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An amide-imine conjugate, namely, 2,4-dihydroxy-benzoic acid-(2-hydroxy-benzylidene)-hydrazide
[DBASL], was prepared from 2,4-dihydroxy benzoic acid hydrazide (DBA) and salicylaldehyde and further
used for the synthesis of the corresponding Mo(vi) complex (DBASLM). The structure of DBASLM was
established using different spectroscopic techniques and confirmed by single-crystal X-ray diffraction
(SC-XRD) analysis. Interestingly, DBASLM selectively recognizes ZrO?* via ‘turn-on’ sky-blue emission,
with notably strong binding constant of 1.3 x 10° M™%, The proposed sensing mechanism involves the
displacement of Mo(v)) from DBASLM by ZrO?*. DFT studies also corroborate the interactions and allow
the exploration of the associated orbital energy parameters. Silica-immobilized DBASLM is very effective
for the solid-phase extractive separation/recovery of ZrO%*. A DBASLM-impregnated paper strip allows
the low-cost, facile and instant optical detection of ZrO?* in real samples. DBASLM promotes phospho-
ester bond hydrolysis in p-nitrophenyl phosphate (p-NPP), which is one of the vital biological processes
that play a key role in the destruction of poisonous organo-phosphorus substrates such as pesticides
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Introduction

Zirconium (Zr) has pervasive applications in different fields,
such as metallurgy, materials science, aerospace, atomic
energy, medicine, and petrochemicals.' Its valuable attributes
include corrosion resistance and enhancement of mechanical
strength of alloys that function over a wide range of
temperatures.”* Zr materials have also been used extensively in
artificial internal organs in the last few years®~” as they offer low
toxicity with excellent bio-compatibility.*® However, the risks
involved in the use of Zr compounds depend on various factors
such as the concentration, duration of exposure, and chemical
form.'"* Frequent contact with high-concentration Zr
compounds may result in health issues such as pulmonary
granuloma, skin irritation, carcinogenesis, and hypersensitivity
pneumonitis.**™*® The National Institute for Occupational Safety
and Health (NIOSH) has proposed the maximum exposure limit
for Zr compounds as 5 mg L' for an 8 h workday, while it is
10 mg L™ " for short-term exposure.?
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and insecticides used in the agricultural industry.

Given that Zr(iv) sensors are relatively scarce, ample oppor-
tunity exists to develop probes for the rapid and inexpensive
detection of Zr(v). Among the various techniques and methods
for its detection, which depend on several factors including
concentration range, sample matrix, sensitivity and selectivity,
the fluorescence method is superior and therefore in high
demand.*

On the other hand, phospho-ester bond cleavage, one of the
vital biological processes, plays a key role in the destruction of
poisonous organo-phosphorus substrates such as pesticides
and insecticides used in the agricultural industry.>**” Eventu-
ally, they accumulate in humans via the food chain, causing
harmful effects.?*>?%?8-3¢

Considering the above-mentioned two facts, we have
attempted to prepare materials that can serve both purposes,
which are rarely found in the literature. Recently, a few probes
have been reported that can selectively detect and determine
Zr(wv) in acid media.*'"** Herein, we report a fluorescence probe
(DBASLM) that can selectively detect Zr(1v) at neutral pH in the
form of ZrO** via ‘turn-on’ sky-blue fluorescence (J.x = 278 nm
and A, = 477 nm) having the lowest limit of detection (LOD) of
23.1 nM and binding constant of 1.3 x 10> M. In addition,
DBASLM efficiently cleaves the phospho-ester bond in
poisonous organo-phosphorus substrates (p-nitrophenyl phos-
phate, p-NPP).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Experimental
Synthesis (Scheme 1)

2,4-Dihydroxybenzoic acid hydrazide (DBA). Employing the
materials mentioned in the SI, a few drops of thionyl chloride
(SOCl,) were added to an ethanol solution of 2,4-di-
hydroxybenzoic acid (0.80 g, 5.19 mmol) under stirring condi-
tions at room temperature (Scheme 1). The resulting solution
was reacted with hydrazine hydrate to obtain the corresponding
hydrazide (DBA) in 68% yield. Its molecular formula is
C,HgN,O; (M.W. = 168.15). Anal. found (%), C, 49.70; H, 4.50
and N, 16.80; caled (%), C, 50.00; H, 4.80 and N, 16.66. ESI-MS
(m/z) [M + HJ", 169.0247; [M + Na]", 191.0012 (Fig. Sia, SI).
'HNMR (Fig. S1b, SI), 400 MHz, DMSO-dg, TMS, J (Hz), d (ppm):
12.76 (1H, s), 10.07 (1H, s), 9.78 (1H, s) 7.65-7.63 (1H, d, ] =
8.40), 6.29-6.25 (2H, q), 4.54 (2H, s). "*CNMR (Fig. S1c, SI) [100
MHz, DMSO-d,, TMS, d (ppm)]: 169.14, 162.81, 128.81, 107.55,
106.17, 103.20, and 39.88. FT-IR (KBr, cm™'): 3390, »(O-H);
3230, »(N-H); 3099, »(C-H, aromatic); 1622, »(C=0); 1050, » (N-
N) (Fig. S1d, SI).

2,4-Dihydroxy-benzoic acid-(2-hydroxy-benzylidene)-
hydrazide (DBASL). A mixture of DBA (170 mg, 1.01 mmol)
and salicylaldehyde (123 mg, 1.01 mmol) in methanol (10 mL)
was refluxed for 4 h and the resulting solution was left undis-
turbed for slow evaporation to yield white DBASL after 2 days in
89% yield (Scheme 1). Its molecular formula is C;,H;,N,04
(M.W. = 272.26). Anal. found (%), C, 61.30; H, 4.72 and N, 10.81;
caled (%) C, 61.76; H, 4.44 and N, 10.29. ESI-MS (m/z): [M + H]',
273.0574; [M + NaJ", 295.0352 (Fig. S2a, SI). 'HNMR (DMSO-d,,
400 MHz,  Hz, d ppm) 12.26 (1H, s), 11.92 (1H, s), 11.28 (1H, s),
10.31 (1H, s), 8.66 (1H, s), 7.83-7.80 (1H, d, J = 8.8 Hz), 7.56-
7.54 (1H, d, J = 6.8), 7.32-7.29 (1H, t), 6.95-6.91 (2H, q), 6.41-
6.34 (2H, m) (Fig. S2b, SI). >*CNMR (Fig. S2c, SI) [100 MHz,
DMSO-d, TMS, d (ppm)J: 165.59, 163.36, 162.68, 157.93, 148.82,
131.91, 130.25, 129.97, 119.83, 119.12, 116.90, 108.07, 106.38,
103.33, and 40.15. FT-IR (KBr, cm~1): 3400, »(O-H); 3080, »(C-H,
aromatic); 1653, »(-CH=N); 1621, »(C=N); 1084, »(N-N)
(Fig. S2d, SI).

DBASLM. A mixture of MoO,(acac), (0.4 g, 1.23 mmol,
EtOH : DMF, 2: 3, v/v) and DBASL (0.312 g, 1.15 mmol, 10 mL
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Scheme 1  Synthesis of DBA, DBASL and DBASLM.
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EtOH) was stirred for 2 h and left undisturbed for slow evapo-
ration to yield orange crystals of DBASLM in 58% yield,
molecular formula C,oH;;MoN,Os (M.W. = 544.37). Anal.
found (%), C, 43.91; H, 4.70 and N, 11.11; caled (%) C, 44.06; H,
4.57 and N, 10.28. ESI-MS (m/z): [M + H]|', 474.0879 [including
one DMF present in its crystal lattice] (Fig. S3a, SI).
FT-IR (KBr, cm™'): 3404, »(O-H); 3082, »(C-H, aromatic); 1651,
»(-CH=N); 1610, »(C=N)-imide; 1070, »(N-N) (Fig. S3b, SI). The
structure of DBASLM is confirmed by SC-XRD analysis.
DBASLZ from DBASLM. A freshly prepared ethanol solution
of ZrO(NOj3), (1 M) was added drop-wise to an aqueous ethanol
(EtOH : H,0, 1: 2, v/v) solution of DBASLM (1 M) under stirring
conditions. The resultant mixture was left undisturbed for slow
evaporation of the solvent to get yellow-green DBASLZ in 48%
yield, molecular formula C;,H,4N,0,Zr (M.W. = 413.49). Anal.
found (%), C, 40.37; H, 3.46 and N, 6.82; caled (%) C, 40.67; H,
3.41 and N, 6.77. ESI-MS (m/z): [M + H]', 414.0481 (Fig. S4a, SI).
FT-IR (KBr, cm™"): 3406, »(O-H); 3078, »(C-H, aromatic); 1645,
»(-CH=N); 1608, »(C=N)-imide; 1065, »(N-N) (Fig. S4b, SI).

Results and discussion
Single-crystal X-ray diffraction analysis

The molecular structure of DBASLM (CCDC No. 2448883) has
been authenticated by single-crystal X-ray diffraction analysis
and presented in Fig. 1 and its packing diagram in Fig. S5a (SI).
Its crystallographic parameters [triclinic, space group: P1,
volume (A®): 1132.43(7); Z = 2] are presented in Table S1 (SI).
Selected bond lengths and bond angles are presented in Table
S2 (SI). The geometry of DBASLM is distorted octahedral (Fig. 1).
The bond lengths of 03-C1 [1.327(3) A] for the amide C-O bond
and 07-C10 [1.360(3) A] for the phenol C-O bond are close and
signify single-bond character (Fig. S5b, SI). The partial double-
bond character is reflected by the bond lengths of N1-C1
[1.307(3) A], N2-C8 [1.288(3) A], N1-N2 [1.392(3) A], C1-C2
[1.465(4) A] and C8-C9 [1.448(4) A]. Two Mo=0 groups, viz. Mo-
04 [1.693(2) A] and Mo-06 [1.711(2) A] are in the cis-geometry
and indicate double-bond character. On the other hand, the
bond lengths of Mo1-03 [2.007(2) A], Mo-07 [1.932(2) A], and
Mo-05 [2.322(2) A] indicate Mo-O single-bond character. The
solvent DMF coordinated to Mo(vi) via the carbonyl oxygen (-
05). The bond angles of 03-Mo-07 [149.35(6)°], 0O4-Mo-0O5

Fig.1 Thermal ellipsoid plot of the asymmetric unit of DBASLM, where
H atoms are excluded for clarity.
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[171.59(9)°] and O6-Mo-N2 [162.6(1)°] indicate that DBASLM
exhibits a distorted octahedral geometry.

Spectroscopic studies

DBASL interacts with common cations such as Zn>", Cd*", AI**,
Zr0**, La*" and Y** to produce fluorescence (Fig. S6a, SI). The
interaction of DBASLM with common cations, including rare-
earth ions, viz., K, Na', Fe*'; Mg”*, Mn*', Ni*", Zn**, Ca*',
cd>', co*, cu*, A13+ Cr3+ Fe**, Zro™, ce"", Dy*", Gd3+ La*",
Nd**, Sm®* and Y*' (as nitrate salts), have been studied in
different common media, namely, MeOH, EtOH, propanol,
DMSO and THF (Fig. S6b-n, SI, respectively). It is found that
DBASLM selectively recognizes ZrO*>* in EtOH-H,O (3:7, v/v).
DBASLM exhibits a higher emission intensity at Ax = 278 nm
in the presence of ZrO** in an ethanol-water system (Fig. S60—q,
SI). It is interesting to note that the emission intensity of the
system decreases with an increasing water percentage in
aqueous ethanol (Fig. S7a, SI). Interference from Y** may be
eliminated using Na,EDTA (Fig. S8a and b, SI). Moreover, the
emission intensity of the probe in the presence and absence of
ZrO** varies with pH (Fig. S9, SI). The optimum sensing effi-
ciency has been observed at around pH 7, which was main-
tained in all experiments using PBS buffer.

Absorption spectroscopic studies

Studies on the spectroscopic interaction of common cations
(mentioned supra) with DBASLM were performed in EtOH-H,0
(3:7, v/v) media. The parent ligand, DBASL, absorbs at 335 nm,
which is almost the same in different solvents (Fig. S9a, SI).
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Fig. 2 Changes in the absorption spectra of DBASL and DBASLM (50
pnM) upon the addition of (a) common cations [1500 pM] and (b) Zro%*
[0-1000 pM] in EtOH-H,O (3:7, v/v, PBS buffer, pH 7.0).
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Upon the addition of Mo(vi) to DBASL, its absorbance increases
significantly with a minor blue shift to 327 nm (Fig. 2a),
reflecting the notable interaction between DBASL and Mo(vi).
On the other hand, upon the gradual addition of ZrO**

DBASLM, its absorbance at 327 nm decreases notably, while
a new peak appears at 391 nm, along with an isosbestic point at
353 nm (Fig. 2b). This is attributed to the displacement of Mo(vi)
from DBASLM by ZrO**.

Emission spectroscopic studies

The addition of ZrO** to DBASLM results in an intense sky-blue
emission at 477 nm (A, = 278 nm, Fig. 3a) (Fig. S7b, SI).
Although most other common cations (mentioned supra)
remain silent towards DBASLM, Y*" enhances its fluorescence
to some extent (Fig. S10, SI), and also interferes to some extent
in a competitive environment (Fig. S11, SI). The emission
intensity of DBASLM is gradually enhanced upon the addition
of ZrO>* (Fig. 3b).

Job's plot discloses a 1:1 stoichiometry (mole ratio) for the
[DBASLM-ZrO>*] adduct (Fig. S12a, SI), which is also supported by
mass spectra. The binding constants for DBASLM and DBASL for
ZrO®" were determined using the Benesi-Hildebrand equation
(considering 1:1 binding, Fig. S12b and d, SI, respectively). The
corresponding LOD values for ZrO>" were calculated using
Fig. S13b and d, respectively (SI) and presented in Table 1. The plot
of emission intensity of DBASLM vs. ZrO>" is linear up to 23.1 nM
ZrO** (Fig. S14, SI) and useful for the determination of an
unknown ZrO>" concentration. The effect of solvents reveals that
its emission intensity is higher in polar protic coordinating
solvents such as MeOH, EtOH, and propanol, while a lower
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Fig. 3 Changes in the emission spectra of DBASLM (50 uM) upon the
addition of (a) common cations (supra) [1500 pM] and (b) ZrO?* [0—
3000 uM] in EtOH-H,0 (3:7, v/v, PBS buffer).
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Table1 Binding constants and LODs of DBASLM and DBASL for ZrO%*
in EtOH-H,0 (3:7, v/v)

Probe Binding constant (M) LOD (nM)
DBASLM 1.3 x 10° 23.1
DBASL ligand 1.5 x 10° 21.9

intensity is observed in polar aprotic coordinating solvents such as
DMSO and THF at relatively shorter wavelengths. On the other
hand, in non-coordinating solvents such as CCl,, CHCl;, and
CH,Cl,, no emission is observed (Fig. Séc, SI). These observations
are in line with the literature that the emission intensities and
excitation wavelengths are both influenced by the solvent polarity.

Sensing mechanism

The weak emissions of DBASL are attributed to the
photo-induced electron transfer (PET) process that arises
from its amide -N to -CH=N-portions. Mo(vi) inhibits the PET
and -CH=N-isomerisation, although the anticipated fluores-
cence enhancement is absent, which depends on several factors
such as the nature of the metal ion and its oxidation state and
electronic energy levels. Interestingly, only in the presence of
ZrO**, both the parent DBASL and the probe (DBASLM) expe-
rience a fluorescence enhancement (Fig. S7b, SI). One reason
for this may be the comparatively lower charge of Zr(iv) over
Mo(v1), which shows CHEF in the case of DBASL, while the other
one is the selective replacement of Mo(vi) in DBASLM by ZrO*",
which may have several reasons for its better fit. It should be
noted that almost similar absorption and emission profiles
(Fig. 2a and S7b, SI) were observed when ZrO(NO;), was added
separately to DBASL and DBASLM solutions. The ESI-MS (m/z)
spectrum and single-crystal X-ray structure support the forma-
tion of DBASLM. In brief, the addition of ZrO** turns the fluo-
rescence of DBASLM ON, which is attributed to the metal
displacement process, where Mo(vi) is replaced by ZrO>* due to
the formation of strong Zr-O and Zr-N bonds,****** resulting
n [DBASL-Zr(1v)] (DBASLZ, Scheme 2).>** This is reflected in
the corresponding ESI-MS spectrum, having (m/z) of [M + H]" =
414.0481. Job's plot also suggests the formation of a 1:1
complex (Fig. S12a, SI). The sensing protocol is further
substantiated by "HNMR spectroscopy and DFT studies.
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Scheme 2 Interaction mode of ZrO?* with DBASLM.
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Fig. 4 Frontier molecular orbitals (HOMO-LUMO) with the energies
of DBASL, DBASLM and DBASLZ.

Fig. 5 UV light-irradiated view of ZrO?*-sorbed DBASLM-immobi-
lized silica.

'HNMR spectral studies

The "HNMR spectral studies reveal the mode of binding of
DBASLM with ZrO**. Upon the addition of MoO,(acac), (1.0
equiv.) to DBASL, the protons of the phenol -OH in the
salicylaldehyde moiety (¢, 11.280 ppm) and imidic (d, 10.321
ppm) acid moiety disappear.’” The imine proton (e, 8.655 ppm)
also shifted downfield to 8.661 ppm. On the other hand, when
ZrO”* (1.0 equiv.) was added to the DBASLM complex, the peaks
for the phenol -OH proton (c, 11.280 ppm) and imidic acid (d,
10.321 ppm) were still absent. The imine proton (e, 8.655 ppm)
also shifted downfield to 8.723 ppm (Fig. S4c, SI).>***

DFT studies

The theoretical energy parameters of the corresponding frontier
molecular orbitals in the process of probe-analyte interaction were
computed by density functional theory (DFT) studies.* DFT was
performed with DBASL, DBASLM, and DBASLZ molecule/complex/

Table 2 Solid-phase extraction of ZrO?* using silica-immobilized
DBASLM

Test ZrO*" added (107> M) Found (107> M) Recovery (%)
1 8.85 6.43 72.90 £ 1.08
2 10.60 7.42 70.00 £ 1.25
3 12.80 8.48 66.25 £+ 1.35

RSC Adv, 2026, 16, 1130-11136 | 1133
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Table 3 Comparison of DBASLM with the reported probes
Sl. No. Probe Method pH LOD (nM) Ref.
1 Phosphorylated and pyrene-labeled oligonucleotides Fluorescence 7.4 200 46
Histidine-functionalized gold nanoparticles Colorimetric and 7.0 2620 and 6250 47
chrominance
=
W on
3 = 4 Colorimetric 6.5 82.23 31
N\ / N
<
. KC
o Non-
) If Colorimetri d
4 NN olorimetric an aqueous 50 and 0.90 34
exlze fluorescence .
<] medium
5 ;\ Potentiometric 4.8 18 48
QFG
Ho,sso,H
OH
PVC membrane-based
6 Ny 1.8-4.2 600 49
electrode
t AsO4H
HO "!':
c'/N\"//
b—o, Present
7 = o Fluorescence 7.0 23.1
2 work
N,
7\

adduct using the TD-SCF/DFT/B3LYP/6-31G(d) (for C, H, N and O)
and LANL2DZ (for Mo and Zr) basis sets.* The energy gaps
between the highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO) for DBASL,
DBASLM and DBASLZ are important parameters (Fig. 4). The
energy difference between the HOMO-LUMO for DBASL is
0.07777 eV, where the HOMO-LUMO energy gap for DBASLM
decreased by 0.01924 eV. The corresponding value for DBASLM is
0.05853 €V, indicating the stability of the complex. The related
energy difference for the DBASLZ adduct is 0.04813 eV. Here,
a slight decrease in the energy gap for DBASLM by 0.01040 eV and
DBASL by 0.02964 eV is observed. Moreover, the HOMO and
LUMO energies also decreased in the same order from DBASL to
DBASLZ via DBASLM. Therefore, the addition of ZrO*" to DBASLM
lowers the HOMO-LUMO energy gap and is associated with a red
shift, demonstrating that the experimental observations match the
theoretical values.”

Solid-phase extraction

For the immobilization of DBASLM on silica (100-200 mesh), 1.8 g
DBASLM and 8.5 g silica (100-200 mesh) were mixed and refluxed
for 4 h in methanol.*>** After removal of the solvent, DBASLM
immobilized on silica was obtained.*>** A glass column (10 cm x 1
cm) was filled with the DBASLM-immobilized silica to a height of

M34 | RSC Adv, 2026, 16, 11130-11136

Visible-Light UV-Light

Visible-Light UV-Light

(DEASLM#Z0~)

Fig. 6 DBASLM-soaked paper strip for the detection of ZrO**.

approximately 7 cm. A real water sample spiked with ZrO(NOs),
was passed through the column at a flow rate of 1 mL min~*. Upon
exposure to UV light, the colour of the silica bed changed to sky
blue, indicating the sorption of ZrO** (Fig. 5). The sorbed ZrO**
could be eluted by a DCM-ethyl acetate (3/7, v/v) mixture. After
evaporating the solvent, the residue was used to prepare a solution
in EtOH-H,0 and the concentration of ZrO** was measured
following the developed method (Table 2). Comparison of the
present probe with existing pioneering ZrO>" selective probes are
presented in Table 3.

Visualization of ZrO®" on a paper strip soaked with DBASLM

The paper strip method for the visualization of ZrO** utilizing
DBASLM is cost-effective and instanteneous.***> A drop of ZrO**

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Changes in the absorption spectrum of p-NPP upon the
addition of DBASLM.

Table 4 Rate constants for the hydrolysis of p-NPP in the presence
and absence of DBASLM/DBASL

Substrate Catalyst Rate constant (s™)
p-NPP (0.02-10.0 mmol) Blank 1.86 x 10°°
p-NPP (0.02-10.0 mmol)  DBASL (0.01 mmol) 4.00 x 107°
p-NPP (0.02-10.0 mmol) DBASLM (0.01 mmol) 1.84 x 10~*

solution was placed on a colourless paper strip soaked with
DBASLM and air dried. Sky-blue emission was observed upon
the irradiation of the above-mentioned paper strip with UV
light, indicating the presence of ZrO>" (Fig. 6).

Studies on p-nitrophenyl-phosphate (p-NPP) activity

Phosphoester bond hydrolysis of p-nitrophenyl phosphate (p-
NPP) is a very slow process, but its reaction rate (Scheme 3) may
be enhanced using a catalyst.*>**** In the present case, a cata-
lytic amount of DBASLM (0.4 mmol, 10 mol% relative to p-NPP)
was reacted with p-NPP (4.0 mmol) in MeOH-H,O (1 : 4, v/v, pH
7, PBS buffer) and an increase in absorbance at 410 nm was
observed with time due to the formation of yellow p-nitrophenol
(Fig. 7).*° The proposed mechanism is supported by the QTOF
mass spectra with the m/z value of 139.0286 (calcd m/z: 139.11)
(Fig. 15, SI).”> The absorbance vs. time plot revealed the prog-
ress of the reaction (Fig. S16, SI).>* The hydrolysis rate constants
derived from Fig. S17 (SI) at 25 °C are presented in Table 4.

Conclusion

An amide-imine (DBASL)-derived Mo(iv) complex, structurally
authenticated by single-crystal X-ray diffraction analysis, has

© 2026 The Author(s). Published by the Royal Society of Chemistry
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been employed for the selective recognition of ZrO>" [Zr(wv)] via
its sky-blue (Aery = 477 nm and A, = 278 nm) emission in
aqueous EtOH media. Its sensing is attributed to the displace-
ment of Mo(vi) from DBASLM by ZrO>", resulting in sky-blue
fluorescence. The limit of detection for DBASLM for ZrO*" is
23.1 nM. Silica-immobilized DBASLM is effective for the solid-
phase extractive recovery of ZrO**. A DBASLM-impregnated
paper strip is also useful for the optical detection of ZrO>".
DBASLM efficiently catalyses the hydrolysis of the phospho-
ester bond in p-NPP.
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