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In this paper, a novel flexible Schiff base chemosensor N'-(2-hydroxy-3-methoxybenzylidene)-2-(benz-
amido)benzohydrazide (L) has been designed, synthesised and characterised by *H-NMR, IR spectroscopy,
ESI-MS spectrometry and single crystal XRD analysis. A significant fluorescence enhancement of L was
observed only in the presence of Ni%* ions with a detection limit of 3.64 uM whereas Cu?* induced fluo-
rescence quenching, although both the metals showed colorimetric responses in methanol-Tris-HCl
buffer (10 mM, pH 7.2) solution (1:1, v/v). The single crystal structure of L-Cu?* has also been deter-
mined. No major interference by the other effective background cations (Fe**, Fe?*, Co?*, Zn?*, Cd?*,
Hg?*, Pb%*, Cr®*, Ag*, A" and Mn?*) was observed even at a higher concentration of analytes. The
experimental results were further supported by DFT studies. The chemosensor L can be applied to the
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Introduction

The ion detection properties of an effective chemosensor
mainly depend on host-guest binding affinities promoted by
non-covalent interactions like metal-ligand complexation,
hydrogen bonding interaction, van der Waals interactions and
change in the optical or electrochemical properties of the
system."? Several standard methods such as potentiometry,’®
chromatography, atomic absorption spectroscopy (AAS),’
inductively coupled plasma emission spectroscopy (ICP-ES),°
inductively coupled plasma mass spectroscopy (ICPMS),” and
flow injection amperometry® are also available but these tech-
niques include serious drawbacks like troublesome sample
preparation, necessity of trained personnel, expensive and
sophisticated instruments, and careful operation and time
consumption.” In recent years, an optical chemosensor has
been extensively used as an alternative approach to detect and
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quantify these analytes due to its operational simplicity, high
sensitivity, better selectivity, reproducibility, less sample and
time consumption and a real time process.'®"?

After Fe and Zn, Cu is the 3™ most important essential
trace element in biological systems. It acts as an essential con-
stituent of several proteins and enzymes e.g. super oxide dis-
mutase, cytochrome c-oxidase, ceruloplasmin, tyrosinase and
nuclease."'* 1t also plays a significant role in several funda-
mental physiological processes like iron utilisation and hae-
moglobin formation.">'® Despite its vital roles, an excess
intake of Cu*" can cause toxic effects due to the formation of
harmful reactive oxygen species (ROS) which results in liver or
kidney damage and neuro-degenerative disorder like Wilson’s
disease, Parkinson’s disease, Alzheimer’s disease and Meknes
syndrome."”"?* Like Cu®" ions, Ni*>" also plays an essential role
in several biological processes such as respiration, metabolism
and biosynthesis. It is also present in the active sites of several
metalo-enzymes, for example hydrogenases, carbon monoxide
dehydrogenases and acireductone deoxygenases.”>>> Due to
its widespread metallurgical application in industrial pro-
cesses such as Ni-Cd batteries, electroplating, electroforming,
and alloy production,*®?” Ni**
ecosystem and cause negative impacts to the environment.
Overloading of Ni** in the human body results in numerous
adverse effects, including allergy, respiratory problems, pneu-
monitis, lung cancer, central nervous system disorders etc.”®>°

can easily enter into the aquatic
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So there is an urgent need to maintain the balance of these
toxic metal ions in biological and environmental systems.

Generally, Schiff bases provide suitable geometrical and
electronic environment towards some selected metal ions pro-
viding stable host-guest interaction. As the specific ion selecti-
vity is dependent on the relative stability of host-guest adduct
formation and controlled by the structural features of the recep-
tor and the optical signal is due to influence of guest on the elec-
tronic environment of host,** numerous chemoreceptor has been
developed using multi-dentate Schiff base scaffolds. Although
several reports are available based on a Schiff base chemosensor
citing Ni** and Cu®" ions separately,*'** the dual sensing mode
is still limited. However, multiple analyte detection by a single
molecular probe is cost effective and a less time consuming
process, and thus has been highly desirable in recent times.
Optical methods based on colorimetric receptors are especially
attractive due to real time analysis, simplicity and low capital cost
as compared to fluorescence where UV radiation and more soph-
isticated instruments are required,* although the latter has more
sensitivity than the former.** Furthermore, quenching of the
emission intensity occurs by the paramagnetic Ni** and Cu®*
ions through the excited state electron/energy transfer process
but such a mechanism is less prominent in optical measurement
due to its false pulse. Thus development of a turn on chromo-
genic Schiff base probe is more essential for rapid detection of
Ni** and Cu®" ions at trace levels.

Based on the above facts and in continuation of our current
research interest,’ we have developed the novel Schiff base
receptor L, by condensation of o-vanillin with one synthesised
amine, 3-amino-2-phenyl-4(3H)-quinazolinone, for the selec-
tive detection of Ni** and Cu** ions in aqueous medium. Here,
considering the requirement of the flexible coordination sites,
we have modified the heterocyclic quinazolinone ring structure
through the introduction of multiple C=O and -OH donor
centres along with an electron rich C=N moiety in the skel-
eton of the chemosensor L for appropriate complexation. The
probe L shows apparent colour and absorption changes in the
presence of both Ni** and Cu®" ions, whereas it shows fluoro-
genic response only towards Ni*" ions. Schiff bases originating
from o-hydroxy substituted aldehydes induce large Stokes
shifts through a six-membered stable excited state intra-
molecular proton transfer (ESIPT) process. The proposed
sensing mechanism has further been confirmed by FTIR,
"H-NMR, ESI-MS spectroscopy and DFT studies. The structures
of the chromophore L and its Cu(u) complex (1) have been con-
firmed by X-ray single crystal analysis. The structure of the
Ni(i1) complex (2) has been derived from DFT studies. The pro-
posed chemosensor L is applicable in real sample analysis,
living cell imaging and building of molecular logic gates.

Experimental
Materials and general information

All the required materials used for synthesis were obtained
from Sigma-Aldrich and used as received. Analytical grade sol-
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vents were used for the overall experiments and freshly pre-
pared double deionized water was used for the dilution
purpose and preparing methanol-Tris-HCI buffer (10 mM,
pH 7.2) solution (1:1, v/v). The metal ion solutions were pre-
pared from their nitrate salts and the solutions of anions were
prepared from their sodium salts. '"H NMR and “C NMR
spectra were recorded on a Bruker DRX spectrometer operating
at 400 MHz in CDCIl; and chemical shifts were recorded in
ppm relative to TMS. Absorption spectra were recorded on a
Shimadzu UV 1800 spectrophotometer using 10 mm path
length quartz cuvettes with the wavelength in the range of
200-800 nm. High resolution mass spectra (HRMS) were
recorded on a Waters mass spectrometer using a mixed
solvent of HPLC methanol and triple distilled water. The pH
measurements were done using a digital pH meter (Merck) by
adjusting dilute hydrochloric acid and sodium hydroxide in
buffer solution. The solutions of the receptor L (1 x 107> M)
and metal salts (1 x 10~* M) were prepared in CH;OH and H,0
respectively.

X-ray data collection and structural determination

X-ray single crystal data were collected using MoKa (1 =
0.7107 A) radiation on a BRUKER APEX II diffractometer
equipped with a CCD area detector. Data collection, data
reduction, and structure solution/refinement were carried out
using the software package of SMART APEX.*® The structures
were solved by direct methods (SHELXS-97) and standard
Fourier techniques, and refined on F* using full matrix least
squares procedures (SHELXL-97) wusing the SHELX-97
package®” incorporated in WinGX.*® In most of the cases, non-
hydrogen atoms were treated anisotropically. Hydrogen atoms
were fixed geometrically at their calculated positions following
a riding atom model. The crystallographic data of L and its
copper complex (1) are listed in Table 1. Structural
information of L and 1 has been deposited at the Cambridge
Crystallographic Data Center (CCDC 1831118 and 1843677
respectively).

Synthesis of N-(2-hydroxybenzylidene)-2-(benzamido)
benzohydrazide (L)

3-Amino-2-phenyl-4(3H)-quinazolinone (3) was prepared by a
reported procedure.’* 0.237 g (1 mmol) of this synthesized
amine “3” was dissolved in 10 mL of dehydrated methanol,
and a catalytic amount of glacial acetic acid was added to this
solution. Next, 5 mL methanolic solution of 0.152 g (1 mmol)
o-vanillin was added dropwise and the reaction mixture was
refluxed for 2 h under dry conditions. The resulting mixture
was kept in air for 24 h. The crystalline solid separated out was
filtered, washed with methanol and dried in air. Yield, 0.323 g,
83%; mp. >200 °C. Single crystals suitable for X-ray analysis
were obtained from the slow evaporation of the methanol solu-
tion of L. Anal. Calc. for C,,H;4N3;04: C, 67.86; H, 4.92; N,
10.79. Found C, 67.71; H, 4.87; N, 10.68%. EI-MS: m/z 412.12
(M + Na*, 100%) (Fig. S11). FTIR/cm ™" (KBr): 3475 (wb), 3210
(b, -NH), 3066 (m, aromatic CH- str), 1664 (vs, C=0), 1612
(vs, C=N), 1515 (s), 1450 (s), 1312 (m), 1298 (s), 1083 (s), 709
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Table 1 Crystallographic data and refinement parameters of the probe

L and complex 1

Compound L 1

Formula C,,H19N30, C,3H,1N;05Cu
Formula weight 389.40 482.08
Crystal system Orthorhombic Monoclinic
Space group Pn(7) C12/c1 (15)
a(A) 8.559(4) 26.093(12)
b (A) 24.701(9) 11.611(5)
c(A) 17.801(8) 14.522(5)
al°] 90 90

BL°] 90 106.229(14)
r[°] 90 90

V[A7] 3763.3(16) 4224.1(15)
z 2 8

D(calc.) [g em™] 1.369 1.579
u(MoK,) [mm™"] 0.096 1.082
F(000) 1620 2080
Temperature (K) 293(2) 293(2)
Radiation [A] (MoK,,) 0.71073 0.71073
Theta min-max [°] 2.166, 26.605 1.708, 23.790
Niet 7842 3151

Npar 1064 313

R 0.0788 0.0773

WR, 0.2611 0.2360

S 0.940 0.843
CCDC 1864565 1864566

(s) (Fig. S27). 'H NMR (400 MHz, DMSO, TMS): 5 12.29 (s, OH),
11.91 (s, 1H, NH), 10.74 (s, 1H, NH), 8.70 (s, 1 H, azomethine),
8.5-6.83 (m, 12H, aromatic), 3.82 (s, 3H, OMe) (Fig. S37).

Synthesis of [CuL(OCH5;)] (1)

A methanolic solution (10 mL) of Cu(NO;),-3H,0 (0.120 g,
0.5 mmol) was added dropwise with stirring to a solution of
L (0.195 g, 0.5 mmol) in methanol (20 mL). The mixture was
stirred for an additional 3 h and then the bluish-green precipi-
tate was collected by filtration, washed with methanol and
hexane. Slow evaporation of the methanol solution of this
bluish green solid yielded a crystalline solid (suitable for X-ray
analysis). Yield, 72%. Anal. Calc. for C,3H,;CuN;Os: C, 57.20;
H, 4.38; N, 8.70%. Found C, 57.15; H, 4.30; N, 8.77%. EI-MS:
mjz 482.11 (M + Cu®" + OCHj). FTIR/em ™" (KBr): 3440 (-NH),
3024 (m, aromatic CH- str), 1660 (vs, C=0), 1606 (vs, C=N),
1504 (s), 1443 (m), 1385 (s), 1313 (s), 1216 (s), 1167 (s), 1037
(m), 708 (s).

Synthesis of [NiL(OH,)]NO; (2)

A similar method to the synthetic procedure of 1 was adopted
for the synthesis of 2. Ni(NO;),-6H,O was used in place of
Cu(NO3),-3H,0. Yield, 78%. Anal. Calc. for C,,H,(NiN,Og: C,
50.13; H, 3.82; N, 10.62. Found C, 50.22; H, 3.75; N, 10.70%.
EI-MS: m/z = 465.14 (L + Ni*' + H,0). FTIR/cm™" (KBr): 3445
(-NH), 3300 (-OH), 1645 (vs, C=0), 1602 (vs, C=N), 1525 (s),
1507 (m), 1440 (m), 1345 (s, NO;™ strectching), 1252 (s), 706 (s).

Photophysical measurement

Chemosensor L (3.89 mg) was dissolved in 10 mL of CH;0H to
make a solution of 1 x 10~ M and 30 pL of this solution were
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diluted with 2.97 mL of the CH;OH-Tris-HCI buffer (1:1 v/v)
mixture to make a final concentration of 10 pM. The stock
solutions of various metal ions were prepared separately from
their nitrate salts (except sulphate salts of Mn®" and Fe*") at a
concentration of 1 x 107> M in 10 mL double-deionised water
and further diluted to their desired concentrations. After
mixing L with each of the metal ions for a few seconds, absorp-
tion and fluorescence spectra were obtained at room
temperature.

Job’s plot measurements

A methanol-Tris-HCI buffer (10 mM, pH 7.2) solution (1:1,
v/v) containing L (10 pM) and an aqueous solution of Cu(NO;),
and Ni(NOj3), (10 uM each) were prepared separately. Then the
mole ratio of L was changed from 0.1 to 0.9 in such a manner
that the sum of the total metal ion and L volume remained
constant (2 mL). All the solutions were diluted to 3 mL. After
shaking them for a minute, UV-vis spectra were obtained at
room temperature.

Computational details

The GAUSSIAN-09 Revision C.01 program package was used
for all calculations.®® The gas phase geometries of molecules
L, 1 and 2 were optimized fully by unrestricting of symmetry in
singlet, doublet and singlet ground states respectively with the
B3LYP functional.’” The basis set LANL2DZ with an effective
core potential (ECP) was used for copper and nickel following
the associated valence double { basis set of Hay and Wadt.*!
This is in combination with the 6-31++G** basis set selected
for hydrogen, carbon, nitrogen and oxygen atoms.** The same
basis sets and functional were used for the calculation of
vibrational frequencies. The HOMOs and LUMOs of molecules
L, 1 and 2 were calculated with the TD-DFT method, and the
solvent effect (in methanol for L and 1 and the aqueous solu-
tion for 2) was simulated using the polarizing continuum
model with the integral equation formalism (C-PCM).*>**

Cell imaging study

Human cervical cancer cells, HeLa, were selected for the study.
They were grown in Dulbecco’s modified Eagle’s medium
(DMEM) and supplemented with 10% Fetal Bovine Serum
(FBS), and a 1% antibiotic mixture containing PSN (Gibco
BRL) at 37 °C in a humidified incubator with 5% CO,. For the
cell imaging study the cells were seeded in a 35 mm culture
dish with a seeding density of 3 x 10> cells per dish. Cells were
grown to 80-90% confluence, harvested with 0.025% trypsin
(Gibco BRL) and 0.52 mM EDTA (Gibco BRL) in phosphate
buffered saline (PBS) and allowed to re-equilibrate for 24 h
before any treatment. All experiments were conducted in
DMEM containing 10% FBS and 1% PSN antibiotic. Cells were
washed with PBS and then incubated with DMEM-containing
20 uM chemosensor L [20 pM in DMEM, DMSO : water = 1:9
(v/v), pH 7.2 in PBS buffer] for 1 h at 37 °C. It was left for
another incubation by adding 40 pM of nickel nitrate and then
fluorescence images were taken by using a fluorescence micro-
scope (Model: LEICA DMLS) with an objective lens of 20x mag-
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nification with an excitation of 350-360 nm and an emission
of 470 nm.

Results and discussion
Synthesis and structure of L

The Schiff base chemosensor L was successfully synthesized by
the condensation reaction of amine ‘3’ with o-vanillin with a
high yield (over 80%) (Scheme 1). It was characterised by stan-
dard solution based analytical techniques like ESI-mass and
"H NMR and solid studies like elemental analysis, IR spec-
troscopy and single crystal XRD analysis.

The single crystals of the probe N-(2-hydroxybenzylidene)-2-
(benzamido)benzohydrazide (L) were grown by slow evapor-
ation of the methanol solution at room temperature. L was
crystallized as the orthorhombic Pn(7) space group. There are
four independent molecules present in the asymmetric unit of
L. The ORTEP diagram of L has been shown in Fig. 1. In L, the
bond lengths and angles are in the expected ranges.
Intermolecular N-H---N and C-H:--O hydrogen bonding inter-
actions are present in the crystal structure.

Spectroscopic studies of L towards different metal ions

The metal ion chelating ability of receptor L was initially inves-
tigated visually and by UV-Vis spectral studies in methanol-
Tris-HCI buffer (10 mM, pH 7.2) solution (1:1, v/v) at room
temperature. The free receptor L displays the main absorption
peak around 295 nm which may be due to a S,-S; transition.
With the addition of 2 equiv. of different metal ions (Fe*’,
Cu*, Co™", Ni**, Zn**, cd**, Hg>*, Pb*", Cr*", Ag®, A", Mn**
and Fe*") individually, new absorption bands emerged at 402
and 420 nm, respectively, only in the case of the addition Cu**
and Ni** ions, whereas no other metal ions showed any signifi-
cant change in absorption under these conditions (Fig. 2a). As
a consequence, the pale yellow colour of the L solution
changes into intense yellow in the presence of both the metal
ions (Cu®* and Ni**). Then, the specific Cu®** and Ni*" ion
selective responses of the chemosensor L were investigated by
absorption spectral studies under the same experimental con-
ditions. The co-existence of similar concentrations of other
major competing cations with Cu®>* and Ni** ions, individually,
cannot disturb the absorbance band of the guest bound recep-
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Fig. 1 ORTEP diagram of the receptor L with 40% ellipsoid.

tor above 400 nm. This anti-interference behaviour was also
consistent even up to 5-fold higher concentrations of back-
ground cations with respect to each analyte concentration,
confirmed by neither the generation of an extra peak nor the
disappearance of the original peak of the host-guest complex
(Fig. 2b). Moreover, an equivalent concentration of Cu®*" ions
can replace Ni** from the L-Ni*" complex solution, and thus
the absorbance band analogous to the L-Cu®** complex was
observed.

In order to investigate the detailed aspect of the insight
mechanism, absorption titration experiments were conducted
independently in methanol-tris-HCl buffer (10 mM, pH 7.2)
solution (1:1, v/v). In the metal free state, the receptor dis-
played the main absorption band around 295 nm which may
be attributed to the n—rn* transition along with a broad
shoulder peak at 320 nm assigned for the internal charge
transfer (ICT) process throughout the molecule which gives a
pale yellow solution. Upon stepwise increasing of analyte con-
centration, two intense absorption bands appeared at 250 and
402 nm for Cu®" (Fig. 3a) and a new absorption band appeared
at 420 nm for Ni*" (Fig. 3b). Except in the first step of addition,
the absorption band at 295 nm goes on decreasing consist-
ently and reaches the saturation point with 1 equiv. of Cu**
and 1.5 equiv. of Ni** ions. Also isosbestic points were

OMe
o o i o HO
-NH
Ol =0 - o s oty
e P *
NH, N OHC Reflux in CH,0H NH
2 Hr.
(o]
Anthranilic Acid Amine "3" O Vanillin Schiff base L

Scheme 1 Synthetic procedure of the probe L.
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Fig. 2 (a) Absorption spectra of L (10 uM) change in the presence of 2 equiv. of different metal ions. Inset: Colour change of L on addition of 2

equiv. of M?* (M = Ni and Cu). (b) Competitive experiment in the presence of L and other metal ions (where 1 = L, 2 = Fe3*, 3 = Ni?*, 4 = Co?*, 5 =
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Fig. 3 UV-vis titration of L with (a) Ni>* and (b) Cu?* in methanol-Tris-HCl buffer (10 mM, pH 7.2) solution (1: 1, v/v). Inset: Plot of intensity vs. con-

centration of the analytes.

observed at 353 and 364 nm for Cu®" and Ni*" ions respectively
(Fig. 3), which confirmed that both L and L + M** (M = Cu and
Ni) are in dynamic equilibrium.

The sensitivity curves for Cu®>" and Ni** were obtained from
the titration profiles by varying the absorbance intensity with
analyte amounts. To avoid several environmental interfering
effects like photobleaching, pH, temperature, receptor concen-
tration and to increase the dynamic range of the chemosensor,
ratiometric measurement of the receptor L was also conducted
by correlating the intensity ratio at two different wavelength
regions (I302/205 and Iyp/205 for Cu®" and Ni** respectively) with
the incremental analyte concentration. These plots are almost
sigmoidal and linear up to 26 pM for Cu®" and 22 uM for Ni**
(Fig. 4). The detection limits are calculated to be 1.89 pM for
Cu”" and 1.71 pM for Ni** ions, from the linear fitting of the

ratiometric calibration curves using the formula, DL = 3 SD m™,

1516 | Photochem. Photobiol. Sci., 2019, 18, 1512-1525

where SD is the standard deviation of the blank measurements
and m is the slope of the calibration curves, which are far
below the guideline provided by the WHO in drinking water
and several reported Cu®** and Ni** sensors.

The host-guest binding stoichiometries can be determined
from Job’s plot analysis, which revealed that bindings for both
the metal complexes occur in a 1:1 fashion (Fig. S4f). This
observation is also in agreement with the results obtained
from the ESI-MS spectral analysis of each L + M>" complex. In
the positive ion mass spectrum, the peak at m/z = 482.10 was
assignable to L + Cu** + OMe (Fig. S51) and the peak at m/z =
465.14 was assignable to L + Ni** + H,O (Fig. S67). Assuming a
1:1 binding ratio, the association constants towards the
respective analytes were also calculated from the linear fitting
of the Benesi-Hildebrand (B-H) graph and the values are
1.39 x 10" M~ for L + Cu®" and 1.10 x 10" M™" for L + Ni*"

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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(Fig. S7t), which are highly in agreement with the L + M>"
complexes.

pH effect

The spectroscopic properties of chemosensor L can be influ-
enced by the pH of the working media, as they contain several
acid-base sensitive groups (>C=0, >C=N, -NH and -OH).
Thus to estimate the role of pH on complexation, different sets
of pH solutions ranging from 3 to 13 have been prepared in
separate vials by adjusting HCI and NaOH in the presence of
a buffer solution so that each aliquot contains equal
concentrations of L-M>" complexes (where M = Cu and Ni).
The absorption spectra of different pH solutions were recorded
at room temperature (Fig. 5). The absorbance intensity of
each of the receptors as well as their metal complexes
decrease at lower pH values in contrast to the higher pH
values indicating that the protonated form of coordination
sites binds less effectively with the Cu®** and Ni** ions in the
acidic medium.

. -
* L A
2+ e
0.45- * L+Ni =
2+ -3 A
! 4 L+Cu o
L ]
2 0.304 » .
c °
4] /
"E f [ ]
= &
0.154 Fa .
.
& e
Fy -
0004 &—HF % % wx—w—F %
4 6 8 10 12

pH

Fig. 5 pH effect of L, L-Cu®* (1) and L-Ni?*(2) at 405 nm.
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Reversibility test

The reversible nature of the chemosensor L has been investi-
gated by using a common metal chelator disodium ethylene
diamine tetra acetic acid (Na,EDTA). The absorption bands
around 402 nm (L-Cu”") and 420 nm (L-Ni*") immediately
vanished with the appearance of the original absorption band
of L, when each L + M** (M = Cu and Ni) ensemble was treated
with Na,EDTA (Fig. 6). Consistent with the absorption band
shift, the colour of the solution also changes from deep yellow
to pale yellow in both the cases giving an indication of Cu**-
EDTA and Ni**-EDTA complex formation leaving the sensor L
free. Upon excessive addition of respective metal ions, the
colour and spectral change almost recovered. The switching
behaviour between L and L + M>" complexes (M = Cu and Ni)
was systematic even after several cycles with the alternative
addition of the chelator and analytes. Cysteine participates fre-
quently by binding with only the Cu®" ion, thus it can be used
in the sensing of Ni** ions in the presence of Cu®", and exces-
sive addition of cysteine has no effect on Ni** ion detection
(Fig. S8t). Thus the chemosensor L is reversible and the
sensing process is recyclable.

Fluorescence experiment

The selective fluorometric behaviour of the receptor L towards
metal ions was also investigated in methanol-Tris-HCI buffer
(10 mM, pH 7.2) solution (1:1, v/v). For this purpose separate
aliquots were prepared, containing a mixture of a constant
amount of L and 2 equivalents of different metal ions like
Fes+, Cu2+, C02+, Ni2+, Zn2+, Cd2+, Hg2+, Pb2+, Cr3+, Ag+, Al3+,
Mn>" and Fe®" and the fluorescence spectra were recorded
(Fig. 7). The free receptor L showed weak emission at 450 nm
on excitation at 350 nm. Only Ni** ions induced a remarkable
enhancement in the intensity as well as the position of the
emission band, and the Cu®" ions displayed quenching of fluo-
rescence, whereas other selected metal ions can cause negli-
gible fluorescence change even up to a 3-fold higher concen-
tration than Ni**. The weak emission of the free receptor can
be ascribed to the combinational effect of the photoinduced

Photochem. Photobiol. Sci., 2019, 18, 1512-1525 | 1517
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Fig. 6 Reversibility study of (a) L-Cu?* and (b) L-Ni>* complexes with Na,EDTA.
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Fig. 7 (a) Fluorescence spectra of L in the presence of 2 equiv. of different metal ions and (b) fluorescence titration of L with Ni?* in methanol—

Tris-HCl buffer (10 mM, pH 7.2) solution (1:1, v/v).

electron transfer (PET) and the excited state intramolecular
proton transfer (ESIPT) mechanism. The free imine (>C=N)
group participates in the PET process and the presence of a
free -OH moiety at a suitable position causes a six-membered
stable intramolecular proton transfer in the excited state
which showed two emission bands at 395 (a small hump) and
450 nm. Initially the receptor L is quite flexible and undergoes
cis—trans >C=N isomerisation. As soon as the Ni** ion co-ordi-
nates through the imine and -OH donor sites, both PET and
ESIPT processes diminish and strong chelation enhancement
fluorescence occurs due to the blocking of the >C=N isomeri-
sation process (Scheme 2). In the presence of Cu®*' ions, L
showed the quenching mechanism due to its strong paramag-
netic nature.

In order to obtain the quantitative sensitive response, fluo-
rescence titration experiments were conducted under the same
working conditions (Fig. 7b). Upon gradual addition of Ni**
ions to the receptor solution, the intensity of the emission
band at 450 nm increased with a red shift of about 20 nm, and
2 equiv. of Ni** ions were sufficient to saturate the enhanced
emission band. The fluorometric detection limit was calcu-

1518 | Photochem. Photobiol. Sci, 2019, 18, 1512-1525

lated to be 3.64 x 107® M from the linear fitting between the
maximum PL intensity at 470 nm and the Ni** concentration
using the same equation DL = 3 SD m™" (Fig. S91). In the com-
petitive experiments, the same concentration of the Cu®" ion
can cause quenching of the L-Ni*" complex whereas other
interfering metal ions show a negligible fluorescence change

(Fig. 8).
Structure of the L-Cu”* complex (1)

In general, solid state properties may or may not be always the
same with the solution phase characterisation by ESI-MS, 'H
NMR spectroscopy etc. Thus to isolate the host-guest complex
in the solid phase, a careful attempt has been made by mixing
the receptor with each analyte in pure methanolic solution in
a 1:1 stoichiometric ratio. To our satisfaction, the single crys-
tals of L-Cu®" complex were grown by slow evaporation of the
solvent at room temperature, while in a similar type of syn-
thesis, only micro crystals of the L-Ni** complex were obtained
which were not suitable for single crystal XRD studies. The
L-Cu*" complex (1) crystallizes in the monoclinic system with the
space group C12/c1. In L-Cu**, the Cu®" ion assumed a square

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 8 Fluorescence competitive experiment in the presence of L and
other metal ions (where 1 = L, 2 = Fe®*, 3 = Co?*, 4 = Ni?*, 5 = Cd?*, 6 =
Hg?*, 7 = Pb?*, 8 = Cu?*, 9 = Ag*, 10 = A®*, 11. = Mn?* 12 = Cr** and
13 = Zn?*).

planar coordination geometry (Fig. 9), where the three coordi-
nation sites have been satisfied by the amide and phenoxide O
atoms and the imine nitrogen atoms of the probe L and the
fourth position is supplemented by the methoxide ion. The
cationic charge of the Cu®* ion has been internally satisfied by
the -OH and -CH3;OH anionic charges. The metal centric
bond angles were very close to 90° and 180° and adopted
nearly a square planar geometry. The crystal structure of 1 is in
agreement with the Job’s plot which indicates 1:1 complexa-
tion (Fig. 4a) stoichiometry between L and Cu®'. The FTIR
spectra of 1 are shown in Fig. S10.}

Stoichiometry of the L-Ni*" complex (2)

In order to confirm the binding interaction between L and the
Ni*" ion, "H-NMR and FTIR spectroscopic measurements were
carried out. In the NMR spectra the -OH peak at 6 =
12.29 ppm completely vanished, which confirms the deproto-
nation in the Ni*" bound state (Fig. S11t). Also the azomethine
proton shifts to the down field and the amide protons become
broad due to their coordination with the Ni*" ion. In the IR
spectra, the free receptor shows 1664 cm™' (C=O) and

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 9 Crystal structure of the L—-Cu?* complex (1) with 40% ellipsoid.

1612 cm™ ' (C=N) bands along with broad bands around

3500 cm™' and 3210 cm™', which were assigned to the H
bonded -OH and >NH stretching vibrational modes. The
vibrational bands for C=O and C=N groups shift to
1645 cm™" and 1602 cm™" in the L + Ni*" complex due to the
co-ordination of the C=0 and C=N moieties with Ni*"
whereas a broad band around 3300 cm™' appeared for the
-OH group of Ni** bonded water (Fig. $127).

1

DFT calculations on L, 1 and 2

We have seen that the chemosensor L crystallized in four
different conformations leading to very similar structures
(Fig. S13t). We have computed the energy of all crystallogra-
phically isolated conformers and listed their energy in
Table S1.t The determined stability order of the conformers
runs as conformer II > conformer IV > conformer I > confor-
mer III. The optimized geometry of L is closest to the confor-
mer II. The geometry optimized structures of L and complexes
1 and 2" are shown in Fig. 10 and the parameters of L and 1
are compared in Table S2f as a validation for the compu-
tational methodology used throughout. The calculated and

Photochem. Photobiol. Sci,, 2019, 18, 1512-1525 | 1519
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Fig. 10 DFT optimised structures of L, 1 and 2*.

experimental bond distances of L and 1 are in good agree-
ment, with errors of about 0.033 A. The errors are observed for
the Cu-N6, Cul-02 and Cul-09 bond distances, for which
the calculated value becomes 0.115 A, 0.110 A and 0.055 A
larger than the corresponding experimental values.
Interestingly, the calculated Cu1-O31 bond distance is con-
siderably shorter than the corresponding experimental value
of about 0.08 A, because of lattice effects which are not con-
sidered in the present calculations. The optimized structure of
the species 2" is a square planar one (Fig. 10c) and Table S37
represents the calculated bond distances and bond angles.
The Ni-amide oxygen, Ni-phenoxo oxygen and Ni-imino nitro-
gen bond lengths for the optimized structure 2" are found to
be 1.860 A, 1.831 A and 1.844 A, respectively, which are in the
typical range of distances as observed in the case of some
reported metal complexes with similar type ligands.*> The
Ni-O (water) bond length is observed to be 1.904 A, similar to
reported complexes elsewhere.*® Good agreement exists
between the calculated geometries of the model structures of
2" and the reported square planar compounds.*’

TDDFT calculations on L, 1 and 2

The experimental and theoretical IR spectra of L and com-
plexes 1 and 2 are presented in Fig. 11, displaying good overall
agreement. Similarly, the diagnostic IR frequencies and their
assignments are listed in Table S4.F The ligand L shows strong
bands in its FTIR spectrum at 1675 and 1664 cm™", assigned

Intensity
Intensity

| dils k=“

Photochemical & Photobiological Sciences

to the stretching vibration of the C=0 of the amide.*® The
observed strong band at 1649 cm™' is due to the C=N
vibration of the ligand. The broad band found at 3435 cm™" is
assigned to the O-H stretching vibration. The amide and
imine stretching frequencies decrease from 1664 and 1649 to
1590 and 1616 cm™ " in 1 and 1664 and 1649 to 1642 and
1610 em™" in 2, respectively, due to the amide and imine
groups coordinated to the metal ions in 1 and 2. In complex 2,
the broad band found at 3338 cm™ is assigned to the O-H
and Ar-H stretching vibrations. The corresponding bending
mode of water d(_o-pr) is shown at 1560 em™'. Our computed
IR frequency values are found to observe within 7% of the
respective experimental values. This variation is justified
because the theoretical values are based on the calculations in
the gas phase.*’

The absorption spectra of L, 1 and 2 are simulated in the
CPCM model using the TD-DFT methods with the same
hybrid basis set and functional as used in the geometry optim-
ization calculations. The calculated spin-allowed electronic
transitions with the experimental absorption spectra of L,
1 and 2 were recorded in MeOH solution. As can be seen in
Fig. 12 and Table S5,f there is good agreement between the
experimental bands and the calculated transition energies. It
can be seen from the table that the experimental band
observed at 294 nm is assigned to a HOMO (H) — LUMO (L)
and H-1 — L transitions for L. The second experimental
band, found at 220 nm, can be assigned to H-4 — L+1,
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Fig. 11 The experimental (black) and calculated (red, non-scaled) vibrational spectra and the calculated vibrational transition of L, 1 and 2.
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H-16 — L, H-10 — L transitions for L and also the other elec-
tronic transitions as well as their frequencies. The pictorial
view of the n character orbitals of HOMOs and the n* character
orbitals of LUMOs are shown in Fig. 13 for L. On the basis of
these HOMO and LUMO molecular orbital analysis, the calcu-
lated transitions of L can be assigned to intra-ligand charge
transfer transitions. The planarity and geometry of the ligand
backbones are different in the free ligand and in the metal
complexes 1 and 2, which is reflected in the bands of absorp-
tion spectra of L, 1 and 2. Table S6t1 shows that the experi-
mental bands observed at 390, 325, 277, 250, 230 and 202 nm
can be assigned to H — L (§) and H-3 — L+1 (), H-1 — L («),
H-L(a), H-1 > L (f); H - L+1 (a), H-1 - L+2 (f), H —
L (f), H-2 — L+1 (f), H-2 — L+1 (a); H-1 —» L+1 (a), H —
L+2(p), H-10 — L+1 (B); H-3 — L+1 (a), H-2 — L+2 (p),
H-4 — L+3 (p) and H-8 — L+1 (§), H-4 — L+3 (p), H-13 —
L (a), H=7 — L+1 () transitions respectively for 1. Thus, the

Photochemical & Photobiological Sciences

experimental bands observed at 394 and 220 nm can be assigned
to H-1 - L+1, H-1 — L+2, H-7 — L+2 and H-2 - L+1, H —
L+4, H-6 — L+1, H-15 — L transitions respectively for 2.

The pictorial view of the = character orbitals of HOMOs and
the n* character orbitals of LUMOs are shown in Fig. S14 and
S15;1 for 1 and 2 respectively. On the basis of these HOMO
and LUMO molecular orbital analysis, the calculated tran-
sitions of 1 of 390 nm and 325 nm can be assigned to the
ligand to metal charge transfer (LMCT) and are correlated with
the theoretically calculated electronic transitions at 485.60 nm
and 387.72 nm respectively. The experimental absorption
bands at 277 nm, 250 nm, 230 nm and 202 nm are in good
agreement with the theoretically calculated electronic tran-
sitions at 376.04, 286.61, 235.61 and 225.27 nm respectively.
Likewise, in the case of 2, the transition at 394 nm can be
assigned to the ligand to metal charge transfer (LMCT) and
some contribution of d-d transitions is correlated with the

Table 2 Comparison of L with other previously reported dual chemosensors for Cu?* and Ni?* ions

Binding Constant for Cu*" and

LOD for Cu*" and Ni**

Chemical structure of the probe Ni*" respectively Sensing method respectively Ref.
J 4 x10* and 1.75 x 10* Both colorimetric and 15 uM and 20 pM 51
. - ~ fluorometric
i &
,r(] (._)\J\
N ] \.- I
N— SN—.'\'
U\%:‘_, Q » ‘\ AR
3 T
X 7
1.1 x 10* and 1.75 x 10* Fluorometric 52
1.3 x10* and 1.1 x 10" Fluorometric 50 uM and 65 pM 53
8.9 x 10° and 2.51 x 107 Fluorometric 3.15 pM and 6.3 uM 54
1.3 x 10" and 1.1 x 10" Both colorimetric and 1.8 uM and 1.7 pM Present
fluorometric work

1522 | Photochem. Photobiol. Sci., 2019, 18, 1512-1525
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theoretically calculated electronic transition at 300.67 nm. The
experimental absorption band at 220 nm is in good agreement
with the theoretically calculated electronic transition at
250.60 nm. Basically, these transitions are ligand-ligand either
n — m* and/or n — w* transitions. In these cases theoretical
data slightly varied from the corresponding experimental data,
which is reasonable, as the theoretical calculations are based
on the gas phase. The theoretically calculated data are often at
variance with the experimentally observed data.>

Comparison of L with other previously reported dual
chemosensors for Cu®>* and Ni** ions

As part of our ongoing effort on providing useful analytical
techniques to monitor the increasing number of analytes of
environmental relevance as quickly and as cheaply as possible
and with the highest order of sensitivity, the present paper
describes the synthesis of a new fluorescent-colorimetric probe
L, which was validated for detection and quantification of
Cu”* and Ni*" ions in real samples in methanol-Tris-HCl
buffer solution.

To the best of our knowledge, there is no reported Schiff
base which shows colorimetric and fluorometric dual selecti-
vity for Cu®>" and Ni>*. However there are several reports where
few macrocyclic and bicyclic compounds have been utilized for
the selective detection of Cu®* and Ni*" ions. The probe, L, was
compared with those reported chemosensors (Table 2). While
each of the other chemosensors showed some advantages such
as high sensitivity and selectivity, the important features of the
fluorescent-colorimetric chemosensor, L, are easy, practical
and cost effective synthesis and naked eye detection.

Table 3 Determination of Ni?* and Cu?* ions in water samples

Spiked Recovered Recovery RSD
Metal Ion amount (uM) amount (uM) % % value
cu®™ 10 9.85 98.5 1.1

10 9.93 99.3

10 10.07 100.7
Ni** 10 10.16 101.6 0.9

10 9.98 99.8

10 10.11 101.1

Paper

Application of the chemosensor L in real samples

Due to the widespread application of Cu** and Ni*" ions in
several laboratory and industrial purposes, it can easily enter
and contaminate the aquatic ecosystem. Thus to investigate
the applicability of the chemosensor L towards real water
samples, artificial Ni*" and Cu®* contaminated samples have
been prepared separately by spiking different known concen-
tration levels, and calculated their concentrations using cali-
bration curves (intensity ratio vs. conc.) with the help of
Lambert-Beer’s law (Table 3). The results obtained show good
recovery measurement with RSD value less than 5% suggesting
that the molecular receptor can be used to detect Cu®>" and
Ni*" ions in environmental samples.

Cell imaging study

The chemosensing ability of receptor L towards Ni*" ions in the
intracellular medium was also investigated by a cell imaging
study using a fluorescence microscope. The selected human cer-
vical cancer HeLa cells after incubation for 2 h at 37 °C with the
receptor L and Ni*" ions separately showed no fluorescence
imaging when irradiated continuously at a 350 nm excitation
wavelength. Under similar conditions, when the same cells were
incubated with 20 pM probe L followed by 40 uM Ni>* solution,
a bluish green fluorescence image was observed (Fig. 14). These
observations clearly indicate that the receptor L can be appli-
cable to detect Ni** ions inside the living systems.

Molecular logic gate application

The chemosensing behaviour of the receptor L towards Cu®*
and Ni*" ions can be applied to the formation of molecular
logical devices. In the supramolecular logic gate, the analytes
Cu®" and Ni*" ions act as dual stimulating chemical inputs
whereas the output signal depended on the spectral intensity.
The absorption band at around 405 nm appeared due to the
action of either Cu>*/Ni** ion or both, mimicking the OR logical
operation with a threshold value of 0.1. From the fluorescence
study the emission band at around 470 nm of L-Ni*", completely
quenched in the presence of Cu®" ions which can be utilised for
the construction of INHIBIT type logic gates. The logical behav-
iour and the corresponding truth table are shown in Fig. 15.

Fig. 14 Fluorescence microscopy images of the Hela cells after incubation for 2 h: (a) cells + probe L (20 pM), (b) cells + Ni?* (40 pM) and (c) cells

+ probe L (20 pM) + Ni?* (40 pM).

This journal is © The Royal Society of Chemistry and Owner Societies 2019
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Fig. 15 Logic scheme for the proposed OR and INHIBIT type logic gates and the truth table.

Conclusion

In summary, we have successfully designed and synthesized a
simple benzohydrazide based dual-mode Schiff base chemo-
sensor L, for fluorescent colorimetric detection of Ni** and col-
orimetric detection of Cu** with high selectivity and sensitivity
over other competitive ions in aqueous solution. A 1:1 stoi-
chiometry between L and Ni**/Cu®>" was supported by absorp-
tion titration, Job’s plot analysis, ESI-mass spectral analysis
and DFT studies. The detection limits reached up to 1.89 uM
for Cu®" and 1.71 pM for Ni** ions in chromogenic measure-
ments, which were far lower than those recommended by the
WHO guidelines for drinking water. The reversible responses
to Ni** and Cu** ions have been established by the Na,EDTA
experiments.

Cysteine participates frequently by binding with only Cu®*
ions, and thus it can be used in the sensing of Ni*" ions in the
presence of Cu”>" ions. Moreover, L could operate in a wide range
of pH values and can be successfully applied to environmental
samples for detecting Ni** and Cu®" ions and living cells for
detecting Ni** ion. In addition, L can be utilized in building OR
and INHIBIT types of logic gates. On the basis of these results,
we believe that receptor L will be a remarkable supplement in
the sphere of simple Schiff base sensors for multi-analytes.
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