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A novel dihydro phenylquinazolinone-based two-
in-one colourimetric chemosensor for nickel(n),
copper(n) and its copper complex for the
fluorescent colourimetric nanomolar detection of
the cyanide anionf
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and Goutam Kumar Patra (2 *?

Currently, considerable efforts have been devoted to the detection and quantification of hazardous multi-
analytes using a single probe. Herein, we have developed a simple, environment-friendly colourimetric
sensor for the sensitive, selective and rapid detection of Ni?* and Cu?* ions using a simple organic Schiff
base ligand L in methanol-Tris—HCl buffer (1 : 1 v/v, 10 mM, pH = 7.2). The probe L exhibited a binding-
induced colour change from colourless to yellow and fluorescence quenching in the presence of both
Ni2* and Cu?* ions. The interactions between L and the respective metal ions were studied by Job's plot,
electrospray ionisation-mass spectrometry (ESI-MS), Fourier-transform infrared spectroscopy (FT-IR),
density functional theory (DFT) and time-dependent density functional theory (TDDFT) calculations. The
limit of detection (LOD) of L towards Ni** and Cu®* was calculated to be 7.4 x 1077 M and 4.9 x
107 M, respectively. Furthermore, the L—Cu®" complex could be used as a new cascade fluorescent-
colourimetric sensor to detect CN™ ions with a very low level of detection (40 nM). Additionally, L could
operate in a wide pH range, and thus was successfully applied for the detection and quantification of
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Introduction

Presently, the design and synthesis of smart organic molecules
for use as chemosensors with high selectivity and sensitivity
towards metal cations and anions have attracted substantial
attention."” These sensors exploit the colourimetric and fluo-
rescent properties of organic molecules, which are applied in
analytical, biomedical and environmental sciences.* Optical
methods based on colourimetric receptors are especially
attractive due to their real-time analysis, simplicity, and low cost
in comparison to other closely related processes such as fluo-
rescence, where UV radiation and sophisticated instruments are
required, although the latter is more sensitive than the
former.*™

A small amount of Cu®* is required for maintaining good
health, but if its concentration is increased, it has a toxic effect
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Ni2* and Cu?* in environmental samples, and for building OR- and IMPLICATION-type logic gates.

on the living body. Cu is the 3rd most important trace element,
after Fe and Zn in various biological metabolic processes.'>**
The free copper commonly found in water is potentially toxic to
living organisms and the ecosystem. A high concentration of
copper in the body for a short period can cause various serious
diseases such as amyotrophic lateral sclerosis,® Alzheimer's
disease,'® Parkinson's disease,"” Wilson's disease'® and Menkes
syndrome.” According to the US Environmental Protection
Agency, the limit of tolerable concentration of Cu*" ions in
drinking water is 20 uM. Hence, researchers are focused on the
development of highly selective chemosensors for copper ions.

Ni**, an essential constituent of several metalloenzymes
such as hydrogenases, carbon monoxide dehydrogenases and
acireductone deoxygenases, plays a key role in biological
processes such as metabolism, respiration and biosynthesis.”**
Furthermore, it is widely applied in the manufacture of useful
electronics devices in the chemical industry such as Ni-Cd
batteries, electroplating, and electroforming.”>** Stainless steel
is one of the alloys of nickel, which is used in the production of
tools, machinery and armaments.>® However, the excessive
accumulation of Ni** above its prescribed limits has a negative
impact on human health, which can cause respiratory prob-
lems, lung cancer, pneumonitis, allergies, and central nervous
disorders.?®?® Thus, currently, the precise detection of Ni** ions
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at a biological and environmental level is one of the challenging
research interests. There are several reports on the selective
recognition of Ni** and Cu*".2-3

Many state-of-the-art analytical techniques such as atomic
absorption spectrometry (AAS),**> inductively coupled plasma-
mass spectroscopy (ICPMS),* inductively coupled plasma
atomic emission spectrometry (ICP-AES),** neutron activation
analysis (NAA),* anodic stripping voltammetry (ASV),* electro-
thermal atomic absorption spectrometry (EAAS),*” chromatog-
raphy,*® and cold vapour atomic absorption spectrometry
(CVAASY*® are employed for the determination of metal ions.
However, these methods require expensive instruments, well-
controlled experimental conditions, multi-step and complicated
sample preparation processes and are time consuming. Some
nanoparticle-based chemosensors are also available,***' but they
exhibit limitations, such as tedious synthetic protocols, high cost,
low durability, and high dependence on external conditions such
as pH and irreversibility. Thus, although a large number of
fluorescent colourimetric sensors for Cu®?' are known, their
practical applications are limited due to their slow response, low
sensitivity and lack of high selectivity within the cytotoxicity
limit.*>** Moreover, selective fluorescent colourimetric chemo-
sensors for Cu®>* ions with a detection limit at the ppb level are
rare in the literature.*>*® Therefore, the development of selective
fluorescent colourimetric chemosensors for the fast detection of
Cu®" ions in the environment is urgent.

CN~ is well known as one of the most quickly acting and
serious poisons, where its toxicity results from its strong affinity
to bind to the iron in cytochrome ¢ oxidase, interfering with
electron transport and resulting in hypoxia. However, despite
their toxicity, the use of cyanides as raw materials for the
production of synthetic fibres, resins, herbicides and the gold-
extraction process is inevitable.”” Therefore, reliable and effi-
cient ways of detecting the presence of CN™ ions are quite
indispensable. During the last few years, a number of efforts
have been devoted to designing various chemosensors targeting
the detection of cyanides.*®* The most attractive approach is
the formation of novel colourimetric cyanide receptors, which
permit naked-eye detection via a simple colour change without
the participation of any expensive instruments.’* However,
many receptors for CN™ ions reported thus far have several
limitations such as poor selectivity over F~ or OAc ™, and utili-
zation of expensive chemicals, complicated synthesis, and
working only in organic media.***> Therefore, the search for
successful and selective cyanide-sensing systems in aqueous
environments is still required.

The development of chemosensors that can recognize both
metal ions and anions simultaneously is one of the most
significant tasks because of their potential applications in the
biological field and environmental processes.>® In addition, the
detection of multiple targets with a single receptor will be more
efficient and simultaneously less expensive than a one-to-one
analysis method, and therefore, would attract more atten-
tion.** Among the various approaches for the detection of both
metal ions and anions, fluorometric and colourimetric methods
are very popular because of their high sensitivities, easy oper-
ation, rapid response rates and relatively low costs. There are
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several reports on chemosensors based on rhodamine,
coumarin, calixarene, pyrene, 8-hydroxyquinoline, anthraqui-
none, salicyldehyde, naphthaldehyde and other Schiff base
molecules for the sequential detection of Cu®>" and CN.5%%¢
However, their poor water-solubility, laborious synthetic
processes, interference from other common metal ions, low
detection limit and slow detection in practical applications are
some of the serious disadvantages associated with these sensor
molecules. In addition, they are generally expensive and not
suitable for the fabrication of sensing devices.

Dihydro phenylquinazolinone derivatives are an important
class of compounds as inhibitors of cell multiplication and well
known as antiarthritic and antispermatogenic drugs.’”*®
Herein, in continuation of our ongoing research on the recog-
nition of different analytes using simple chemosensors,*** we
report a simple, easy to prepare, and cost effective colourimetric
chemo-sensor,  3-[(E)-(2-hydroxybenzylidene)amino]-1,2-dihy-
dro-2-phenylquinazolin-4(3H)-one (L), for the sensitive and
selective detection of Ni** and Cu®* ions and its copper complex
for both the colourimetric and fluorometric detection of CN—
ions. The chemosensor L detected the presence of the cations
Ni*" and Cu®" by both fluorescence quenching and an instant
change in colour from coloutless to yellow, and its Cu®>* complex
detected CN™ ions by fluorescence enhancement and colour
change from yellow to colourless. The sensor was successfully
applied for the detection of Ni** and Cu®" in environmental
samples. In addition, the obtained L-Cu®* complex could be
used as a new cascade sensor to further detect CN~ through
a Cu®" displacement approach.

Experimental
General information

All the required materials used for the synthesis were obtained
from Sigma-Aldrich and directly used. Analytical grade solvents
were used for all the experiments and freshly prepared double-
deionized water was used for dilution and preparing Tris-HCl
buffer (10 uM, pH = 7.2) solution. The metal ion solutions were
prepared from their nitrate salts. "H NMR and "*C NMR spectra
were recorded on a Bruker DRX spectrometer operating at 400
MHz in DMSO-dg solvent 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 a wavelength in the range of 200-
800 nm. High-resolution mass (HRMs) spectra were recorded on
a waters mass spectrometer using the mixed solvent of HPLC
methanol and triple distilled water. pH measurements were
performed using a digital pH meter (Merck) by adjusting dilute
hydrochloric acid and sodium hydroxide in buffer solution.
Solutions of the receptor L (1 x 10> M) and metal salts (1 x
10~* M) were prepared in methanol-Tris-HCI buffer (10 mM,
pH 7.2) medium (1 : 1 v/v) and H,O, respectively.

X-ray data collection and structure determination

X-ray single crystal data was collected using MoKa. (A = 0.7107 A)
radiation on a BRUKER APEX II diffractometer equipped with

RSC Adv, 2020, 10, 44860-44875 | 44861
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Table 1 Crystal data and structure refinement parameters for L

CCDC number 2019296

Empirical formula Cy0H16N40,

Formula weight 344.38

Temperature/K 109.38

Crystal system Triclinic

Space group P

alA 6.8671(6)

b/A 9.1774(14)

/A 14.373(3)

af° 108.299(17)

B/ 91.374(12)

v/r° 94.052(10)

Volume/A® 856.8(3)

VA 2

Pearcg/em® 1.3347

w/mm™* 0.089

F(000) 360.2

Crystal size/mm?® 0.18 x 0.16 x 0.14

Radiation Mo Ka (A = 0.71073)

20 range for data collection/® 4.7 to 49.96

Index ranges —7=h=7,-10=k=9,-15=[=12
Reflections collected 2595

Independent reflections 1639 [Ri = 0.0336, Rgigma = 0.0626]
Data/restraints/parameters 1639/0/236

Goodness-of-fit on F* 1.049

Final R indexes [I = 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A~*

a CCD area detector. Data collection, data reduction, and
structure solution/refinement were carried out using the soft-
ware package of SMART APEX.®*> The structures were solved by
direct methods (SHELXS-97) and standard Fourier techniques,
and refined on F2 using the full matrix least squares procedure
(SHELXL-97) using the SHELX-97 package® incorporated in
WinGX.** In most cases, non-hydrogen atoms were treated
anisotropically. Hydrogen atoms were fixed geometrically at
their calculated positions following the riding atom model. The
crystallographic data of 3-[(E)-(2-hydroxybenzylidene)amino]-2-
phenylquinazolin-4(3H)-one (L) is listed in Table 1. Structural
information of L has been deposited at the Cambridge Crys-
tallographic Data Center (CCDC number 2019296).

R; = 0.0469, wR, = 0.0911
Ry = 0.0718, WR, = 0.1048
0.19/—0.24

Synthesis of 3-[(E)-(2-hydroxybenzylidene)amino]-1,2-dihydro-
2-phenylquinazolin-4(3H)-one (L)

Briefly, 0.302 g (2 mmol) of 2-aminobenzohydrazide was dis-
solved in 20 mL of dehydrated methanol and 0.214 g (2 mmol)
of pyridine 2-carboxaldehyde and 0.244 g (2 mmol) of salicy-
laldehyde were added dropwise with constant stirring. Then the
reaction mixture was refluxed for 8 h under dry conditions.
Subsequently, the reaction mixture was kept in air to allow the
solvent to evaporate, leaving a colourless solid. Yield, 0.295 g,
85%. Anal. calc. for CyoH;6N,O,: C, 69.76; H, 4.68; N, 16.27.
Found C, 69.68; H, 4.59; N, 16.36%. EI-MS: m/z 344.3 (L, 40%)
(Fig. S17). FTIR/cm " (KBr): 3620 (-OH) 3295 (-NH), 1698 (vs.,
C=0), 1652 (vs., C=N) 1512 (Fig. S21)." H NMR (400 MHz,

NH, —
H o) H. .0 0
HN o
N,
NH, Ny 1O 1:1:1 N7
+ | - R
- MeOH, Reflux N |
H
L N_ _»

Scheme 1 Synthetic procedure for the synthesis of probe L.
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DMSO-dg, TMS): 6 11.57 (s, 1H, ~OH), 8.65 (s, 1H, CH=N), 8.48
(s, 1H, -NH), 8.05 (s, 1H), 7.84 (t, 1H), 7.78 (t, 1H), 7.43 (t, 2H),
7.33 (m, 1H), 7.28 (m, 2H), 6.91 (m 2H), 6.78 (m, 3H) (Fig. S31).
3C NMR (DMSO-dg, 6 ppm, TMS): 160.37, 158.07, 157.81,
149.78, 149.00, 146.36, 137.79, 134.60, 131.98, 130.84, 128.59,
124.28, 121.35, 119.69, 118.97, 118.41, 117.04, 115.26, 114.79,
70.10 (Fig. S41).

Preparation of stock solution for photophysical
measurements

A solution of receptor L was prepared initially at the concen-
tration of 1 x 107° M in 10 mL in methanol-Tris-HCl buffer
medium (10 mM, pH 7.2) solution (1 : 1 v/v), and then diluted to
the desired concentration. Also, the stock solution of guest ions
were prepared separately from their nitrate salts (except
sulphate salt of Mn>* and Fe**) at a concentration of 1 x 10> M
in 10 mL double-deionised water and further diluted to their
desired concentration. After mixing L with each of the metal
ions for a few seconds, their absorption and fluorescence
spectra were measured at room temperature.

Computational details

All computations were performed using the GAUSSIAN-09
Revision C.01 program software package.®® Becke's three-
parameter hybrid exchange functional and the Lee-Yang-Parr
non-local correlation functional (B3LYP)*® used
throughout this study. Elements besides Cu and Ni were
assigned using the 6-31++G** basis set®” during the calcula-
tions. For Cu and Ni, the LanL2DZ®*® basis set was employed.
The gas phase geometries of the molecules L, [NiL(OH)] (1) and
[CuL(OCH3)] (2) were optimized fully, unrestricted by the

were
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Table 2 Selected bond parameters for the X-ray structure and
geometry-optimized structure of L

Bond Parameter Experimental (L) Optimized (L)

Bond length (A)

0001-C00A 1.221(3) 1.22172
0002-C00G 1.360(4) 1.34509
N003-C008 1.455(4) 1.45888
N003-C00B 1.390(4) 1.39288
N004-N005 1.382(3) 1.35987
N004-C008 1.465(4) 1.46278
N004-C00A 1.385(4) 1.41084
N005-CO0H 1.286(4) 1.29096
N006-C00I 1.341(7) 1.33770
N006-C007 1.335(5) 1.33887
Bond angle (°)

C008-N003-C00B 116.6(2) 119.32339
N005-N004-C008 121.8(2) 121.25606
N005-N004-CO0A 114.5(2) 114.45949
C008 -N004-C00A 120.9(2) 122.93190
N004-N005-CO0H 121.5(2) 123.62482
C007-N006-C00I 117.5(3) 118.05223
N006-C007-C008 117.3(3) 116.82784
N004-C008-C007 112.0(3) 112.62709
N003-C008-N004 107.1(2) 108.87315
0001-C00A-N004 122.0(3) 121.15673
N004-C00A-C00C 114.1(2) 115.12258
N003-C00B-C00C 118.6(3) 118.60807
N003-C00B-CO0K 121.0(3) 121.68903

symmetry in the singlet, doublet and singlet ground states,
respectively. The electronic spectra of molecules L, 1 and 2 were
calculated with the TD-DFT method, and the solvent effect (in

NOOS

cooG

.

Fig. 1 X-ray crystal structure of L with the thermal ellipsoids at 30% probability.

This journal is © The Royal Society of Chemistry 2020
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Absorbance

Wavelength (nm)

Fig.2 Changes in the absorption spectra of L (40 uM) in the presence
of 5 equiv. of different metal ions. Inset: colour change of L upon the
addition of 5 equiv. of Ni?* and Cu?* ions.

methanol) was simulated using the polarizing continuum
model with the integral equation formalism (C-PCM).**”°

Results and discussion
Synthesis and structure of L

Receptor L was synthesized via the combination of 2 amino
benzohydrazide with either the initial addition of salicylalde-
hyde followed by pyridine 2 aldehyde or in the reverse order,
with high yields (Scheme 1) and characterised by elemental
analysis, "H-NMR, ESI-MS and FTIR spectroscopy. Its structure
was determined by X-ray crystallography. L crystallised in the
triclinic P1 space group.
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The molecular structural view of L and its atom labeling
scheme are shown in Fig. 1. Selected structural parameters are
presented in Table 1. The optimization starting from the crys-
tallographically determined molecular structures of L led to
a minimum as the stationary level. The experimental values of
the bonds and angles of L are tabulated in Table 2, which are in
excellent agreement with the calculated values. The bond
lengths differ by less than 0.025 A, whereas the angles by less
than 3°. Thus, the general features noticeable in the experi-
mental data were well reproduced in our calculations.

UV-Vis spectroscopic studies of L towards different metal ions

Initially, the metal selectivity of the proposed receptor was
tested via absorption spectroscopy in methanol-Tris-HCI buffer
(1:1 v/v, 10 mM, pH = 7.2) solution. The free receptor L
produced absorption maxima at 295, 330 and 358 nm, which
were almost consistent in the presence of 5 equiv. of different
metal ions such as Fe**, Co**, zn>*, cd**, Hg*", Pb*", Cr’**, Ag",
A", Mn®*, Pd*", Pt**, and Fe>". Only in the presence of 5 equiv.
Ni*" and Cu®" ions in the receptor solution, a red-shifted band
appeared at 408 nm for Ni*" and 405 nm for Cu®* together with
a change in colour from colourless to yellow for both cases
(Fig. 2). This observation preliminary indicates that the receptor
shows selective interactions with Ni** and Cu®* ions.

Next, to determine the details of the sensing process of L
towards Ni** and Cu®" ions, absorption titration experiments
were conducted in a methanol-Tris-HCl buffer (1:1 v/v,
10 mM, pH = 7.2) mixture. Here, the receptor showed an
absorption band at 295 nm due to the -7 * transition and n-7*
transition at 330 and 358 nm, respectively. Upon the gradual
addition of Ni*" and Cu*"* ions individually, the absorption band
at 408 nm and 405 nm progressively increased and remain
constant up to 2 equiv. for Ni** and 3 equiv. for Cu®". A well-
defined isosbestic point at 373 nm in both the cases was

?y“ L= -
R 1.5
1.0- - .
3 .
3 of . 1.0 4
< . 2
1]
£ ; 8
=] 2 30 0 o
-g 0.54 [l ER ] g
< a 0.5
0.0 T T T T 0.0 L o !
250 300 350 400 450 500 250 300 350
Wavelength (nm) Wavelength (nm)
\ (i) (ii) )

Fig. 3 Absorption titration of L towards (i) Ni¢* (2 equiv.) and (i) Cu?* ions (3 equiv.).
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Fig. 4 Competitive experiment in the presence of L and other metal
ions (where1 =L, 2 =Fe*", 3=Fe?®", 4 =Ni**,5=Cd?*", 6 =Co?*, 7=
Cu?*,8=Hg?", 9=Ag", 10 =Zn?", 11 =Pb?* 12 = A®*, 13 =Cr®*, 14 =
Pd?*, and 15 = Mn?").

observed since dynamic equilibrium exists between L and the L
+ M>* complexes (M*>* = Ni and Cu) in the medium (Fig. 3).

The specific Ni** and Cu®" ion-selective colourimetric
responses of chemosensor L were also studied through
competitive experiments. Here, the co-existence of other back-
ground cations with Ni** and Cu®" ions individually did not
disturb the absorption band of L + Ni** and L + Cu®" up to a 3-
fold higher level of interfering ions (Fig. 4). Between Ni** and
Cu”" ions, the addition of the same equiv. of Cu** ions to the L +
Ni** complex solution caused an almost similar peak as that for
L + Cu®" to appear due to the displacement of Ni*>* from the L +
Ni** complex by Cu®" ions.

The detection limits were calculated from the titration data
using the formula Dy, = 3g/m, where ‘o’ is the standard deviation
of the blank and ‘m’ is the slope of the linear calibration curve.
The obtained detection limit values for Ni*" and Cu** were 7.4 x

View Article Online
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1077 M and 4.9 x 10”7 M, respectively, and thus their detection
can be feasible down to a very lower limit (Fig. 5), and the cor-
responding LOQ values are 2.46 x 107° and 1.63 x 107°,
respectively. According to the Job's plot analysis, the maximum
absorption intensity obtained at 0.5 mole fraction of L is due to
1: 1 binding for both metal ions Ni** and Cu®" (Fig. S5t). The
association constant values for Ni** and Cu®" were also calcu-
lated to be 1.7 x 10* M~ and 1.4 x 10’ M~ " from the linear
fitting of the Benesi-Hildebrand (B-H) graph 1/(A — Ao) vs. 1/
[M>*] (where M>" = Ni and Cu), where 1 : 1 host-guest binding
interactions occur (Fig. S61). The higher association constant of
Ni** ions than Cu** indicates that at a lower concentration level,
Ni** showed stronger affinity, whereas at a higher concentration
level, Cu®" ions showed strong affinity towards L, and thus
could replace Ni*" in L + Ni*".

pH dependence of L, L + Ni** and L + Cu**

The metal ion capturing capacity of the proposed chemosensor
L is dependent on the pH of the working medium since this
receptor contains multiple pH-sensitive moieties. A wide range
of receptor solutions with pH values in the range of 3 to 12 were
prepared using dil. HCl and NaOH in methanolic medium and
the absorption spectra were measured in the presence of the
respective metal ions. With an increase in the basicity of the
medium, the absorbance intensity of the free receptor and its
respective metal complex progressively increased due to the
better electrostatic interaction present between the deproto-
nated form of L and the analytes Ni** and Cu*"* ions (Fig. 6).

Stoichiometry and binding-sites

To ascertain the stoichiometry of both complexes, Job's plots
were plotted between mole-fraction Xy, and absorbance inten-
sity at 406 nm for both Ni** and Cu®". It indicated 1 : 1 (mole
ratio) binding of probe L with the metal in each complex, 1 and
2 (vide supra, Fig. S57T). The stoichiometry of both complexes was

'4 N

2 |Equation  y=a+b | e o

Weight No Weighting Weight No Weighting

Residual 1.86643E- Residusl  S4G792E-4
0.25 sumof 4 0.4 f'fm.‘f.

Pearson'st  0.99775 gl o T

Adj. R-Squa 0.99475 | A% A-Sme e Value Standard Ermr
0.20 4 Value Standard Er Intercept  0.0443  0.00365

Intercept  0.0197  0.0036 | 0.34° Slope 00100 16881264 |1
2 Stope 0.0104 2.86869E-4
£ 0.15- S
- 0.2~
0.104 - LOD=4.9x 107 M
? LOD=74:10"M 0.1- L0Q=1.63X10-6M
aa) LOQ =246 10°M
: i . : i 0 10 20 30 40
= 24+ -6
0 5 10 15 20 [Cu*1x10° M
[Nz x 10° M (i)
\ ® J

Fig. 5 Detection limits of L towards (i) Ni¢* and (i) Cu?* ions.
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9—a—3—3

0.0 1

Fig. 6 pH effect of L and L-M2* complexes (M = Ni?* and Cu*).

also well corroborated by ESI-MS spectra, where the molecular
ion peaks at m/z = 437.95 and at m/z = 419.07 correspond to L +
Cu”** + OCH;-H" and L + Ni** + OH-H", respectively (Fig. S77).

The binding of probe L with Ni** and Cu®" was also sup-
ported by FT-IR measurements (Fig. S8t). The diagnostic
experimental and calculated (non-scaled) IR frequencies of L, 1
and 2 and their assignments are listed in Table 3. The calculated
vibrational stretching frequencies of L, 1 and 2 are in good
agreement with the experimentally observed data. Both the
experimental and calculated IR spectra of L, 1 and 2 are similar
in terms of their band positions, band intensities, and shapes of
the bands. For L, 1 and 2, the maximum deviations of the

calculated IR frequencies vary with their respective

Table 3 The diagnostic experimental and calculated IR frequencies
are shown for L, [NiL(OH)] (1) and [CuL(OCHz)] (2)

Experimental (cm™") Theoretical (cm™") Assignments
L

3370.87 V(oH)
3295 3312.62 Vst

1533.31 dorn)
1698 1725.93 V(c=0)
1652 1667.80 Vicn)
[CuL(0CH,)] (2)
3300 3318.22 Vim)

1538.06 durn)

2944.49, 2991.49, 2993.76  v(cn) of -OCH;
1650 1668.71 Vic—o)
1615 1627.84 Vieen)
[NiL(OH)J1)
3735 3820.20 V(on) (coordinated)
3296 3613.47 Vst

1545.20 Srn)
1654 1587.72 Vie—o)
1610 1659.73 Vio—n)
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Fig. 7 Fluorescence spectra of L in the presence of 5 equiv. of
different metal ions in methanol-Tris—HCl buffer (1 : 1 v/v, 10 mM, pH
7.2) solution.

experimental values by less than 10%. These variations are
reasonable since the theoretical calculations are based on the
gas phase. Also, the theoretically calculated data generally vary
with the experimental data.

Fluorescence studies

The emission selectivity of chemosensor L towards metal ions
was checked in methanol-Tris-HCI buffer (1 : 1 v/v, 10 mM, pH
7.2) solution. When excited at 390 nm, receptor L produced an
intense emission band at 460 nm due to its rigid structure.
Upon the addition of 2 equiv. of several metal ions, only Ni**
and Cu®" showed total fluorescence quenching. The other metal
ions including Fe*, Co**, Zn>", Cd*", Hg>", Pb**, Cr’*, Ag", A",
Mn**, Pd**, Pt>*, and Fe** showed partial quenching of the

10000

8000

[+2]
[=3
o
o
1

4000 -

PL Intensity

2000

T T
450 500
Wavelength (nm)

Fig. 8 Emission spectra of L + Cu®* complex towards various anions
in methanol-Ttris—HCl buffer (1:1 v/v, 10 mM, pH 7.2) solution,
excitation wavelength 390 nm.
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Fig. 9 Emission competitive studies of L + Cu®* + CN~ towards

various anions (1. HSO5~, 2. OAc™, 3. CN~, 4. COs>~, 5. F, 6. Cl~, 7.
Br~, 8.17, 9. HPO,, 10. HCOs ™, 11. HF,™, 12. N3~ and 13. S;7).

emission band of the free receptor (Fig. 7). Due to the coordi-
nation of the paramagnetic Cu®>" and Ni** ions, electron/energy
transfer occurs between the metal ions and fluorophores, and
thus fluorescence quenching becomes much more efficient.

L-Cu** complex to detect anions

The affinity of several anions towards metal ions such as Cu>*
and Ni*" ions can be used for anion sensing by further utilising
L + M*" (M*" = Cu and Ni) as anion receptors. Thus, we indi-
vidually prepared L-Cu** and L-Ni*" complexes in situ and their
emission spectra were measured in the presence of several
anions.

Upon the addition of only CN~ ions to the L-Cu** complex
solution, the emission intensity at 460 nm was fully recovered,
whereas other anions including HSO; ", OAc™, F,Cl7, Br, I,
H,PO,”, HCO;~, HF,, N5, §*7, and CO;*>" did not have
a significant influence on the emission spectrum of the L-Cu”*
complex (Fig. 8). For the L-Ni’" complex, none of the above-
mentioned anions fully recovered the emission intensity,
probably due to the lower binding affinity of anions towards
Ni*" ions than receptor L.

View Article Online
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The specificity of CN~ ions towards L-Cu”* was investigated
via competitive experiments. The emission intensity at 460 nm
upon the addition of CN™ ions was not altered in the presence
of other anions up to a 5-fold higher concentration than that of
CN~ ions (Fig. 9). These results reveal that the obtained L-Cu**
complex can be used as an efficient fluorescent sensor for
recognizing CN~, which follows a reversible pathway (Scheme
2). The anion sensing potential of the resultant complex was
further investigated via fluorescence titration analysis.

In the fluorometric titration experiments, with an increase in
the concentration of CN™~ in the L-Cu** solution, the emission
intensity at 460 nm was gradually enhanced and reached satu-
ration when 5 equiv. of CN~ was added. As the concentration of
CN~ increased, the fluorescence of the L-Cu®" system was
restored gradually by a cuprous cyanide precipitation approach
due to the stronger affinity of the CN~ ion towards Cu®", leading
to a prominent fluorescence OFF-ON switching (Fig. 10). Based
on the fluorescence titration, the detection limit was calculated
to 4.0 x 10~® M using the formula Dy, = 30/m (Fig. S97).

The excellent selectivity and sensitivity towards the detection
of CN™ ions were also observed via UV-Vis spectrometry. The
colourimetric selective sensing abilities of chemosensor L were
investigated via UV-Vis absorption spectrometry in methanol-
Tris-HCI buffer (1:1 v/v, 10 mM, pH 7.2) solution with the
abovementioned anions. However, only the addition of cyanide

10000

8000

6000

PL intensity

4000 -

2000

450
Wavelength (nm)

Fig. 10 Fluorescence spectra of L + Cu?* (10 uM) after the addition of
increasing amounts of CN™ ions (up to 5 equiv.) in methanol-Tris—HCl
buffer (1: 1 v/v) at room temperature (Aex = 390 nm).
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' T i
RS N
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Scheme 2 Possible sensing mechanism of L + Cu®* complex for CN™.
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Fig. 11 Experimental (blue) and calculated electronic transition (red) of L, [NiL(OH)] (1) and [CUL(OCH3)I(2).

ions induced distinct spectral changes, while the other anions

did not induce any spectral change (Fig. S107).

To examine the reversibility of the receptor L-Cu** complex

the L-Cu®" + CN™ guest adduct. Immediately, the fluorescence

was quenched and it was further recovered upon the addition of

towards CN~ ions, we added hydrochloric acid (HC], 5 equiv.) to

Table 4 Electronic transitions of L, [NiL(OH)] (1), and [CuL(OCH3)] (2) calculated in methanol using the TD-DFT method®

an excess amount of CN™ (Fig. S11t). Some recent luminescent

Experimental
Most important orbital excitations A f A
L
H—-L 370.43 0.2681 358
H-1—-1L 334.32 0.2307 331
H - L+1, H-1 — L+1 317.93 0.0715
H-2 - L,H — L+2 295.89 0.1005 297
H-2 - L,H-1 —» L+1, H —» L+2 293.29 0.2416
H-1—- L+],H-2 > L,H - L+, H - L+2 289.78 0.0565 286
H-1 - L+2,H-2 - L,H — L+2 271.74 0.0679
H-2 — L+1,H-1 — L+3,H—4 - L 255.48 0.0443
H—> L+4,H — L+6, H-5 — L 242.15 0.0816
H-3 — L+2, H-1 — L+8, H—5 — L+3, H—6 — L+2 216.22 0.0886 230
H-2 — L+4,H — L+12, H-3 — L+3, H — L+10 210.98 0.1861
H—5 — L+3, H—4 — L+3, H-10 — L, H—6 — L+3 202.25 0.0326
[NiL(OH)] (1)
H—-LH-2—-L 439.71 0.1540
H-1—->L,H-2 —> L 415.65 0.2431 406
H-3 - L,H — L+1 382.57 0.0936
H-4 — L,H-5 — L, H-2 — L+2, H-2 — L+3 314.48 0.2496
H-2 - 1L+2,H-4 - L,H-2 — L+1 297.62 0.3489 0.0936
H-3 —» L+2,H-5 - L, H-3 — L+1 293.10 0.0045 0.2496
H-4 - L+2,H-9 —» L, H-5 — L+2 261.15 0.1255 0.3489
H — L+5,H-9 —» L,H — L+6 255.97 0.0130 0.0045
H-7 — L+1,H-6 — L+1, H-5 — L+1 239.87 0.0059
H-2 — L+6, H—1 — L+6, H — L+12 222.54 0.1783
[CuL(OCH,)](2)
H—-LH-4—>LH- L+, H-11 - L, 425.86 0.3357 405
H—-LH-4—-LH—L+,H-11 - L 419.22 0.3366
H-1—->L,H-1 - L+1,H —» L+1 375.56 0.0413
H-4 — L,H-1 — L+1,H-3 — L+1, H — L+2, H — L+3 312.16 0.3531
H-1 - L+2,H —» L+2, H-1 — L+3, H-5 — L+1 305.63 0.0392 306
H-1 — L+2,H — L+3, H-1 — L+3, H-2 — L+2 288.97 0.0323 285
H-8 —» L,H-10 — L, H-8 — L+1, H—-11 — L 254.32 0.0643
H — L+6, H — L+5, H — L+8, H — L+5 225.86 0.9054 220sh

“ 2 - wavelength (nm); f - oscillator strength; H - highest occupied molecular orbital; and L - lowest unoccupied molecular orbital.
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chemical sensors for the detection and quantification of CN™ in
aqueous medium are compiled in Table S1.F

Here, it should be mentioned that the metal complexing
indicator displacement approach (IDA) is one of the simplest
techniques used for detection of cyanide anions. This approach
overcomes the major drawbacks of traditional techniques such
as the requirement of expensive instruments and trained
personal, high detection limits, time consuming procedure and
complicated sample preparation process. In the typical IDA
approach, first an indicator (chromophore or fluorophore) can
reversibly bind to metal ions via non-covalent interaction
(coordination), and consequently the optical property of the
indicator is altered. The stronger coordination ability of analy-
tes to the receptor (metal) centre displaces the indicator and
recovers its optical properties. The major advantages of this
technique are (1) the in situ-formed metal centre chemore-
ceptor result in improved water solubility, (2) sensing towards
different analytes can be achieved by simply changing the metal
ion (receptor) or a change in the binding site of the indicator, (3)
avoids complicated synthetic procedures and (4) the probe can
show optical (colour or luminescence) changes as a measured
signal, which is very simple, cost effective and highly sensitive.

Time responses of L towards Cu®*, Ni** and of L + Cu®**
towards CN™

The time evolution of receptor L in the presence of 5 equiv. of
different metals in methanol-Tris-HCI buffer was investigated,
as shown in Fig. S12.1 The recognition interaction was almost
completed after the addition of only 10 equiv. of metal and the

View Article Online

RSC Advances

absorption intensity of L at 405 nm remained almost the same
up to 20 min. A very quick response time (~5 s) was also
observed for L + Cu®* towards cyanide ions. After the immediate
addition of cyanide ions, an emission intensity appeared at
464 nm and it remained quite stable up to 15 min (Fig. S13+).

DFT studies on L and its Ni** (1) and Cu®* complexes (2)

The optimized structure of L, its Ni** complex [NiL(OH)] (1) and
Cu”* complex [CuL(OCHj,)] (2) are shown in Fig. S14,1 and their
calculated selected bond distances and angles are listed in
Table S1.f The computed bond lengths in 1, Ni1-0001, Ni1-
0002, Ni1-0003, and Ni1-N005 are 1.851, 1.913, 1.835, and
1.897 A, respectively, which are consistent with the typical range
of bond lengths reported elsewhere.” The bite angles of 0001-
Ni1-N005, and 0002-Ni1-N005 are 95.509° and 83.099°,
respectively, for 1, which are also in the typical range reported
earlier.”® The calculated bond lengths of Cu1-0001, Cu1-0002,
Cu1-0003 and Cu1-N005 in 2 are 1.948, 2.093, 1.852, and 2.061
A, respectively, which are also in the typical range of bond
lengths observed for some reported metal complexes.” The bite
angles of 0001-Cu1-N005 and O002-Cu1-N005 are 91.029° and
76.916°, respectively, for 2, which are consistent with the re-
ported range.” The calculated geometries of the probable
structures of 1 and 2 are in good agreement with other reported
similar structural geometries in the literature.””>

Molecular orbital description and electronic spectra

The absorption spectra of L, 1 and 2 were simulated in the
presence of the solvent model (methanol) employing the TD-
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Fig.12 MO diagrams of L, [NiL(OH)] (1) and [CuL(OCHz3)] (2) showing the character and energy (eV) (Ha = (2-hydroxybenzylidene)amino moiety,

Py = 2-(pyridin-2-yl) moiety, and Dq = 2,3-dihydroquinazolin-4-one).
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DFT methods with the identical basis set and functional as that experimental data (Fig. 11). The calculated spin-allowed elec-
used in the geometry optimization calculations. The spin- tronic transitions with the experimentally observed data for L, 1
allowed electronic transitions are in good agreement with our and 2 in methanol are summarized in Table 4. The selected

[CuL(OCH3)]

[NiL(OH)]

H-3

Fig. 13 Selected HOMOs and LUMOs of L, [CuL(OCH?3)] (2), and [NiL(OH)] (1). Positive values of the orbital contour are represented in yellow
(0.03 a.u.) and negative values in blue (—0.03 a.u.).
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transitions of L, 1 and 2 having significant oscillator strengths
were incorporated and also the transitions with only orbital
contributions larger than 8% were considered for the mole-
cules. A schematic representation of the energy of the MOs and
contours of selected HOMO and LUMO orbitals of L, 1 and 2 are
presented in Fig. 12 and 13. The HOMO to LUMO energy gap for
L, 1 and 2 is 3.976, 3.413 and 3.539 eV, respectively. The energy
transition was calculated to be at 370.43 and 334.32 nm for L,
which can be assigned as n-n* and/or n-*, respectively. The
experimental bands at A, 358 nm and 330 nm are consistent
with the theoretical findings. In the metal complexes, the non-
bonded electron ligand L binds with the metal, and hence the
n-n* and/or n-m* bands are absent or decrease in metal
complexes 1 and 2. Based on the molecular orbital analysis, the
other calculated transitions of L can be assigned as intra ligand
charge transfer transitions. In contrast, the calculated transi-
tionsof H > L,H-4 —» L,H — L+1,H-11 — L,and H — L,

View Article Online

RSC Advances

H—-4 — L,H — L+1,H—11 — Lat425.86 and 419.22 nm for 2 is
assigned as metal to ligand charge transfer (MLCT) along with
some contribution of ligand to ligand charge transfer (LLCT).
The rest of the transitions are assigned as intra ligand charge
transfer as well as ligand to m orbitals of coordinated OMe
molecules transitions. The HOMO levels H and H-4 of 2 have
partially metallic in character. Thus the calculated transitions
are either of metal to ligand charge transfer (MLCT) or intra
ligand charge transfer transitions and ligand to 7 orbitals of
coordinated OMe transitions. Similarly the calculated transi-
tionsH —» L, H—2 — L; H-1 — L, H—2 — L;and H-3 — L
and H — L+1 at 439.71, 415.65, and 382.57 nm for 1 are
assigned as the metal to ligand charge transfer (MLCT) beside
some contribution of ligand to ligand charge transfer (LLCT).
The remaining transitions are assigned as intra ligand charge
transfer and ligand to 7 orbital transitions of the coordinated
OH moiety. The calculated bands for L, 1 and 2 are in good
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Fig. 14 HOMO-LUMO energy levels of L, [CuL(OCH3)] (2) and [NiL(OH)] (1).

Table 5 Determination of Ni?* and Cu?* ions in different water samples

Cations Spiked amount (uM) Recovered amount (uM) % recovery + SD (n = 3)
Ni** 5 5.11 102.2 + 0.97

10 9.87 98.7 + 1.22

20 19.97 99.8 + 0.87
cu® 5 5.08 101.6 & 0.98

10 10.15 101.5 £ 0.93

20 20.07 100.3 £ 1.2

This journal is © The Royal Society of Chemistry 2020
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Table 6 Determination of CN™ ions in different water samples
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Anion Spiked amount (uM) Recovered amount (uM) % recovery + SD (n = 3)
CN™ 5 5.11 102.2 £ 1.15

10 9.97 99.7 + 0.93

20 20.08 100.4 £ 0.89

agreement with the experimentally measured bands in solution
and listed in Table 4.

Absorption and fluorescence properties of L, 1 and 2 from DFT

Probe L exhibits a simple chelating of metal approach for the
selective detection of Ni** and Cu®* with red shifts in its
absorption band due to metal to ligand charge transfer. The
energy gap between the highest occupied molecular orbital
(HOMO) and lowest unoccupied molecular orbital (LUMO) of L,
1 and 2 is 3.976, 3.413 and 3.539 eV, respectively. 1 and 2
compared to L are established to exhibit an easy electronic
transition, resulting in their further stability (Fig. 14). The
contours of the electronic distribution in the HOMO and LUMO
states of these molecules suggest significant energy differences
of 0.563 and 0.437 eV between L and 1 and 2, respectively.

The fluorescence intensity of the probe diminished because
of the chelation and ICT (internal charge transfer) processes
after interaction with the Ni”* and Cu®* ions. Specifically, the
LUMO states of 1 and 2 compared to that of L revealed that the
electrons are less delocalized in the 1 and 2 molecules than L, in
agreement with the barrier of the photoinduced electron
transfer process, which may result in a decrease in fluorescence
through the chelation of the metal.”

Application of chemosensor L in real samples

Chemosensor L was successfully applied in the detection of
both Ni** and Cu*" ions in different water samples since normal

4 N

NiZ
5 Abs at 406 nm
Cu ‘OR’ Logic gate
Input -
~ Output
" PL at 460 nm
CN ‘IMPLICATION’
Logic gate
Input Output
Niz* cut CN- Abs. at 406 | PLint. at
nm 460 mum
0 0 0 0 1
0 1 0 1 0
1 0 1 1 1

k 1 1 1 1 1

Fig. 15 OR and IMPLICATION logic gates and truth table.

/
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water resources can be contaminated by Cu** and Ni*" ions
from waste water and the food and chemical industries. Thus,
artificial Ni** and Cu®" ion-contaminated samples were
prepared separately by spiking different known concentration
levels, and then their concentrations were analysed using the
proposed sensing method. The experiment was repeated 3
times with each sample, and good recovery and very low stan-
dard deviation were observed, as shown in Table 5.

The CN™ ion sensing ability of the receptor L-Cu®* in real
water sample was also studied. Accordingly, an artificial CN™-
contaminated sample was prepared in tap water and the
recovery amount for each concentration of spiked ions was
calculated using the calibration curve (Fig. S9T), with the help of
Lambert-Beers law. According to the results shown in Table 6,
the low recovery amount obtained within the range of 99% to
105% with RSD values of less than 5% signify that the complex
probe L-Cu®" can be used to detect CN~ ions in real water
samples.

Molecular logic gate

The optical behaviour change of receptor L in the presence of
analytes Ni** and Cu®" ions can be used for the construction of
bimolecular supramolecular logical devices. Supramolecular
logic gates are potential candidates for computation at
a minimal level with two chemical input and output results
based on spectral intensity represented by binary codes 0 and 1.
The absorption intensity at 405 nm in the presence of either
Cu**/Ni** ions or both mimic the construction of an OR logical
function with the threshold value of 0.1. On the other hand, the
decrease in the emission intensity at 460 nm in the presence of
Cu”" ions reappears in the presence of CN~ ion, which can be
applicable for IMPLICATION-type logic gate. Both logic gates
and their corresponding truth tables are presented in Fig. 15.

Conclusions

In summary, a dihydro phenylquinazolinone-based novel two-
in-one colourimetric sensor L was designed, synthesized and
exploited for the dual detection and quantification of Ni** and
Cu”" ions and displayed an instant colour change from col-
ourless to yellow and fluorescence quenching in the presence of
these cations. The colorimetric lowest limit of detection of L
towards Ni** and Cu®" was calculated to be 7.4 x 10~” M and 4.9
x 1077, respectively. The L-Cu®" complex was also used as a new
sequential fluorescent turn-on sensor to detect CN™ ions up to
a detection level of 40 nM through a Cu®*' displacement
approach. Also, L could function in a wide pH range and could

This journal is © The Royal Society of Chemistry 2020
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be effectively applied for the detection and quantification of
Ni*" and Cu®" in various environmental samples, and for
building OR and IMPLICATION-type logic gates.
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