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Single crystal X-ray-structurally characterized
Mo(vi) complexes of thiophene-appended amide-
imine conjugates for optical recognition of calcon
and 2-aminobutyric acid
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Two thiophene-appended amide—imine conjugates, viz., thiophene-2-carboxylic acid (3,5-ditertiarybutyl-
2-hydroxybenzylidine)hydrazide (L1) and thiophene-2-carboxylic acid (3-ethoxy-2-hydroxybenzylidine)
hydrazide (L2), have been prepared by the condensation of thiophene-2-carboxylic acid hydrazide (TCA)
with the respective aldehydes. L1 and L2 have further been employed for the synthesis of the
corresponding Mo(vi) complexes (M1 and M2, respectively). The structures of M1 and M2 have been
confirmed by single-crystal X-ray diffraction analysis. Fluorescence spectroscopic studies indicate that

] M1 and M2 efficiently and selectively recognize calcon and 2-aminobutyric acid, respectively. The
Eig:g&%i;hhnayrczgzzg% proposed sensing mechanism involves the displacement of the ligands from M1 and M2 by the
respective analytes. The displacement binding constants are 6.2 x 10°> M~ (for calcon) and 12.9 x 10%

DOI: 10.1039/d6ra02104b M~ (for 2-aminobutyric acid). The detection limits for calcon and 2-aminobutyric acid are 6 nM and
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Introduction

Amide functionality plays a significant role in medicinal
chemistry as the backbone of peptides, being present in ~25%
of drug molecules.”® In addition, the conformational diversity
of the amide moiety has useful implications in synthetic
chemistry.**°

On the other hand, transition metal complexes with variable
oxidation states may serve as catalysts for the synthesis of
bioactive materials.

The dioxomolybdenum(vi) complexes derived from N,O-
donor hydrazide derivatives possess interesting stereochem-
ical and microelectronic features."* Research interest in di-
oxomolybdenum(vi) complexes is mainly due to the presence of
the molybdenum ion in several enzymes. Apart from structural
and biocatalytic studies, the application of molybdenum/(vi)
complexes as fluorescence probes, operating via the ligand-
displacement protocol, remains underexplored.

On the other hand, calcon, a naphthalene-based azo dye, is
a widely used coloring agent in the textile, food, paper, leather
and pharmaceutical industries.””* It is also used as a metal-ion
indicator in the laboratory.”> Consequently, the disposal of
industrial effluents containing this toxic dye is a major threat to
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5 nM, respectively, in DMSO/H,O (4/1, v/v, pH 7.4).

the environment, and hence, the treatment of industrial waste
to remove the dye is necessary before it is released into the
environment.'*?

Among several analytical methods for the trace-level detec-
tion of analytes, fluorescence is considered one of the most
effective and versatile method due to its several advantages, viz.,
operational simplicity, instantaneous response and perception,
low operational cost, high sensitivity and selectivity, non-
invasive methodology and low detection limit.**-**

There is an urgent need for the development of fluorescence
probes for trace-level detection and determination of calcon.
The literature indicates that calcon is used as a liquid com-
plexing agent in the determination of MoO; (Mo"") by adsorp-
tive stripping voltammetry.*® The strong Lewis acidity and
oxophilic nature of Mo(vi) allow it to interact effectively with
incoming analytes that contain hard O-donors, facilitating the
ligand-displacement process, the basis of the fluorescence
sensing mechanism in the present work.

Moreover, fluorescence detection of calcon using an Mo(vi)
complex as a probe has not been reported, and the selectivity
issues towards structurally similar dyes remain insufficiently
addressed.

Herein, we have explored a Mo(vi) complex, M1, for the
recognition of calcon via “turn-on fluorescence” without any
significant interference from competing prototype dyes/
coloring agents. The spectroscopic data indicate that calcon
sensing proceeds via “ligand displacement”, where the amide-
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imine conjugate, L1, is displaced from M1 by calcon to result in
the corresponding Mo(vi)-calcon complex, leading to fluores-
cence enhancement.’***

On the other hand, it is well known that several metal
complexes have the potential to recognize biomolecules.***” 2-
Aminobutyric acid, an optically active, non-proteinogenic a-
amino acid, is a chiral reagent whose L-(+) form is used in the
biosynthesis of non-ribosomal peptides and acts as a receptor
antagonist. Further, it is used in the determination of glutamyl
cysteine acid synthase and as a drug intermediate.

Literature indicates that several amino acids bind to transi-
tion metals,*® including Mo(v1).** In the present report, a new
Mo(vi) complex, M2, selectively detects 2-aminobutyric acid via
fluorescence enhancement, where 2-aminobutyric acid replaces
L2 from M2,* according to the “ligand-displacement” protocol.
No significant interference from common amino acids or
biomolecules was observed.

Fluorescence detection and determination of an azo dye,
namely, calcon, and a biomolecule, 2-aminobutyric acid, is re-
ported for the first time, according to the ligand-displacement
protocol.

This present work also demonstrates that tuning a ligand
platform of Mo(vi) complexes drastically changes the selectivity
in optical sensing to allow the interference-free determination
of the analyte.

Experimental
Methods and materials

3-Ethoxysalicylaldehyde, 3,5-ditertiarybutylsalicylaldehyde,
metal salts, hydrazine hydrate and PBS buffer were purchased
from Sigma Aldrich and Merck. Spectroscopic-grade solvents
were used. The mass spectra were recorded using a QTOF 60
Micro YA 263 mass spectrometer in the ES(+) mode. A Shimadzu
FTIR (model IR Prestige 21 CE) spectrometer was employed to
record FTIR spectra. A Shimadzu UV-2450 spectrophotometer
and a quartz cell with a 1 em path length were used to record
absorption spectra. A Hitachi F-7000 spectrofluorometer was
used to record fluorescence spectra. A PerkinElmer 2400 Series
II CHN analyzer was employed for elemental analysis. The
solution pH was measured using a Systronics digital pH meter
(model 335). "THNMR spectra were recorded using a Bruker
ADVANCE III HD (400 MHz) spectrometer in DMSO-d; solvent.
The solvent peak (ppm) was used as an internal reference. The
following symbols represent multiplicity: s (singlet), d (doublet),
t (triplet), q (quartet), and m (multiplet). Coupling constants (J,
s) have been reported in Hertz (Hz).

Single-crystal X-ray diffraction data were collected on a Bruker
X8 APEX-II CCD diffractometer at 100(2)K using graphite-
monochromated Mo Ka radiation (0.71073 A). Data were pro-
cessed and corrected for Lorentz and polarization absorption
effects. The crystal structures of M1 and M2 were solved by stan-
dard direct methods using SHELXS* and refined by full-matrix
least squares with the SHELXL* and OLEX2 (ref. 43) software.
Anisotropic thermal displacements were used for the refinement
of all non-hydrogen atoms. For structure-factor calculations, the
hydrogen atoms were placed in geometrically idealized positions
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Scheme 1 Synthesis of TCA, M1, M2, C1 and Al

and refined using a riding model, with thermal parameters
depending on the parent atom. Images are generated by the
Mercury and ORTEP softwares.** Significant crystal parameters
and refinement data are shown in Table S1 (SI).

Synthesis

Thiophene-2-carboxylic acid hydrazide (TCA). To an etha-
nolic solution of thiophene-2-carboxylic acid (1 g, 7.03 mmol),
a few drops of SOCI, were added under stirring conditions at
room temperature (Scheme 1). The resulting mixture was
allowed to react with hydrazine hydrate to produce the corre-
sponding hydrazide (TCA) in 68% yield. Its molecular formula is
C5HgN,0S (MW = 142.18). Anal. found (%), C, 42.20, H, 4.18,
and N, 19.64; calcd. (%), C, 42.24, H, 4.25, and N, 19.70. ESI-
MS(+), m/z [M]", 142.30, [M + MeOH + 2H]', 176.4 (Fig. S1a, SI).
'"HNMR (Fig. S1b, SI), DMSO-ds, TMS, ¢ (ppm): 9.14 (1H, s),
7.17-7.15 (1H, d,J = 8), 7.03-7.01 (1H, d, ] = 8), 6.87-6.83 (1H, t,
J = 8), 4.08-4.07 (2H, d, J = 4). ">CNMR (Fig. Sic, SI): 166.52,
161.39, 147.51, 130.20, and 121.69. FTIR (KBr, cm ™ 1): 3433, »(N-
H); 2919, »(C-H, aromatic); 1679, »(C=O0); 1117, »(N-N)
(Fig. S1d, SI).

Thiophene-2-carboxylic (3,5-ditertiarybutyl-2-
hydroxybenzylidine)-hydrazide (L1). A methanol solution con-
taining TCA (142 mg, 1.0 mmol) and 3,5-ditertiarybutyl-2-
hydroxybenzaldehyde (172 mg, 1.0 mmol) was refluxed for 6 h.
The resulting pale-yellow solution was subjected to slow evapora-
tion, and the pale-yellow solid of L1 was collected in 78% yield
after a few days (Scheme 1). Its molecular formula is C,,H,6N,0,S
(MW = 358.17). Anal. found (%), C, 66.20, H, 6.82 and N, 7.11;

acid

© 2026 The Author(s). Published by the Royal Society of Chemistry
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caled. (%), C, 67.01, H, 7.31 and N, 7.81. ESI-MS (m/z): [M + H]',
359.16 (Fig. S2a, SI). '"HNMR (DMSO-dy, 400 MHz): 12.25 (1H, s),
12.11 (1H, s), 8.90 (1H, s), 7.96 (1H, s), 7.87 (1H, s), 7.63-7.62 (2H,
d,J=4),7.51-7.50 (1H, d,] = 4), 7.23-7.21 (1H, m, ] = 8), 1.36 (9H,
s). 1.30 (9H, s) (Fig. S2b, SI). >*CNMR (Fig. S2c, SI): 157.97, 148.16,
141.31, 138.14, 135.26-135.04, 132.61, 129.66, 128.70, 127.12,
121.15, 118.03, 115.61, 114.50, 64.61 and 15.20. FTIR (KBr, cm ):
3234, »(0-H); 2957, ¥(C-H, aromatic); 1626, (C=0); 1539, »(C=
N); 1154, »(N-N) (Fig. S2d, SI).

Thiophene-2-carboxylic acid (3-ethoxy-2-
hydroxybenzylidine)-hydrazide (L2). A mixture of thiophene-2-
carboxylic acid hydrazide (TCA) (142 mg, 1 mmol) and 3-
ethoxy-2-hydroxybenzaldehyde (166 mg, 1 mmol) in methanol
was refluxed for 6 h. The resulting solution was allowed to
evaporate slowly to produce yellow L2 in 82% yield. Its molec-
ular formula is C;4H;4N,03S (MW = 290.07). Anal. found (%), C,
57.42, H, 4.06 and N, 9.12, caled., C, 57.92, H, 4.86 and N, 9.65.
ESI-MS (m/z): [M + H]', 291.03, [M + Na]', 313.01 (Fig. S3a, SI).
'HNMR (DMSO-dq): 12.11 (1H, s), 11.78 (1H, s), 8.64 (1H, s),
7.97-7.96 (1H, d, J = 4), 7.93-7.92 (1H, d, J = 4), 7.50-7.48 (1H,
d,J =8),7.26-7.24 (1H, t, ] = 4), 7.17-7.15 (1H, d, ] = 8), 7.04-
6.99 (1H, t,] = 8), 4.09-4.04 (2H, q, ] = 8), 1.38-1.34 (3H, t, ] = 8),
(Fig. S3b, SI). ">’CNMR (Fig. S3c, SI): 162.87, 161.46, 155.11,
150.77, 140.80, 136.06, 131.87, 130.21, 126.01, 123.51, 117.58,
115.64, 52.07 and 31.77. FTIR (KBr, cm™): 3561, »(O-H); 3076,
y(C-H, aromatic); 1641, »(C=0); 1574, v(C=N); 1144, »(N-N)
(Fig. $3d, SI).

M1 and M2. Methanol solutions of MoO,(acac), (1 g,
3.04 mmol, 5 mL) were added separately to L1 (0.5 g, 1.39 mmol,
10 mL) and L2 (0.5 g, 1.72 mmol, 1.39 mmol, 10 mL) in MeOH-
DMF (2 : 1, v/v) under stirring conditions for 2 h (Scheme 1). Red
crystals of M1 and M2 were obtained upon slow evaporation of
the solvent.

M1: yield, 62%, molecular formula, C,,H,;,;M0ON,05S (MW =
533). Anal. found (%), C, 49.02, H, 5.96 and N, 4.86; calcd., C,
49.62, H, 6.06 and N, 5.26. ESI-MS (m/z): [M + 3H]', 536.03
(Fig. S4a, SI). FTIR (KBr, cm ™~ '): 2882.49, »(C-H, aromatic); 1600,
¥(C=0); 1445, y(C=N); 1094, v(N-N) (Fig. S4b, SI). The structure
of M1 was authenticated by SC-XRD analysis.

M2: yield, 68%, molecular formula, C;,H;,M0ON,06S (MW =
448). Anal. found (%), C, 42.21, H, 4.05 and N, 4.96. calcd., C,
42.68; H, 4.64 and N, 5.86. ESI-MS (m/z): [M]", 448.12 (Fig. S5a,
SI), [M + 2H]", 450.12. FTIR (KBr, cm'): 2947, »(C-H, aromatic);
1602, »(C=0); 1506, »(C=N); 1107, »(N-N) (Fig. S5b, SI). The
structure of M2 was authenticated by SC-XRD analysis.

C1 (Mil-calcon adduct) and Al (M2-2-aminobutyric acid
adduct). To two separate systems of magnetically stirred DMSO/
H,O (1:1, v/v) solutions of M1 and M2, a DMSO solution of
calcon and an aqueous solution of 2-aminobutyric acid were
added dropwise for 5 minutes. The mixtures were kept undis-
turbed to facilitate slow evaporation and yielded C1 and A1,
respectively, the details of which are presented below.

C1: molecular formula, C,oH;6N,09SMo (MW = 556). ESI-MS
(m/2): [M + H,O[", 574.83; [L1 + Li + 2H]", 366.94 for displaced
L1 (Fig. S6a, SI). FTIR (KBr, cm*): 3235, »(O-H); 2963, »(C-H,
aromatic); 1631, »(C=C); 1434, »(N=N), 1284, »(C-N) (Fig. S6b, SI).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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A1: molecular formula, CgH;N,OsMo (MW = 332.16). ESI-
MS (m/z): [M + 3H]", 333.92; [L2]" 290.99 for displaced L2
(Fig. S7a, SI). FTIR (KBr, cm ™ "): 3430, »(N-H); 1608, »(C=0);
1256, ¥(C-N) (Fig. S7b, SI).

Results and discussion

X-ray diffraction analysis

The ORTEP views of M1 (CCDC 2365489) and M2 (CCDC
2365810) are presented in Fig. 1. Both M1 and M2 possess di-
storted octahedral geometry. A summary of the crystallographic
refinement parameters is presented in Table S1 (SI). Important
bond lengths and angles are provided in Table S2a and b (SI).

In M1, bond lengths of amide C-O, 0005-CO0H (1.310(7)A)
and phenol C-0O, 0004-C00B (1.343(7)A) are very close and
indicate the C-O single bond character. Thus, after binding to
Mo(v1), the amide C=0 of the amide-imine conjugate assumes
single bond character. Similarly, for M2, 0004-C00C (1.307(6)A)
and 0006-C00G (1.344(7)A) for amide C-O and phenol C-O are
close. The CH=N bond lengths, N006-C00G (1.288(7)A) and
N008-COOH (1.300(7)A) for M1 and N007-COOE (1.290(7)A) and
N009-C00C (1.306(7)A) for M2 indicate double bond character.
Both M1 and M2 belong to the triclinic crystal system with space
group P1. two oxo groups, Mo=0, have double bond character
in M1, viz., Mo-03 (1.678(5)A) and Mo-02 (1.705(5)A), whereas
Mo-01 (1.695(4)A) and Mo-02 (1.693(5)A) in M2 are in the cis-
geometry. Both M1 and M2 have a coordination number of six,
where water acts as a coordinating solvent in M1 and methanol
in M2. The imine nitrogen, N006, two oxygens, 0004 and 0005
of tridentate L1, along with an oxo-group, O2, form the equa-
torial plane, while the axial positions are fulfilled by O1 from
water and O3 of the other oxo-group, defining the distorted
octahedron geometry around Mo(vi) in M1. The geometry
around Mo(vi) in M2 is also a distorted octahedral, where the
equatorial plane is formed by the imine nitrogen, N007, two
oxygens, 0006 and 0004 of tridentate L2, along with one oxo-
group, O1, whereas the axial positions are occupied by the
other oxo-group, 02, and 0005 from methanol. Bond angles,
03-Mo1-04 (170.2(2)°) (M1) and O2 Mo01 0005 (170.6(2)°)
(M2) are 9.8° and 9.4° away from a perfect octahedron.

Spectroscopic studies

The recognition and quantification of calcon and 2-amino-
butyric acid using M1 and M2 were investigated spectroscopi-
cally (emission and absorption) in DMSO/H,O0 (4/1, v/v) media.
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Fig.1 ORTEP views of M1 and M2.
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Fig. 2 Spectroscopic studies of M1 and M2. Media: 0.1 M PBS buffer, DMSO/H,0, 4/1, v/v, and pH 7.4. (a) UV-vis titration plot of M1 (20 uM) vs.
calcon (1-2500 uM). (b) UV-vis titration of M2 (20 uM) vs. 2-aminobutyric acid (1-2500 uM). (c) Fluorescence titration plot of M1 (20 pM, Ay =
285 nm) vs. calcon (1-2500 pM). (d) Fluorescence titration plot of M2 (20 uM, Aex = 290 nm) vs. 2-aminobutyric acid (1-2500 pM). (e) Effects of
common dyes and indicators on the emission spectra of M1 (20 uM). (f) Effects of natural amino acids and biomolecules on the emission spectra
of M2 (20 uM). (g) Effects of common dyes and indicators on the absorption spectra of M1 (20 uM). (h) Effects of natural amino acids and
biomolecules on the absorption spectra of M2 (20 uM).
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M1 exhibited an absorption peak at 311 nm. Upon gradual
addition of calcon (as Na salt) to M1, the 311 nm peak decreased
significantly with the appearance of a shoulder at 404 nm
through an isosbestic point at 368 nm (Fig. 2a).

On the other hand, upon the addition of 2-aminobutyric acid
to the solution of M2 (DMSO/H,0, 4/1, v/v, PBS buffer, pH 7.4),
the absorbance at 312 nm gradually reduced and shifted to
306 nm with the appearance of a new peak at 380 nm along with
an isosbestic point at 359 nm (Fig. 2b).

Corresponding emission spectroscopic studies, performed
in the mentioned media revealed that the weak emission of M1
at 484 nm (., 285 nm) was significantly enhanced upon the
addition of calcon (Na salt) (Fig. 2c). Similarly, the weak emis-
sion of M2 at 489 nm (Ze, 290 nm) was gradually enhanced with
increasing 2-aminobutyric acid concentration (Fig. 2d). The
enhancement of emission intensity is attributed to the
displacement of L1 and L2 from M1 and M2 by calcon and 2-
aminobutyric acid, respectively. The effect of pH on the fluo-
rescence enhancement was tested in the pH range of 2.0 to 12.0
(Fig. S8a and b, SI). The optimum value was observed at ~pH
7.4; hence, all experiments were performed at pH 7.4 (DMSO/
H,O0, 4/1, v/v, 0.1 M PBS buffer).

Moreover, it was observed that apart from calcon, other
common indicators, viz., murexide, phenolphthalein, EBT, methyl
red, methyl orange, thymol blue, bromocresol green, methyl violet,
alizarin yellow R, bromothymol blue, anthraquinone, methylene
blue, malachite green, picric acid, and rhodamine B, do not affect
the emission intensity of M1 (Fig. 2e).

Apart from 2-aminobutyric acid, other a-amino acids, viz.,
methionine, arginine, cysteine, proline, lysine, tryptophan,
phenylalanine, glycine, alanine, aspartic acid, and biomole-
cules, viz., creatinine, superoxide dismutase, bisphenol, gluta-
thione, cytochrome C, insulin and uric acid, do not affect the
emission spectra of M2 (Fig. 2f). A similar observation was made
during absorption spectroscopic studies (Fig. 2g and h).
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The selectivity of M1 for calcon was tested by measuring the
emission intensities of M1 in the presence of calcon and other
indicators in a competitive environment (Fig. S9a, SI).

Likewise, the selectivity of M2 for 2-aminobutyric acid was
tested by monitoring the emission intensity of M2 in the pres-
ence of a mixture of 2-aminobutyric acid with various other
amino acids (Fig. S9b, SI). In both cases, no significant effect
was observed, indicating the non-interference of competing
molecules. Moreover, the same spectra were obtained as for the
binary mixtures of M1/M2 with calcon/2-aminobutyric acid,
indicating the selectivity of the recognition processes. The plot
of emission intensity vs. analyte concentration is sigmoidal
(Fig. S10a and b, SI). The linear region of the sigmoidal plot is
useful in determining the unknown concentration of the ana-
Iyte at low levels. The limits of detection (LODs) of M1 and M2
for calcon and 2-aminobutyric acid were 6 nM and 5 nM,
respectively (Fig. S11a and b, SI). The corresponding ligand-
displacement constants are 6.2 x 10° M™" and 12.9 x 10"
M, respectively (Fig. S12a and b, SI). Job plots indicate a 1: 1
(mole ratio) interaction for both cases (Fig. S13a and b, SI).

A competitive binding experiment was performed to estab-
lish the efficiency of ligand displacement in DMSO/H,0 media
(4/1, v/v). The binding of calcon with Mo(vi) in the presence of
L1 was monitored by following the emission profile, and the
observed binding constant was 9.3 x 10> M~ (Fig. S15a, SI), in
close agreement with the displacement binding constant value
of calcon with M1.

A similar experiment was performed by reacting 2-amino-
butyric acid with Mo(vi) in the presence of L2, where the binding
constant was found to be 15.07 x 10* M~ (Fig. S15b, SI), almost
the same as the displacement binding constant value of 2-
aminobutyric acid with M2. These results firmly establish the
proposed ligand-displacement protocol of fluorescence sensing.
The release of the fluorescent amide-imine ligand into solution
resulted in a significant fluorescence enhancement.

Calcon

M1

Weakly fluorescent

Calcon

O

"o'

C1
Strongly fluorescent

2-Amino butyric acid

OCH,CH,

Weakly fluorescent

< Ligand Displacement Approach >

wy

OEt

Al

Strongly fluorescent

Scheme 2 Plausible sensing mechanism.
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Fig. 3 Frontier molecular orbitals and HOMO-LUMO energy gaps of
(A) L1, M1 and C1 and (B) L2, M2 and Al

Sensing mechanism

Free ligands, L1 and L2, are fluorescent. Upon interaction with
Mo(vi) ions, they form the corresponding Mo(vi) complexes, M1
and M2, having very weak fluorescence due to energy transfer
and/or electron transfer from the excited state of the fluorescent
moiety to the low-lying empty d-orbital of Mo(vi).***¢ The
emission intensities of M1 and M2 were enhanced upon the
addition of calcon and 2-aminobutyric acid, respectively. This is
attributed to the displacement of the fluorescent L1 and L2
from M1 and M2 by calcon and 2-aminobutyric acid, respec-
tively (Scheme 2).

The emission characteristics involved in the sensing
processes have been narrated briefly. L1/L2 (thiophene-amide-
imine) is a donor-m-acceptor system where thiophene is the
electron donor and amide-imine is the m-acceptor (intra-
molecular charge transfer, ICT).*

When amide-imine derivatives (L1 and L2) coordinate to the
Mo(vi) ion through N, O-donors, ICT is perturbed in the resul-
tant coordination complexes, M1 and M2, respectively. Conse-
quently, the fluorescence of L1 and L2 was significantly
quenched, attributed to the inhibition of ICT and initiation of
a PET process from imine-N and/or O-centres to the Mo(vi) (d°
system). In addition, the heavy Mo(vi) ion enhances intersystem
crossing (ISC), favouring non-radiative decay. Overall, both M1
and M2 are weakly fluorescent. Upon the addition of analytes,
namely, calcon and 2-aminobutyric acid, competitive binding to
the Mo(vi) center takes place due to the strong binding affinity
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of calcon and 2-aminobutyric acid. As a result, displacement of
L1/L2 from M1/M2 takes place and consequently, ligand (L1/L2)
— metal (Mo"") charge transfer processes are inhibited and,
ICT processes are restored, leading to the restoration of fluo-
rescence of the L1/L2. This may be viewed as a PET “off-on”
process where complexation enables PET (quenching) and
decomplexation inhibits PET (fluorescence restoration).

This proposed mechanism is corroborated by mass and FTIR
spectra. The mass spectrum of the system containing M1 and
calcon has peaks at m/z 574.83 and 366.94, assigned to the
[Mo(vi)-calcon] adduct and displaced L1, respectively. Similarly,
for the system where M2 and 2-aminobutyric acid are inter-
acting, the peak at m/z 333.92 is due to the [Mo(vi)-2-amino-
butyric acid] species, whereas the peak at m/z 290.99 is assigned
to the displaced L2. Job plots also corroborate the ligand-
displacement process. The interaction was further rational-
ized by 'H NMR spectra and DFT studies.

'H NMR spectroscopic studies

The binding interactions between the ligands L1 and L2 with
Mo(vi) ions resulted in M1 and M2, and further interactions of
M1 and M2 with calcon and 2-aminobutyric acid were moni-
tored by "H NMR spectroscopy. It was observed that the phenol
-OH (b) peak of L1 at 12.11 ppm disappeared in M1 (Fig. S14a,
SI). On further interaction of M1 with calcon, the NMR spec-
trum changed significantly and resembled that of L1, which was
displaced from M1 by calcon.

Identical phenomena were observed during the interaction
of L2 with Mo(vi), leading to M2 (Fig. S14b, SI), which further
interacted with 2-aminobutyric acid. The highly de-shielded
phenol -OH (b) at 11.78 ppm of L2 disappeared upon
complexation with Mo(vi), and it reappeared at 10.74 ppm upon
displacement by 2-aminobutyric acid from M2.

Density functional theoretical (DFT) studies

To unlock the associated orbital energy parameters, DFT
studies were performed for the systems, L1, L2, M1, M2, C1 and
A1, using the TD-SCF/DFT/B3LYP/SDD basis set. The energy
gaps between the highest occupied orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) for L1, M1, and C1 are
shown in Fig. 3A, while those of L2, M2, and A1 are presented in
Fig. 3B. The HOMO-LUMO energy gap in L1 is 0.14465 eV,
which was reduced to 0.10392 eV in M1. Upon interaction with
calcon, it further decreased to 0.0973 €V in C1.

On the other hand, the HOMO-LUMO energy gap in L2,
0.14609 eV, decreased to 0.11911 eV in M2, and was further
reduced to 0.08011 eV upon interaction with 2-aminobutyric
acid, resulting in A1. The results clearly indicate a favourable
interaction. Important parameters obtained from the DFT
studies are presented in Table S3a and b (SI).

Conclusion

Two new Mo(vi) complexes (M1 and M2) have been prepared
from two different thiophene-appended amide-based imine
derivatives (L1 and L2) and structurally authenticated by single-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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crystal X-ray diffraction analysis, in addition to common spec-
troscopic characterizations. M1 and M2 selectively recognize
calcon and 2-aminobutyric acid, respectively, via ‘turn on’
fluorescence, following the ligand-displacement protocol. The
LODs of M1 and M2 for calcon and 2-aminobutyric acid are
6 nM and 5 nM, respectively. DFT studies unlocked the asso-
ciated orbital energy parameters that support favourable inter-
actions. Thus, this report provides a significant contribution
and advancement towards metal complex-based fluorescence
recognition of a toxic dye, calcon, and a biomolecule, 2-ami-
nobutyric acid, which may help biomedical researchers.
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