (TS, TC, and TV) were synthesized and
characterized, with a focus on their Azomethine (-C=N-) moieties capable of coordinating with
transition metal ions. The sensing performance of the ligands was evaluated toward Cu?", Fe**,
and Pb?" ions using a simple colorimetric monitoring approach in a mixed aqueous—ethanol
medium. Upon addition of metal ions, the ligands exhibited distinct and easily discernible
color changes, allowing for straightforward visual identification. UV—Visible absorption
studies verified the formation of the complexes, while Job’s plot analysis consistently
demonstrated a 1:1 metal-to-ligand binding stoichiometry in all cases. Theoretical evaluations
based on Conceptual Density Functional Theory (CDFT) were undertaken to complement the
experimental findings. Several global reactivity descriptors, including electronegativity,
HOMO-LUMO energy gap, molecular hardness, softness, and dipole moment, were calculated
to provide insights into the electronic structure and binding tendencies of the ligands. These
results supported the proposed bidentate coordination mode through the Azomethine nitrogen
atoms, which facilitates stable complex formation. Overall, the combination of experimental
and theoretical investigations highlights the potential of these Schiff base ligands as efficient
and selective chemosensors for Cu?*, Fe?*, and Pb?*" ions. Their sensitivity, simple detection
mechanism, and strong coordination behaviour emphasize their applicability in analytical
sensing and environmental monitoring.

Keywords: Chemosensor, Schiff bases, Metal ions, Colorimetric detection; DFT studies.

1. Introduction.



Since they can stabilise a wide range of metal ions and have structural flexibility that
makes them adaptable to donor sites, schiff base ligands have been the center of
attention in coordination chemistry [1]. Schiff bases are often created by condensing
primary amines with carbonyl compounds. What makes them unique is the presence of
the azomethine (>C=N-) functional group, which is crucial for metal binding [2]. Their
excellent chelating ability, variable electrical properties, and ease of production make
them very desirable for applications in chemical sensing, biological systems, materials
research, and catalysis [3]. In particular, thiocarbohydrazide-based Schiff base ligands
are intriguing due to their ability to function as efficient multidentate chelators, thanks
to their increased binding affinity and number of donor sites [4].

Thiocarbohydrazide is a sulfur-and nitrogen-rich precursor with many metal-ion-
binding donor sites. When added to Schiff base frameworks, thiocarbohydrazide
increases their chelation potential, which often leads to the formation of stable
multidentate complexes. These ligands can coordinate through sulphur and nitrogen
donor atoms, which improves their affinity and selectivity for heavy and transition
metals [5]. Schiff bases based on thiocarbohydrazide are attractive choices for
designing functional coordination molecules with targeted reactivity and sensing
capabilities because of this property [6]. Thiocarbohydrazide units enhance the
complexes' stability and selectivity by providing additional donor sites for multidentate
coordination, which in turn increases their binding affinity [7].

The three primary metal ions that need to be considered are lead (Pb*"), copper (Cu?"),
and iron (Fe?"). Trace metals copper and iron are essential for enzyme activity, oxygen
transport, and metabolic pathways; nevertheless, an imbalance or excess of these
metals is associated with oxidative stress and diseases such dementia and organ failure.
[8]. In contrast, lead is completely useless to biology and causes developmental and
neurological problems at trace levels. Therefore, it is crucial to identify and monitor

these ions in biological and environmental contexts [9].



In light of the foregoing, we provide here the synthesis and characterisation of three Schiff
base ligands (TS, TC, and TV) based on thiocarbohydrazide and assess their capacities as
colorimetric chemosensors for Cu?’, Fe?’, and Pb®*" ions. To determine binding
stoichiometry, we used colorimetric monitoring, UV-Visible spectroscopy, and Job's plot
analysis to evaluate the sensing capability of these ligands. In addition, CDFT-based
theoretical studies were carried out to delve more into their electrical characteristics,
reactivity, and binding processes. The combination of theoretical and experimental
approaches reveals that these ligands have great promise as efficient and selective
chemosensors, which could have far-reaching consequences for analytical and ecological
fields.

2. Experimental section.

2.1. Materials and methodology.

No additional purification was performed on any of the chemicals before use; they were
all acquired from commercial vendors in analytical research grade. Procurement of
salicylaldehyde, cinnamaldehyde, vanillin, lead(II) acetate trihydrate, ferrous (II) sulphate
heptahydrate, and copper(Il) sulphate pentahydrate was done by TCI Co., Ltd. Ethanol and
dimethylformamide (DMF) were supplied by SRL. The Supplemental Information (SI)
contains comprehensive experimental protocols.
The melting points were recorded uncorrected from data collected using an electro thermal
equipment with open capillary tubes. A JEOL NMR 400MHz (JNM-ECZL400S) in DMSO-
ds was used to record proton ('"H) and *C NMR spectra, with tetramethylsilane (TMS) serving
as the internal reference. A mass analyser called an LC-MS 2010 SHIMADZU was used to get
the LC-MS spectra. The Bruker Alpha-T FTIR spectrophotometer was used to gather infrared
spectra (KBr) in the 4000-400 cm™ range, while a Shimadzu model 1650 double-beam
spectrophotometer was used to measure UV-visible electronic spectra in the 200-800 nm range,
with ethanol as the solvent. A PerkinElmer 2400 CHNS analyser was used to measure the

amounts of carbon, hydrogen, sulphur, and nitrogen in the sample.



2.2 Synthesis of the Chemosensors.
2.1.1. Synthesis of 1,2,4-Triazole and Its Schiff Base Derivatives.

The reaction of 10 grams of thiocarbohydrazide with 60 millilitres of glacial acetic acid
was stirred continuously for four to six hours. After it cooled, 1,2,4-triazole solidified into a
white substance that could be filtered out and recrystallised [10]. In an Erlenmeyer flask, 1,2,4-
triazole (1 mmol) and a number of aromatic aldehydes (I mmol each), including
salicylaldehyde, cinnamonaldehyde, and vanillin, were mixed in 25 mL of ethanol and agitated
for around four hours. We filtered the resulting coloured precipitate, rinsed it with hot
methanol, and then let it air dry. Recrystallisation from ethanol was used for final purification,
resulting in coloured crystalline solids. Schema 1-3 shows the synthetic route for the different

Schiff base derivatives, and Table 1 summarises their physical properties and yields.
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Scheme-1: Synthetic route to TS
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Scheme 3: Synthetic route to TV

2.1.2. Preparation of colorimetric working Solution



To prepare 1 x 1072 M stock solutions of transition metal ions, the respective salts of
metal ions were dissolved in deionized water and stored in tightly closed containers. Schiff
base ligands (TS, TC, and TV) were dissolved in ethanol to prepare 1 x 1072 M stock solutions.
The ligands exhibited excellent solubility in ethanol, which is completely miscible with water,
ensuring homogeneous mixing with aqueous metal ion solutions during subsequent analytical

procedures. (Scheme-4)
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Scheme 4: Represntation of Metal-ligand interaction

2.3. Theoretical studies.

The synthesised Schiff bases' sensing behaviour was further studied by utilising
Density Functional Theory (DFT) simulations to examine their structural and electrical
features. We performed all of our calculations using the software application Gaussian 09 [11].
A combination of the B3LYP functional and the 3-21G basis set was used to optimise the
molecular geometries [12].

2.4. Colorimetric Sensing study.

2.4.1. Electronic Absorption Spectral Analysis.
To conduct colorimetric sensing studies, 1 mL of metal ion stock solution (1.0 x 1072 M)
was combined with 1 mL of Schiff base ligand stock solution (1.0 x 102 M) in a 10 mL
volumetric flask [13]. The combination was diluted to the specified level with ethanol, and
the pH was adjusted to basic medium. After full mixing at ambient temperature, the
resultant solution was exposed to UV-Vis spectroscopy to monitor changes in absorption

spectra caused by complex formation [14].



3.  Results and Discussion.

Isolated as highly coloured crystalline solids, the synthesised Schiff base ligands showed
no signs of degradation when exposed to room temperature and humidity. They were suitable
for additional spectroscopic investigations and had a good solubility profile since they
dissolved easily in a variety of organic solvents including ethanol, chloroform, DMF, and
DMSO. The suggested molecular compositions were confirmed by the elemental analysis
findings, which were highly concordant with the computed values. The key physical and
analytical parameters of the ligands are summarized in Table-1 and the EDAX results are
presented in Fig-1.

Table-1. Physico-chemical characteristics, Elemental analytical data of chemosensors.

Elemental analysis

Molecular Mir. Yield MP
Species Color Calculated (analyzed)
f 1 Wt. % oC
ormula (%) (O C o ) N 3
94 491 -- 22.92 13.12
TC Ci2HioN4S Brown 24431 65 58.9 ? o 3
(57.98) (4.03) -- (22.73)  (12.96)
Reddish 5122 4.26 6.82 23.90 13.68
TS CioH10N4OS 234.27 63 121
10HH107%4 brown (50.93) (4.10) (6.43) (23.47) (13.09)

4994 454 1210 2118 1213
(49.08) (4.08) (11.98) (21.09) (12.09)

TV C11H12N4O2S Green 264.30 70
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Fig-1: EDAX data of the TC, TS, and TV with Cu*", Féﬁ%, & Pb*" metal ions.
3.1. Synthesis and Characterization.
3.1.1.'H and 3C NMR spectral analysis.
'H and *C NMR spectra were recorded in DMSO-ds at 400 MHz ('H) and 100 MHz
(*3C) on a JEOL NMR 400MHz (JNM-ECZL400S) spectrometer. Chemical shifts (8) are
reported in ppm relative to TMS as an internal reference. The interpreted NMR values are
summarized in Table-2.

Table-2: The interpreted NMR data of the Schiff base ligand.

Ligand o (ppm) Integratio Multiplicity Assignmen Group/Moiety

n

t

'H

TC

11.104

8.957

7.662-
6.908
2.5482

IH

IH

TH

3H

S

-SH

-C=N-

Ar-H
-CHs

-SH proton of 1,2,4-
triazole moiety.[15]
Azomethine proton
(Schiff base linkage)
[16]
Aromatic
[17]
Methyl group of
1,2,4-triazole moiety
[18].

protons




12.249

Hydroxyl proton of

1H S —OH Salicylaldehyde
moiety [19]
10.688 1H S -SH -SH proton of 1,2,4-
triazole moiety.
TS 8.763 . Azomethine proton
IH 5 “CN- (Schiff base linkage)
8.755- 4H .
6.801 M Ar-H Aromatic protons
2.462 3H S -CH3 Methyl group of
1,2 ,4-triazole moiety.
13.093 Hydroxyl proton of
1H S —-OH Salicylaldehyde
moiety
8.228 _ Azomethine proton
IH S “C=N- (Schiff base linkage)
v 76870161_ 4H M Ar-H Aromatic protons
3.000- 1H M _OCH Methoxy group of O-
2.977 ’ vanillin moiety
2.470 3H S -CH3 Methyl group of
1,2,4-triazole moiety.
Nibouring carbon
157.125 1C — C-SH atom of the -SH
moiety [20]
B Azomethine carbon
149.177 I - ~CEN-(Schiff base linkage)
Carbon adjacent to
141.689 1C — -C-CHs methyl group [21]
TC Carbon adjacent to
benzene in
138.312 I - C-OH cinnamaldehyde
moiety
130.211- .
116.681 8C — Ar—C Aromatic carbons
Methyl carbon of O-
13C 12.109 1€ o B 1,2,4-triazole moiety.
Nibouring carbon
161.652 1C — C-SH atom of the -SH
moiety
hydroxyl group in
160.824 1C — C-OH Salicylaldehyde
moiety [22]
155.333 . Azomethine carbon
TS 1 o —CN- (Schiff base linkage)
154.045 Te o _C-CHs Carbon adjacent to
methyl group
127.106- )
102.683 4C — Ar—C Aromatic carbons
18.624 Te o _CH. Methyl carbon of O-

1,2,4-triazole moiety.



160.426 Nibouring carbon

1C — C-SH atom of the -SH
moiety
158.802 hydroxyl group
1C — C-OH Salicylaldehyde
moiety
153.475 Te o _C=N- Azomethine carbon
TV (Schiff base linkage)
148.205 Te o _C-CH; Carbon adjacent to
methyl group
132.980- .
96311 4C — Ar-C Aromatic carbons
30.706 Te o _OCH. Metho?cy cgrbon of
Vanillin moiety
12.866 Methyl carbon of O-

1C — —CHs

1,2,4-triazole moiety.

3.1.2. FT-IR Analysis

In FT-IR spectra of synthesized Schiff base ligands were analysed in the range 4000—
400 cm™ on a Bruker Alpha-T FT-IR spectrophotometer by making the KBr pellets. The
observed functional group data will have depicted in the Table-2 and showed in the

supplementary materials S7-S9, will confirms the formation of the Schiff base ligand.

Table-2: FT-IR spectral data of Schiff base ligands (TC, TS, TV).

Wavenumber (cm™) Assignment Ligand(s)

3419.47,3422.68 O-H stretching (Salicylaldehyde, Vanillin moiety) TC, TV
[23]

3402.78 O—H stretching (coordinated water) [24] TC

2920.51, 2930.14, S—H stretching (Triazole moiety) [25] TC, TS, TV

2940.42

1584.15, 1613.05, C=N stretching TC, TS, TV

1585.15 (azomethine group, Schiff base formation) [26]

1176.38, 1126.29 N-N stretching [27] TC, TS, TV

3.1.3. LC-MS Spectral Analysis.

LCMS analysis obtained molecular ion peaks at m+1/ 245.3182, 235.9995, and 265.2245
for the Schiff base ligands, matching their calculated molecular weights. The data confirm the
formation of Schiff base ligands. The LCMS molecular ions peaks were showed in

Supplementary Information S10-S12.



3.1.4. UV-Vis Spectral analysis

Using a Shimadzu model 1650 double-beam spectrophotometer at room temperature,
the UV-Visible absorption spectra of the synthesised compounds were recorded across the 200-
800 nm range with DMF as the solvent. The absorbance values are showed in Table-3 and it
is Depicted in Fig-1. A range of solvents with different polarities—ethanol, methanol, DMF,
and DMSO—were employed for the UV—Visible spectroscopic studies presented in Fig. 1.
Schiff base ligands TC, TS, and TV show clear solvatochromic behaviour in their UV-Vis
absorption spectra recorded in these solvents, which vary significantly depending on the
solvent [28]. Each ligand displays two distinct absorption bands corresponding to =—n* and
n—n* electronic transitions associated with the azomethine (-CH=N-) group and aromatic
rings. The n—r* transitions in the aromatic system are responsible for the high-energy bands
seen in the 280-330 nm region [29], while the n—x* transitions involving the imine nitrogen
and the conjugated n-system are the source of the lower-energy bands in the 350-420 nm range.
[30]. As a result of solvent-solute interactions and intramolecular charge transfer (ICT),
excited states are stabilised more effectively in more polar solvents like DMSO and DMF, as
indicated by a modest red shift in Amax and absorption intensity. When comparing TS to TC
and TV, the ligand with the wider and stronger absorption bands indicates that there is more
conjugation and electronic delocalisation in TS. Understanding the electronic transition
behaviour of Schiff base ligands is crucial for chemosensing and metal-ion coordination
applications; our results show how solvent polarity and molecular structure significantly
impact this behaviour.

Table-3: UV—Visible absorption bands of Schiff base ligands and their metal ions.

System Wavelength (nm) Assignment
. 273.24 n—m* transition (intra-ligand)[28]
TC (free ligand) 362.72 n — 7* transition (—C=N-) [28]
TC-Cu? 453.32 LMCT [29]
TC—Fe** 443.82 LMCT [30]
TC—Pb** 442.64 LMCT [31]
TS (free ligand) 246.67 n—n* transition (intra-ligand)

TS (free ligand) 370.29 n — * transition (—C=N-)



TS—Cu** 449.19 LMCT
TS—Fe** 440.00 LMCT
TS—Pb** 359.09 LMCT

TV (free ligand) 279.61 n—m* transition (intra-ligand)

TV (free ligand) 437.73 n — 7* transition (—C=N-)
TV—Cu* 619.72 d—d transition
TV-Fe* 540.17 d—d transition
TV-Pb** 495.58 d—d transition
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Fig-2: UV-visible spectra of the Schiff base ligands & its metal ions.
3.2.  Computational studies.
3.2.1. Density Functional Theory (DFT) analysis.
DFT analysis is carried out to understand the physicochemical properties of TC, TS &
TV. Parameters derived from DFT, including dipole moment, softness and hardness,
electrophilicity indices, electronegativity and HOMO-LUMO energy gap of synthesized
complexes are computed [32]. The optimized structure of these molecules is presented in Fig-

3(TC, TS & TV).
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Fig-3: Optimized Structure of Schiff Base ligands.

The DFT-based descriptors were evaluated by applying Koopmans’s approximation to the

calculated frontier orbital energies, [33] which are as under:



Ip = —€homo (1)
Ex= —€Lumo (2)
Where, Ea and Ip are the Electron Affinity and Ionization Potential of these systems
respectively.
Based on Eqn. (1) and (2), molecular hardness, softness, electronegativity, and
electrophilicity index of these compounds are calculated as:
Molecular Hardness,n = % 3)
Softness,S = % 4)

Table-4 lists the computational density function theory-based descriptors of the Schiff
base ligands (TC, TS, & TV). The energy gap between the HOMO and LUMO transitions is
a crucial parameter for understanding the electronic properties of any chemical species [34]. It
is widely recognized that molecules exhibiting a larger HOMO-LUMO energy gap possess
greater thermodynamic stability, whereas those with a smaller gap are typically more
chemically reactive. As indicated in Table-4, the HOMO-LUMO gap of TC, TS, & TV are
determined to be 3.8822, 4.4869, & 4.1524 eV respectively. This suggests that all three
synthesized molecules exhibit considerable stability. The spatial distribution and electronic
nature of the frontier molecular orbitals (HOMO and LUMO) for the synthesized compounds

are depicted in Fig-4, providing further insight into their electronic structures.
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Fig-4: Frontier molecular orbital (HOMO-LUMO) of the Schiff base ligand (TC, TS, & TV).

Table-4: CDFT-based descriptors of Schiff base ligands (TC, TS, & TV).

Species Enomo(eV) Evumo(eV) Ec (eV) Hardness Softness  Dipole moment

(eV) (eVh) (Debye)
TC -6.6038 -2.7216 3.8822 0.071295 7.0131 13.9562
TS -6.0926 -1.6057 4.4869 0.08249 6.0613 6.6323
TV -5.8694 -1.7170 4.1524 0.076275 6.5552 8.0835

3.3. Visual identification of metal ions

In an aqueous solution (1:1), the synthesized Schiff base ligands' selectivity towards the
various metal ions (Cu**, Fe**, and Pb*) was examined. As seen in Fig-5, distinct and
noticeable colour changes were seen upon complexation. Every ligand showed a distinct
reaction to certain metal ions: in the presence of Cu?*, Fe?*, and Pb*, respectively, TS, TC,
and TV showed strong selectivity along with dramatic colour changes. Table-5 provides a

summary of the observed colour changes that correspond to ligand—metal interactions.

- ey .. =
Fig-5: Naked Eye Color change of SB (1x10 M in DMF) before and after the addition of
metal ions (1x102 M in H,0) ions respectively.

»

Table-5. Visual detection of metal ions from synthesized ligands.

Species  Cu?** Fe?t Pb**
TS orange to green Orange to light yellow orange to red
TC Light Yellow to light green Light Yellow to dark ~ Light Yellow to dark
green yellow
TV Light green to dark green Eﬁ;t green to light Light green to yellow.

3.4. Stoichiometry of ligands-metal ion binding
The complexation stoichiometry between the ligands (TS, TC, and TV) and the metal

ions (Cu?*, Pb*", and Fe**) was determined using Job’s method of continuous variation. In this



procedure, the total concentration of ligand—metal mixtures were kept constant while varying
their mole fractions. The absorbance values, recorded at the respective A-max of each complex,
were plotted against the mole fraction of the ligand. The resulting Job’s plots clearly indicated

a ligand-to-metal binding ratio of 1:1 for all the investigated complexes.
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Fig-6: Jobs Plot demonstrating binding stoichiometry amongst metals and ligands

To explore the sensitivity, and binding mechanism of Cu?’, Pb?>" and Fe*" metal ions
with the ligands in forming metal complexes and utilize the continuous variation method,
employing Job's plot was showed in Fig-6. This is a well-known and continuous process for
determining a complex's stoichiometric ratio an Equimolar mixture of metal ions (1 x 10”2 M)
and ligands (1 x 102 M) is prepared, resulting in a series of solutions with the same total
concentration of metal and ligand, each with a volume of 10 mL, but varying concentrations
of metal and ligand individually [35]. The absorbance of solutions with different

concentrations are measured and plotted against the mole fraction of the ligand.



3.4.1. Electronic absorption Spectroscopic Titration.

We conducted UV-Visible titration studies in DMF to study the binding behaviour and
sensitivity of Fe**, Pb*", and Cu?" ions to the Schiff base ligands (TC, TS, and TV). As
illustrated in Figure 7, the ligands' absorption spectra change as metal ions are added
incrementally. As the concentration of metal ions rose, the absorbance gradually increased,
with distinct isosbestic points at 443 nm (Fe?*"), 442 nm (Pb?"), and 453 nm (Cu?*) for TC, 359
nm (Fe**), 440 nm (Pb*"), and 449 nm (Cu*") for TS, and 540 nm (Fe*"), 495 nm (Pb*"), and

619 nm (Cu?") for TV, as shown in Table-6.

Based on the calibration plots showing the relationship between absorbance and
concentration, the detection limits for all three metal ions were found to be 1.2 x 1075 M. The
results show that the ligands can recognise Cu**, Fe?*, and Pb** ions selectively at micromolar
concentrations, and they work well at concentrations up to 102M. In keeping with the
bidentate nature of these Schiff base ligands and their capacity to stabilise metal complexes,

the observed binding mechanism is most likely coordinated with the azomethine nitrogen atom.

Mass spectrometric analysis was performed on the Schiff base complexes attached to
metal ions to provide further support for these findings. A 1:1 ligand-to-metal stoichiometry
was confirmed by the spectra, which showed molecular ion peaks, thereby validating the
suggested binding relationship.

Table-6: UV—Vis isosbestic points and detection limits of Schiff base ligands with metal ions
Ligand Metal Ion Isosbestic Point (nm) Detection Limit (M)

Fe** 443 1.2X 1073
TC Pb>* 442 1.2X107°
Cu** 453 1.2X10°
Fe** 359 1.2X107°
TS Pb** 440 1.2X 107
Cu** 449 1.2X10°
Fe** 540 1.2X 107
TV Pb>* 495 1.2X107°

Cu** 619 1.2X10°
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Fig-7: UV—Visible titration spectra of Schiff base ligands (TC, TS, and TV) with incremental
addition of Cu?", Fe?", and Pb?" ions in DMF.

4. Conclusion:

To summarise, the azomethine functional groups found in the synthesised Schiff base
ligands (TS, TC, and TV) show great promise as chemosensors for the selective detection of
Cu?", Fe**, and Pb?*" ions. Colorimetric studies conducted in a solution of H-O and ethanol
allowed for the quick visual identification of individual metal ions by revealing clear and easily
discernible changes in colour. The ligands' low limit of detection for Cu?*, Fe**, and Pb** was
as low as 1.2 x 1072 M, proving their extreme sensitivity. The complexation mechanism was
elucidated mechanistically by complementary CDFT investigations, which brought attention
to the bidentate coordination mode through the imine nitrogen atoms. In addition, the
experimental results were supported by Job's plot analysis, which demonstrated a ligand-to-
metal stoichiometry of 1:1. All things considered, these findings demonstrate that the Schiff
base ligands are highly selective and sensitive chemosensors, which bodes well for their

potential use in analytical and environmental monitoring applications.
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