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Mo(vi) complexes of amide—imine conjugates for
tuning the selectivity of fluorescence recognition
of Y(in) vs. Pb(n)t
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Two amide—imine conjugates, viz. 3-methyl-benzoic acid (4-diethylamino-2-hydroxy-benzylidene)-
hydrazide (L1) and 3-methyl-benzoic acid (2-hydroxy-naphthalen-1-ylmethylene)-hydrazide (L2), have
been prepared and used for a further synthesis of Mo(vi) complexes (M1 and M2, respectively). Single
crystal X-ray diffraction analysis confirmed their structures. Interestingly, M1 selectively recognizes Y>*
and Pb?* at two different wavelengths, whereas M2 selectively interacts with Y>* with a significantly high
binding constant, 1.3 x 10°> M™%, The proposed sensing mechanism involves the displacement of Mo(vi)
by Y3*/Pb?* from respective Mo(vi) complexes. The TCSPC experiment also substantiates the “turn-on”
fluorescence process. A logic gate has been constructed utilizing the fluorescence recognition of
cations by M1. DFT studies corroborated the cation—probe interactions and allowed exploring the orbital
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Introduction

Yttrium, a mushy, luminous, and crystalline group III transition
metal having similarities with lanthanides, has historically
been grouped as a rare-earth metal* and has always been found
in nature along with rare-earth minerals.> Chemically, yttrium
favours lanthanides more intimately than neighbouring scan-
dium.*>* Yttrium isotopes are the most common products in
nuclear fission. Though yttrium is found in several uranium
ores, it is rarely found in a free state.® Yttrium plays an impor-
tant role in the replacement of thorium and as a catalyst for
ethylene polymerization.*” Water-soluble yttrium compounds
are toxic that affect the lungs, kidney, spleen, and liver.® Radio-
yttrium (yttrium-90, B-emitter) is used for the treatment of
various cancers.’ Thus, trace-level detection and determination
of yttrium are highly demanding.

On the other hand, lead, the most noxious among heavy
metals,'*™ causes serious health issues through contaminated
food, water, and air.*>*® It affects the mucous tissues, intestines,
bones, central nervous system, liver, kidney, and reproductive
system. Even at very low concentrations, it disrupts the
biosynthesis of haemoglobin to cause anemia."” " World Health
Organization (WHO) has listed Pb(u) among ten elements as
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crucial to public health anxiety.>® Thus, precise quantification of
trace level Pb(u) is also a priority. Hence, we have explored
a facile, rapid, inexpensive, non-invasive method such as fluo-
rescence for the selective detection and quantification of Y(u)
and Pb(u).

Metal displacement reactions are primarily employed in
organometallic synthesis and catalytic cross-coupling reactions
such as Suzuki, Stille, Negishi, and Sonogashira reactions.*-**
Recently, we have employed the “metal displacement
approach”*** for easy optical recognition of cations.

For this purpose, the design of the probe is very crucial.
Recently, we have focussed on the development of Mo(vi)
complexes of amide-imine conjugates. The amide functionality
has received notable attention in pharmaceutical formulations
for its stability, conformational diversity, and high polarity.*>**
Almost one-fourth of drug molecules and proteins contain
amide as an active functional group.*

On the other hand, molybdenum is a cofactor of several
enzymes, viz. nitrogenase, aldehyde oxidase, xanthine oxidase,
sulphite oxidase, nitrate reductase, and xanthine dehydroge-
nase.”* Oxo-molybdenum(vi) complexes have interesting stereo-
chemical and microelectronic properties* having therapeutic
and catalytic applications, possibly due to their switching ability
amongst various oxidation states.*’

As far as the literature is concerned, reports on simulta-
neous, selective optical recognition of Y** and Pb*" are
unavailable. Only a very few reports on Y>* coordination
chemistry/extraction are available.***° A zinc porphyrin-CONH-
quinone dyad (ZnP-CONH-Q) has been reported by Fukuzumi
et al. for the detection of Y*" in toxic benzonitrile medium,
having a very low association constant.”® On the other hand,
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optical probes for selective detection of Pb>" are few and involve
either metal-organic frameworks/rhodamine derivatives.>**
From a practical point of view, a single sensor that shows
differential response towards multiple ions is more desirable
over one-to-one sensors. These facts stimulated us to search for
a single probe that can selectively detect both Y*>* and Pb*".
To address the lacunas and overcome the limitations,
herein, we present two molecular probes, M1, capable of dual
sensing Y** and Pb*", whereas M2 recognizes only Y*' in
aqueous ethanol medium with improved binding constant and
detection limit. Selectivity is achieved by tuning the probe
backbone from substituted aniline to naphthalene (electronic
control). M1 and M2 are two different molybdenum/(vi)
complexes of two amide-imine conjugates (L1 and L2) synthe-
sized by condensing meta-toluic acid hydrazide (MTA) with 4-
(N,N'-diethylamino)salicylaldehyde and 2-hydroxy-1-
naphthaldehyde, respectively. MTA is prepared from m-toluic
acid via acid chloride and subsequently reacting with hydrazine.
The turn on fluorescence has been achieved via the trans-
metalation/metal displacement approach, leading to P1 and
Y2, respectively. Kinetic studies unfold the molecular-level
interaction and associated spectroscopic properties. The
density functional theoretical (DFT) studies have substantiated
the displacement mechanism. Emission wavelength based
discrimination of Y*" and Pb** using M1 allowed the develop-
ment of a binary logic gate that functions as a molecular switch.

Experimental
Methods and materials

Commercial reagents like HEPES buffer, 4-N,N-diethylamino-
salicylaldehyde, 2-hydroxy-naphthaldehyde, hydrazine hydrate,
and metal salts have been purchased from Sigma-Aldrich and
Merck. Spectroscopic grade solvents have been used. Shimadzu
FTIR (model IR Prestige 21 CE) spectrometer is used to record
FTIR spectra. PerkinElmer 2400 series II CHN analyzer was used
for elemental analysis. Shimadzu UV-2450 spectrophotometer
with a 1 cm path length quartz cell is used to record absorption
spectra. A QTOF 60 Micro YA 263 mass spectrometer is
employed to measure the mass spectra in the ES positive mode.
Fluorescence spectra are recorded on a Hitachi F-7000 spec-
trofluorimeter. A systronics digital pH meter (model 335) is
used to measure the pH of the solution. A Bruker ADVANCE III
HD (400 MHz) spectrometer is employed to record 'H NMR
spectra in DMSO-d, solvent. The chemical shift value (ppm)
with residual solvent peak is used as an internal reference.
Multiplicity is indicated as follows: s (singlet), d (doublet), t
(triplet), q (quartet), and m (multiplet). Coupling constants (J, s)
have been reported in Hertz (Hz). Fluorescence lifetime data
have been collected by time correlated single photon counting
(TCSPC) technique using FluoroCube-01-NL spectrometer using
a Laser-diode (model: DD-450L-8666, typical FWHM ~170 ps).
Kinetic measurements have been carried out with an Applied
Photo physics SX 17MV stopped-flow spectrophotometer
(model OPT-622) in the symmetric mixing mode at 25 °C and
ambient pressure.
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X-ray data are collected on a Bruker X8 APEX-II CCD
diffractometer at 100(2) K using graphite-monochromated Mo
K, radiation (0.71073 A) at 150 K. Data are processed and cor-
rected for Lorentz and polarization absorption effects. Crystal
structures were solved by standard direct methods using the
SHELXS* and refined by full-matrix least-squares with
SHELXL*” and OLEX2,*® software. Significant crystal parameters
and refinement data are presented in Table S1 (ESI).t All non-
hydrogen atoms are refined with anisotropic thermal displace-
ments. Hydrogen atoms are not included in the structure factor
calculation in geometrically idealized positions, with thermal
parameters depending on the parent atom, using a riding
model. Images are generated by Mercury software.*

Synthesis

3-Methyl-benzoic acid hydrazide (MTA). A few drops of SOCl,
were added to the ethanol solution of m-toluic acid (1 g, 7.34
mmol) under stirring conditions at room temperature (Scheme
1). The resulting mixture was reacted with hydrazine hydrate to
get the target hydrazide, MTA, with a 65% yield. Its molecular
formula is CgH;oN,O (MW = 150.18). Anal. found, C, 63.78; H,
6.61 and N, 18.83; caled, C, 63.98; H, 6.71 and N, 18.65. ESI-
MS(+) m/z [M + Na]', 172.82 (Fig. S1a, ESIt). *"H NMR (Fig. S1b,
ESIt), 400 MHz, DMSO-dg, TMS, J (Hz), 6 (ppm): 9.713 (1H, s),
7.636-7.589 (2H, m), 7.320-7.306 (2H, q), 4.470 (2H, s), 3.406
(3H, s). > CNMR (Fig. Sic, ESIt): 166.62, 138.13, 133.82, 132.21,
128.76-128.15, 124.57 and 21.82. FTIR (KBr, Cmfl): 3416, v(N-

Reagents and Conditions:
lethyl-benzoic acid

AN
COOE NH, | ()=SOCI/EOH

COOH

(b)=NH,NH,/McOH
2

-hydroxy-benzaldehyde
alene-1-carbaldehyde

MT MTE MTA

l ocuj

Scheme 1 Synthetic protocol of MTA, M1, M2, Y1, P1, and Y2.
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H); 2908, »(C-H, aromatic); 1675, »(C=0); 1585, »(C-H,
aliphatic); 1189, »(N-N) (Fig. S1d, ESI).}

3-Methyl-benzoic acid (4-diethylamino-2-hydroxy-
benzylidene)-hydrazide (L1). A mixture of MTA (150 mg, 1.0
mmol) and 4-N,N-diethylamino-salicylaldehyde (193 mg, 1.0
mmol) was refluxed in methanol for 6 h. Finally, the solution
was kept for slow evaporation while the yellow compound, L1
was collected with 81% yield after a few days (Scheme 1). Its
molecular formula is C;9H,3N30, (MW = 325.40). Anal. found,
C, 69.36; H, 7.70 and N, 12.06; caled, C, 70.13; H, 7.12 and N,
12.91. ESI-MS (m/z): [M + H]', 326.48, [M + Na]", 348.49 (Fig. S2a,
ESIT). '"H NMR (DMSO-d,, 400 MHz, ] Hz, 6 ppm):11.697 (1H, s),
11.405 (1H, s), 8.347 (1H, s), 7.653-7.619 (2H, t, ] = 6.8 Hz),
7.348-7.334 (2H, d, J = 5.6 Hz), 7.130-7.109 (1H, d, ] = 8.4 Hz),
6.217-6.195 (1H, t, ] = 4.4 Hz), 6.058 (1H, s), 3.414 (3H, s), 3.301
(4H, s), 1.107-1.023 (7H, m) (Fig. S2b, ESI}). FTIR (KBr, cm™"):
3237, »(O-H); 2975, v(C-H, aromatic); 1638, »(C=0); 1526,
»(C=N); 1130, »(N-N) (Fig. S2c, ESI{).

3-Methyl-benzoic acid-(2-hydroxy-naphthalen-1-
ylmethylene)-hydrazide (L2). Methanol solution of MTA
(150 mg, 1.0 mmol) and 2-hydroxy-1-naphthaldehyde (172 mg,
1.0 mmol) was refluxed for 2 h, and the resulting brown solution
was kept for slow evaporation, while brown L2 was collected at
76% yield after few days (Scheme 1). Its molecular formula is
C10H;6N,0, (MW = 304.34). Anal. found, C, 74.20; H, 5.02
and N, 9.11; caled, C, 74.98; H, 5.30 and N, 9.20. ESI-MS (m/z):
[M + HJ', 305.39; [M + Na]’, 327.39 (Fig. S3a, ESI{). "H NMR
(DMSO-dg, 400 MHz, ] Hz, 6 ppm) 12.773 (1H, s), 12.115 (1H, s),
9.431 (1H, s), 8.174-8.152 (1H, d, J = 8.8 Hz), 7.894-7.838 (2H,
m), 7.742-7.708 (2H, m), 7.580-7.542 (1H, m), 7.433-7.341 (3H,
m), 7.195-7.172 (1H, d, J = 9.2 Hz), 3.301-3.235 (7H, t, ] = 13.6
Hz) (Fig. S3b, ESI{). FTIR (KBr, cm ™~ '): 3192, »(O-H); 3027, »(C-
H, aromatic); 1623, »(C=0); 1570, y(C=N); 1182, »(N-N)
(Fig. S3c, ESIT).

M1 and M2. Solutions of MoO,(acac), (1 g, 3.04 mmol,
MeOH, 5 mL) were added separately to each of L1 (0.5 g,
1.53 mmol, 10 mL) and L2 (0.5 g, 1.64 mmol, 10 mL) in MeOH/
DCM under stirring conditions for 2 h (Scheme 1). Slow evap-
oration of solvent yielded brown crystals of M1 and M2,
respectively.

M1: (yield, 68%), molecular formula is C»oHy5M0ON3;O5 (MW
= 483.38). Anal. found, C, 49.21; H, 4.95 and N, 8.76; calcd, C,
49.70; H, 5.21 and N, 8.69. ESI-MS (m/z): [M + H]', 486.64
(Fig. S4a, ESIT). FTIR (KBr, cm ™ '): 2923, »(C-H, aromatic); 1646,
»(C=0); 1481, »(C=N); 1078, ¥(N-N) (Fig. S4b, ESIt). The
structure of M1 was confirmed by SC-XRD analysis.

M2: (yield, 62%), molecular formula is C,oH;3M0ON,O5 (MW
= 462.31). Anal. found, C, 51.11; H, 3.25 and N, 6.39; calcd, C,
51.96; H, 3.92 and N, 6.06. ESI-MS (m/2): [M + 2H,0 + H]', 500.96
(Fig. S5a, ESIT). FTIR (KBr, cm ™ '): 3005, »(C-H, aromatic); 1660,
»(C=0); 1563, ¥(C=N); 1175, ¥(N-N) (Fig. S5b, ESI{). The
structure of M2 was confirmed by SC-XRD analysis.

Y1 (M1-Y adduct), Y2 (M2-Y adduct) and P1 (M1-Pb adduct).
In separate magnetically stirred methanol solutions of M1 and
M2, methanol solutions of Y(NO3);-6H,0 were added drop-wise
for 5 min. In another set, a methanol solution of Pb(NO3), was
added to the solution of M1 in methanol under stirring

© 2022 The Author(s). Published by the Royal Society of Chemistry
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conditions. The mixtures were kept for slow evaporation to yield
Y1, Y2, and P1, respectively.

Y1: the yield was 52%, molecular formula is C;9H,;;N500Y
(MW = 555.33). Anal. found, C, 42.09; H, 4.32 and N, 12.04;
caled, C, 41.09; H, 4.36 and N, 12.61. ESI-MS (m/z): [M + H,0]",
573.0059 (Fig. S6a, ESIT) FTIR (KBr, cm™'): 3349, »(N-H); 3154,
v(C-H, aromatic); 1646, »(C=0); 1476, v(C=N) (Fig. S6b, ESI{).

Y2: the yield was 64%, molecular formula is C;oH;7N4OqY
(MW = 534.27). Anal. found, C, 42.88; H, 3.41 and N, 10.94;
caled, C, 42.71; H, 3.21 and N, 10.49. ESI-MS (m/z): [M + 2H,0]",
569.3079 (Fig. S7a, ESIT). FTIR (KBr, cm™"): 3491, »(N-H); 3162,
¥(C-H, aromatic); 1623, »(C=0); 1407, »(C=N) (Fig. S7b, ESIT).

P1: the yield was 70%, molecular formula is C;9H,,N,OsPb
(MW = 593.60). Anal. found, C, 38.46; H, 3.60 and N, 9.56; calcd,
C, 38.44; H, 3.74 and N, 9.44. ESI-MS (m/z): [M + H]", 595.1094
(Fig. S8a, ESIT). FTIR (KBr, cm ™ '): 3573, »(N-H); 2766, »(C-H,
aromatic); 1630, »(C=0); 1384, vy(C=N). (Fig. S8b, ESIf).

Results and discussion
X-ray diffraction analysis

The molecular structures of M1 and M2 were confirmed by
single crystal X-ray diffraction analysis. Details of crystallo-
graphic refinement parameters are provided in Table S1 (ESI).}
Selected bond lengths and angles are presented in Tables S2a
and b (ESI),T respectively. Both the complexes, M1 (CCDC
1941205) and M2 (CCDC 1919499), show distorted octahedral
geometry having identical molecular structures (Fig. 1).

In M1, bond lengths, 01-C1 (1.29(3) A) and 02-C11 (1.34(3)
A) for phenol C-O bond and amide C-O bond are close, indi-
cating the C-O single bond character. Thus, the C=0 bond of
amide in amide-imine conjugate has a single bond character
after complexation with Mo(vi). A similar observation was made
for the complex M2 where 02-C11 (1.342(2) A) for phenol C-O
bond and 01-C1 (1.310(2) A) for amide C-O bond were close
enough. The C=N bond character is reflected from the bond
length N1-C1 (1.28(3) A) and N2-C9 (1.34(3) A) in M1 whereas
bond lengths N1-C1 (1.311(2) A) and N2-C9 (1.294(2) A) indi-
cate the double bond character of CH=N in M2.

Two oxo groups maintained a cis-geometry, with Mo=0
double character in M1, Mo-O4 (1.69(2) A) and Mo-05
(1.727(16) A) and M2, Mo-O3 (1.7046(15) A) and Mo-O4
(1.6945(15) A). Bond lengths Mo-O1 (2.012(13) A) and Mo-02
(1.925(15) A) in M1 and Mo-O1 (2.0093(14) A) and Mo-02
(1.9286(14) A) in M2 indicated Mo-O single bond character.

Both the complexes adopted six co-ordination including
methanol as coordinating solvent. Bond angles, O02-Mo-0O1

)
T N‘f; o ¥ ; ——, J
K <~ VA YA
\,):5/(1,(‘_)—%/ Jt‘i:]: @\—‘ ]
} b I }i P

M1 M2
Fig.1 ORTEP view of M1 and M2 (50% ellipsoid probability).
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(149.8(6)°), 04-Mo-03 (170.3(8)°) and O5-Mo-N2 (158.2(9)°) in
M1 and 02-Mo-O1 (149.77(6)°), O5-Mo-O4 (171.28(6)°) and
N2-Mo-03 (155.41(7)°) in M2 reveal distorted octahedral
geometries.

Spectroscopic studies

Spectroscopic recognition of Y** and Pb** along with spectro-
scopic properties of M1 and M2 have been thoroughly
investigated.

The ethanol solution of L1 absorbs at 372 nm, assigned as n—
T* electronic transition. Upon addition of Mo(vi) to L1, the
absorbance increases significantly with a minor blue shift to
363 nm. This intensified optical density (OD) value is due to
metal bound intra-ligand charge transfer (CT) process.
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Upon the addition of Y, the absorbance of M1 at 363 nm in
EtOH/H,0 (4/1, v/v) decreases significantly with the appearance
of a new peak at 413 nm through an isosbestic point at 374 nm
(Fig. 2a). This is due to the formation of the [L1-Y**] adduct via
the metal displacement process that consequently affects the
intra-ligand charge transfer process.

Similarly, upon the addition of Pb** to M1, the absorbance at
363 nm decreases with the appearance of a new peak at 426 nm
with an isosbestic point at 396 nm (Fig. 2b).

On the other hand, the ethanol solution of L2 absorbs at
320 nm and 360 nm, assigned to w-m* and n-7* transitions,
respectively, which are intensified and shifted to 311 nm and
440 nm, respectively, upon the addition of Mo(vi), attributed to
metal bound intra-ligand charge transfer (ILCT) process,

0.07 4
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— i
0.06 _— I':\: :"
— 3t
0.05 - — s’
— st
— 1M
E 0.04 S0uM rb‘:
« —— 100,M PH*"
= 3000 Pb2*
E 0.03 00,0 P12
= 4 700uM Ph::
——900uM Pb°
0.02 —— 11000 Pb**
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0.00 T T T 1
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420 450

Wavelength (nm)

C

Fig.2 UV-vis titration: M1 (20 pM) vs. [M™*] where M™ = Y3* [0-2500 pM] (a) and Pb?* [0-2500 uM] (b); M2 (20 uM) vs. [Y**] [0-2500 pM] (c)

HEPES buffered EtOH/H,O (4/1, v/v, pH 7.4).
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resulting in enhancement of OD value of lower wavelength peak
and LMCT process for the intensified OD of higher wavelength
peak.

Upon the addition of Y** to M2, the absorbance at a lower
wavelength is reduced and shifted to 336 nm due to the change
in environment. The presence of the electron rich -ONO, group
might lower the intra-ligand charge transfer process. While the
absorbance at a higher wavelength increases with a blue shift to
419 nm via an isosbestic point at 375 nm due to the LMCT
process (Fig. 2¢).

The structural beauty of L1 having two types of functional-
ities, viz. imine moiety (with -NEt, and act as donor) and amide
moiety (acts as acceptor) allow intra-ligand charge transfer
(ILCT) process.® Such ILCT becomes more favourable at
a particular geometry. Probably, upon complexation with metal
ions, the L1 gains rigidity and appropriate geometry for the
ILCT process, resulting in a change in OD values. On the other
hand, for L2 devoid of donor groups like -NEt,, the ILCT is
poor. Upon complexation with a suitable metal ion, the LMCT
process operates, leading to a change in OD values. The absence
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or weak LMCT process in the case of M1 might be due to the
existence of a very strong ILCT process.

It has been observed that Y*>" and Pb*" assisted “turn on
fluorescence” of M1 and Y*' triggered fluorescence enhance-
ment of M2 is pH sensitive and demand monitoring at different
pH (pH 2.0-12.0) [Fig. S9a-c, ESI].t The optimum performance
has been observed near physiological pH, 7.4, which directed us
to investigate the entire spectroscopic studies at pH 7.4 (EtOH/
H,0, 4/1, v/v, 10 mM HEPES buffer). It is noteworthy to mention
that increasing the water percentage of aqueous ethanol
reduces emission intensity.

Moreover, it has been observed that except Pb*>" and Y**
other relevant common cations viz. Cu**, Cr**, Mn?', Fe**, Fe’*,
Co™", Ni**, Al’, Zn*", Ag", cd**, Hg*", La*", Ce*", Gd**, Tb**, and
Dy*" do not affect the emission intensity of M1 (e, = 410 nm)
(Fig. 3a).

On the other hand, steady-state emission spectra of M2 (Aex =
342 nm) are affected by Y*" while other mentioned cations
remain silent (Fig. 3b).
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Fig. 3 Effect of common cations on emission spectra of (a) M1 (20 uM) and (b) M2; media and pH mentioned earlier.
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Fig. 4 Effect of common cations on absorption spectra of (a) M1 (20 uM) and (b) M2 (20 uM); media and pH mentioned supra.
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The corresponding absorption spectroscopic studies are
demonstrated in Fig. 4a and b.

In the presence of Y**, the emission intensity of M1 changes
in a ratiometric manner. Upon gradual increase of Y
concentration, emission intensity at 449 nm decreases while it
increases significantly at 527 nm with an iso-emissive point at
468 nm (Fig. 5a). Fluorescence titration of M1 with Pb** results
in the enhancement of emission intensity at all wavelengths viz.
at 449 nm, 463 nm, and 503 nm with increasing Pb>" concen-
tration (Fig. 5b). Similarly, the emission intensity of M2 at
497 nm gradually enhances with increasing Y** concentration
(Fig. 5¢).

The selectivity of M1 towards Y>* and Pb>" has been tested by
measuring the emission intensities of M1 in two separate
mixtures containing Y** and Pb**, respectively, along with
various other metal ions (Fig. S10a and b, ESI).t Likewise, the
selectivity of M2 for Y>* has been verified by monitoring the
emission intensity of M2 in a mixture of Y*>* and various other
common metal ions (Fig. S10c, ESIf). The presence of the
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Fig. 5 Fluorescence titration of M1 (20 puM) vs.
mentioned supra.
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mentioned common cations does not interfere with the emis-
sion intensities of M1-Y**, M1-Pb>", and M2-Y*" systems,
pointing out the selectivity of the recognition processes. The
emission intensity vs. analyte concentration plot is sigmoidal
(Fig. Sila-c, ESIt), the linear regions of which allow deter-
mining the limit of detection (LOD), the values of which for M1
towards Y** and Pb>" are 5.5 x 107’ M and 26 x 107° M,
respectively (Fig. S12a and b, ESI),T while for M2 towards Y** is
8.0 x 1077 M (Fig. S12c, ESIt). The corresponding association
constants for M1-Y**, M1-Pb**, and M2-Y** systems are 3.9 x
10* MY, 2.9 x 10* M, and 1.3 x 10° M ', respectively
(Fig. S13a—-c, ESI).T Job's plots indicate 1 : 1 stoichiometry for all
the adducts viz. Y1, Y2, and P1, respectively (Fig. S14a-c, ESI).T

Interestingly, excitation spectroscopic studies (Fig. S17a-ct)
provided an understanding of the molecular level interaction
between the probes and sensed cations. In the case of M1, and
in the presence of Y*" (assigned as Y1), the excitation at the
emission wavelength (527 nm) results in an excitation spec-
trum, which is split and the complex pattern does not allow us
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to conclude about its aggregation. However, the excitation
spectrum corresponding to the emission spectrum for the
interaction of M1 with Pb** (assigned as P1) undergoes a red-
shift by 40 nm compared to its absorption spectrum, indi-
cating J aggregation. In the case of M2, and in the presence of
Y?* (assigned as Y2), the excitation at the emission wavelength
(497 nm) results in an excitation spectrum almost identical to
its absorption spectrum, indicating no aggregation.

Sensing mechanism

The weak emissions of L1 and L2 is attributed to the photo-
induced electron transfer (PET) process that arises from amide-
N to -CH=N- moiety. Mo(vi) triggered inhibition of both PET and
-CH=N- isomerization enhanced the rigidity leading to chelation
enhanced fluorescence process (CHEF). The addition of Y** and/
Pb** displaced Mo(vi) from corresponding Mo(vi) complexes
leading to strong fluorescence. The fact is supported by the ESI-
MS (m/z) spectra and single crystal X-ray structures of M1 and
M2. Further, Y>" and Pb*" triggered fluorescence enhancement of
M1 and M2 have been rationalized by the metal displacement
process where Mo(vi) is being replaced by Y** and Pb** ions® from
their respective complexes, viz. M1 and M2 with the formation of
M1-Y?" (Y1), M1-Pb>" (P1), and M2-Y*>" (Y2) adducts (Scheme 2).
Replacement of Mo(vi) by Pb** from M1 leads to P1, and sup-
ported by the corresponding ESI-MS spectrum, having (m/z), [M +
HJ", 595.1094. Job's plot in all three cases also corroborates these
facts of 1:1 product formation (Fig. S14a-c, ESI).}

In spite of the similar orientation and geometry of the ligand
prior and post-displacement of Mo(vi), the emission profile of all
the systems are different. The explanation lies in the structure of
L1, where ILCT is inherent. In the emission profile of M1, among
two peaks, one is associated with the CT (at a lower wavelength)
and the other is for the CHEF process. The process of charge
transfer is favoured by the tetrahedral geometry of P1 as compared
to octahedral M1, and therefore, with the changeover of P1 from
M1, both the peaks associated with CT and CHEF are enhanced.
Coming to Y1, the charge transfer is disfavoured and suppressed
as compared to the process of CHEF, and hence a ratiometric

HO' : NEt,
l‘[v ()"‘ 0
l /\ /
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behaviour is observed. The lowering of the extent of charge
transfer from donor to acceptor might be due to the presence of
the electron rich -ONO, group in the complex Y1, and therefore
the real donor becomes a pseudo donor. Hence the mutuality
between the fluorophore donor and acceptor is no longer
predominant here. This is the proposed explanation of experi-
mental observation in the context of metal displacement in M1 by
Y*" and Pb>". For L2, there is no ILCT as described supra; inten-
sified emission is due to the CHEF process only that operates in
a more active way than compared to its parent complex, M2.

Interestingly, probe M1 is capable of dual sensing Y** and
Pb*", while probe M2 recognizes only Y**.

Upon moving from phenyl to naphthalene moiety (from M1
to M2), the probe shows selectivity for Y** only. This fact may be
rationalized in terms of the higher PET efficiency of naphtha-
lene over the phenyl ring. This is also reflected in replacement
kinetics, where we observed rapid replacement (almost instan-
taneous) of Mo(vi) by Pb>* and Y*' from M1, whereas it takes
almost sixteen (16) s in the case of M2 by Y**. The corresponding
rate constants of the displacement reactions are 1.2 x 10° M *
s 1,43 x10°M 's 7, and 6.3 x 10° M ' s, respectively. The
slow displacement kinetics for the M2-Y>* system probably
indirectly implies higher selectivity of M2 for Y**. In other
words, the slow reactivity of M2 over M1 made it more inert than
M1 and hence allowed only Y**, but not Pb**, to interact. The
metal displacement kinetics was monitored by the stopped-flow
spectrophotometric method. Changes in absorbance at 426 nm
for the M1-Pb** system, at 413 nm for the M1-Y*" system and at
440 nm for the M2-Y>" system are measured as a function of
time. A pseudo first order kinetic behaviour is observed in all
cases (Fig. S15a-ct). The sensing interaction is further ratio-
nalized by "HNMR titration, TCSPC, and DFT studies.

Comparison with other pioneering Y>* and Pb** probes®"*

Trace level determination of Y*" and Pb®>" using Mo(vi)
complexes (M1 and M2) by fluorescence method is compared
with available pioneering probes and presented in Tables S1
and S2,°*7* (ESI).t A closer look reveals that some probes may
have better LOD but the method either involves fluorescence

II.() ()\(),
()\()»

\ /n\()‘

By 8@@

Y1 il

Scheme 2 Plausible sensing mechanism.
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quenching, which is not at all desirable in sensing studies or
toxic solvents like THF and CH;CN. The present work has used
a comparatively green solvent, EtOH.

"HNMR titration

The interaction of metal ions with the organic probe and
resulting metal complexes have been followed through "HNMR
titration. Highly de-shielded amide proton (a) at 11.697 ppm
and phenol -OH proton (b) at 11.405 ppm of L1 fully dis-
appeared upon complexation with Mo(vi), leading to the
formation of M1 (also established by single crystal X-ray struc-
ture) (Fig. S16a, ESIt). Notably, in the presence of both Y*>* and
Pb>", the peak patterns of M1 changed abruptly. New peaks
appeared at 11.804 ppm and 11.878 ppm in the case of Y1 (M1-
Y*") and P1 (M1-Pb>"), respectively, similar to amide protons of
L1 (al), supporting the proposed mechanism.

A similar observation was found for M2 (Fig. S16b, ESIf)
upon interaction with Y**.

Highly de-shielded amide proton (a’) at 12.733 ppm and
phenol ~OH proton (b’) at 12.115 ppm of L2 disappeared upon
complexation with Mo(vi), whereas the a’ proton reappeared at
12.714 ppm during trans-metallation of Mo(vi) by Y**,

Time correlated single photon counting studies (TCSPC
studies)

The fluorescence life time decay experiment also corroborates
the cation-probe interaction. Weakly fluorescent M1 shows
a characteristic decay profile in the presence of Y**, Pb**, while
similar observation has been found for M2 upon interaction
with Y** at their respective emission wavelengths (Fig. 6). The
average life time (t) of adduct Y1, P1, and Y2 are 1.73 ns, 3.35 ns,
and 2.33 ns, respectively. The time-resolved fluorescence life
time data are presented in Table 1.

Theoretical studies

To explore the underlying energy parameters of different fron-
tier molecular orbitals involved in the process of probe-analyte
interaction, density functional theoretical (DFT) studies have

1200 4
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z Fit of P1
E 600 - Prompt at 336 nm
1<) Decay of Y2
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Fig. 6 Fluorescence life time decay profiles of Y1, P1, and Y2.
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Table 1 Fluorescence life time data of Y1, P1, and Y2
Species B B, 7, (ns) 7, (ns)
Y1 82.55 17.45 0.026 1.83
P1 10.26 89.74 0.089 3.33
Y2 76.27 23.73 0.756 3.44

been performed with the L1, L2, M1, M2, Y1, Y2, and P1
complexes/adducts using the basis set TD-SCF/DFI/B3LYP/
SDD. The energy gap between the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbitals
(LUMO) for L1, L2, and M1, M2, Y1, P1, and Y2 are shown in
Fig. 7a and b, respectively. The HOMO-LUMO energy gaps in L1
and L2 are 0.04616 eV and 0.09488 eV, respectively, where the
HOMO-LUMO energy gaps in M1 and M2 decrease to
0.03079 eV and 0.02278 eV. The corresponding values in M1-Y**
and M1-Pb”>" are 0.02738 eV and 0.01783 eV, respectively, indi-
cating the stability of Y1 and P1. The corresponding value for
M2-Y** (Y2) adduct is 0.01944 eV. Here, a slightly decreased
energy gap of M1 with respect to L1 has been shown. However,
the addition of Y>" and Pb>" to M1 lowers the energy gap and is
associated with a red shift, matching the experimental findings
with theoretical values. In the case of M2, the energy gap
decreased with respect to L2, which indicates the red shift of the
absorption peak and clearly supports the experimental findings.
The addition of Y** to M2 also lowers the energy gap. Here,
some anomalous behaviour of the absorption peak of M1 with
respect to L1 has been observed where a blue shift occurs with
a decrease in the energy gap. This type of mismatch of theo-
retical observation does not result in a less stable complex.”””*
Fig. 7a and b also represent the electronic distribution in all the
orbitals, which are in agreement with spin allowed electronic
transition.

In the case of HOMO of L1 and L2, the electron density is
localized on benzene moiety and additionally along within the -
NEt, group in L1. M1's as well as M2's HOMO shows a distri-
bution of electron density towards the aromatic moiety mainly,
whereas their LUMO electron density is totally confined on
metal bound centres. Y1 represents the transition of electron
density from salicylaldehyde moiety (HOMO) to all over the
complexes, especially up to the metal centre (LUMO). The
HOMO of P1 restricted the electron density to the metal bound
centre where the electron density was distributed to the imine
centre along with meta toluic acid moiety of P1's LUMO.

Looking at the HOMO of M1, where the electron density is
distributed in a dispersed way, the displacement of Mo(vi) by
Pb>" yields P1, which displays almost a homogeneous distri-
bution of charge over the entire molecule. This outcome must
be correlated with a strong operation of the CT process, as
described earlier in the spectroscopic investigation. Interest-
ingly, the ratiometric behaviour as obtained from the spec-
troscopy can also be interpreted with these MOs. In Y1, the
distribution of charge, even in a dispersed way, no longer exists,
and it might be due to the completely arrested CT process.
Therefore, activation of the CHEF process along with this CT
inhibition results in ratiometric behaviour.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 General representation of the molecular logic circuit.

Table 2 Truth table of the logic gate operation

Output

Input 1 (Pb*") Input 2 (Y*") (Aem = 463 nm/527 nm)

= = oo
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Now Y2, where the distribution is only due to CHEF activa-
tion, shows a much greater electron density than M2. This
indicates the intensified absorption/emission during the
displacement of Mo(vi) by Y** from M2. Moreover, Y2's HOMO
cramped the electron density in naphthalene moiety, which gets
transferred to the metal bound co-ordination zone of Y2's
LUMO. Such flow of electron density is associated with the
charge transfer related electronic transition. All the above facts
partially support the experimental findings.

Logic gate behaviour

The emission behaviour of M1 at 463 nm and 527 nm in the
presence of Pb®>" and Y** may be presented through “OR” logic
gates (Fig. 8). By considering Pb>" and Y** as input function and
assuming turn on fluorescence as output (Aey, = 463 nm/527
nm) we can employ M1 for the construction of a binary logic
gate. In the case of input, “absence and presence” are denoted
as “0” and “1”, respectively, whereas for output, the allocations
are “0” and “1” for weak and strong emissions, respectively.
Truth table is shown in Table 2.

Conclusion

Two Mo(vi) complexes of amide-imine conjugate have been
employed for selective recognition of Y** and Pb>*. Y** and Pb>*

© 2022 The Author(s). Published by the Royal Society of Chemistry

easily displace Mo(vi) from weakly fluorescent metal complex,
M1 whereas Mo(vi) is quickly displaced by Y*' in M2. In the
presence of Y** and Pb>*, M1 emits yellow and blue light,
respectively, while M2 selectively interacts with Y** to emit
green fluorescence. The proposed sensing mechanism is based
on the metal displacement protocol that has been substantiated
by several spectroscopic and analytical techniques. Moreover,
DFT studies established the stability of the resultant adducts,
Y1, P1, and Y2, over respective Mo(vi) complexes.
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