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Abstract A new coumarin based Schiff-base chemosensor-
(E)-7-(((8-hydroxyquinolin-2-yl)methylene) amino)-4-methyl-
2H-chromen-2-one (Hy;L) was synthesized and evaluated as
a colorimetric sensor for Fe’* and fluorescence “turn on-off”
response of Zn** and Cu?* using absorption and fluorescence
spectroscopy. Upon treatment with Fe®* and Zn**, the absorp-
tion intensity as well as the fluorescence emission intensity
increases drastically compared to other common alkali, alkaline
earth and transition metal ions, with a distinct color change
which provide naked eye detection. Formation of 1:1 metal to
ligand complex has been evaluated using Benesi-Hildebrand
relation, Job’s plot analyses, "H NMR titration as well as ESI-
Mass spectral analysis. The complex solution of Hy L with
Zn>* jon exhibited reversibility with EDTA and regenerate free
ligand for further Zn** sensing. Hy;L exhibits two INHIBIT
logic gates with two different chemical inputs (i) Zn** (IN1)
and Cu®* (IN2) and (ii) Zn** (IN1) and EDTA (IN2) and the
emission as output. Again, an IMPLICATION logic gate is
obtained with Cu®* and EDTA as chemical inputs and emission
as output mode. Both free ligand as well as metal-complexes
was optimized using density functional theory to interpret spec-
tral properties. The corresponding energy difference between
HOMO-LUMO energy gap for HyL, H,,L-Zn’* and H,,L-
Cu”* are 2.193, 1.834 and 0.172 eV, respectively.
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Introduction

Development of fluorescent chemosensor for sensing of bio-
logically and environmentally important metal ions has been
receiving considerable attention in the field of chemical sen-
sors [1, 2]. They are usually very sensitive, low cost, easily
performed and versatile, which are also used for real-time
monitoring and detection of metal ions at a molecular level
and are applicable in many fields such as medical diagnostics,
environmental control, living cells and electronics. Nowadays,
among the different analyte, special interest is devoted to de-
velop chemosensors for transition metal ions, usually they rep-
resent an environmental concern when present in uncontrolled
amounts, but at the same time some of them such as iron, zinc,
manganese, copper and cobalt are present as essential elements
in biological systems. Among biologically important metal
ions, iron, copper and zinc ion are the most three abundant
and essential trace elements in the human body which play
important roles in biology, chemistry and environment. Iron
is the most abundant transition metal ion present in the human
body. Fe** ion is an important and essential for proper func-
tioning of all living cells and acts as a cofactor in many enzy-
matic reactions to human as well as in specialized transport and
storage of proteins [3]. The deficiency of Fe** causes anaemia,
liver damage, diabetes, hemochromatosis, Parkinson’s disease
and cancer [4]. On the other side, zinc is the second most
abundant transition metal ion in the human body after iron,
and plays a myriad of roles in numerous cellular functions such
as regulation of gene expression, apoptosis, co-factors in
metalloenzyme catalysis and neurotransmission in biological
systems [5, 6]. Many severe neurological diseases, including
Alzheimer’s disease, cerebral ischemia and epilepsy [7-9] are
associated with the disorder of Zn>* metabolism. Therefore,
estimation of Zn®* is very important in neurobiology.
However, if unregulated, Fe** and Zn®* may cause many
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severe diseases, such as [3-thalassemia, Friedreich’s ataxia,
Alzheimer’s disease, Parkinson’s disease and epilepsy [10].
Therefore, there is a great need for developing Zn** and Fe**
selective sensors that can distinguish Zn** and Fe** from other
transition metal ions. Many sensors reports are available for
detection of both Fe and Zn with synthetic difficulties which
require laborious multistep organic synthesis. However, de-
spite much attention of fluorescent sensors for selective and
sensitive detection of both Fe** and Zn?*, there is still a huge
demand for new sensors with improved properties, low-cost,
requirement of less labour and efficient sensors. At the same
time, copper is the third most abundant trace element in the
human body as well as in many living organisms. Copper plays
a vital part in the physiological processes of organisms, includ-
ing connective tissue development and the formation of bone
and blood. However, any alternation in the uptake of copper
may lead to neurodegenerative disorders such as Menkes and
Wilson diseases [11-13], familial amyotropic lateral sclerosis
[14, 15] and Prion diseases [16]. Thus the development of
chemosensors for selective and sensitive detection of these
trace elements like Fe**, Cu®* and Zn?*, still remains a chal-
lenge and active field of research.

Research on molecular logic gates has focused mainly in the
field of chemistry research for its application in information
technology since the first AND logic gate was mimicked with
optical signals [17]. Various chemical systems have been de-
veloped to exhibit different operations like AND, OR, NOT
and their integrated operations [18]. In addition, many useful
integrated logic gates such as INHIBIT, half subtractor, half
adder, full adder, and full subtractor with various single mole-
cules have been exploited [19, 20]. However, during literature
surveys, very few IMPLICATION logic gate are reported so far
[21]. Recently, there has been reported several molecular logic
gates based on the structure of salicylidine Schiff base [22—-25].
Some of the coumarin Schiff base was also reported as molec-
ular switch for dual sensing of different metal ions [26, 27].

The nitrogen atom of azomethine C = N double bond in
Schiff base also exhibits a strong affinity for transition metal
ions. Therefore, the Schift base are known to be good ligand for
metal ions and used to develop chemosensors. In addition,
Schiff base derivatives incorporating a fluorescent moiety are
appealing tools for optical sensing of metal ions. Nowadays,
designing and synthesis of fluorescent sensors with high selec-
tivity and sensitivity to metal ions is an important and vibrant
field. Many excellent metal ions sensors have been contributed
significantly but some of the reported synthesis methods are
always too complicated. However, only a few coumarin based
chemosensors are reported so far for the dual sensing of metal
ions [28-34]. As it is well known that coumarin framework
exhibits various interesting photophysical properties such as
large Stokes shift with visible excitation and emission wave-
lengths, high quantum yields, good photostability and also has
wide application as fluorescent dyes [35—37]. Moreover in the

@ Springer

literature, only few coumarin based Schiff base were reported
and known to selectively recognize for dual sensing of metal
ions [26, 27, 38, 39]. So, in this paper, we have designed and
synthesized a new coumarin based Schiff-base fluorescent
probe-(E)-7-(((8-hydroxyquinolin-2-yl)methylene)amino)-4-
methyl-2H-chromen-2-one (Hy;L) by one step condensation of
7-Amino-4-methyl coumarin and 8-hydroxy quinoline 2-
carbaldehyde in methanol solution (Scheme 1) which was se-
lectively and sensitively recognized both Zn** and Cu®* using
fluorescence spectroscopy. Herein, the photophysical proper-
ties of Hyy L were studied in presence of different metal ions,
focusing the attention on their absorption and emission proper-
ties using absorption and fluorescence spectroscopy. In the UV-
Vis absorption studies, a strong absorption band at 240 nm,
265 nm, 290 nm and 355 nm were observed in ethanol solution.
On addition of Fe**, the absorption intensity was found to
increase with a dramatic change in color which can be easily
detected with naked eye. This clearly indicates that Hy,L is a
highly selective colorimetric sensor for Fe** compared to other
survey metal ions. It was also seen that the absorption peak at
355 nm disappeared and a new absorption peak at 335 nm
appeared with gradual addition of Fe* ion. At the same time,
we also observed an isosbestic point at 360 nm which clearly
indicates complex formation due to metal ion binding. We also
observed a pronounced fluorescence enhancement in presence
of Zn**, while there was no change or minimal spectral changes
in presence of other metal ions except Cu>* which shows fluo-
rescence quenching. This chemosensor was used as a fluores-
cent “turn on-off” detector of Zn** and Cu®"* ion, respectively.
Importantly, it was able to distinguish Zn** from Cd** besides
having very similar chemical properties often respond together
with similar spectral changes. Moreover, the fluorescence emis-
sion behavior of Hy L can be utilized to study as a binary logic
function comprising of two INHIBIT logic gates with two dif-
ferent chemical inputs (i) Zn** (IN1) and Cu®* (IN2) and (ii)
Zn** (IN1) and EDTA (IN2) and the emission as output. Again,
an IMPLICATION logic gate is obtained with Cu** and EDTA
as chemical inputs and emission as output mode. Structure of
Hy; L and its metal complexes were fully optimized using
BLYP functional and DNP basis sets as implemented in the
program DMoP®. The corresponding energy difference between
HOMO-LUMO energy gap for HyL, H;,L-Zn** and H,,L-
Cu®* are 2.193, 1.834 and 0.172 eV, respectively. Chemical
hardness for both ligand as well as its metal complexes was
also calculated.

Experimental Details

Materials

8-hydroxy quinoline 2-carbaldehyde and 7-Amino-4-methyl
coumarin was obtained from Sigma-Aldrich Chemical
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Scheme 1 Reaction scheme for
the synthesis of (E)-7-
(((~hydroxyquinoline-2-
yl)methylene)amine)-4-methyl-
2H-chromen-2-one (Hy;L)

Reflux for3hr  Ox O N OH

D —
o Methanol A
8-hydroxy 2-quinoline carboxaldehyde CHj,

7-amino - 4-methyl coumarin

Company. All the spectroscopic grade solvents used were ob-
tained from Sisco Research Laboratory (SRL) Pvt. Ltd. and in
some cases, from Aldrich Chemical Company. Chemical re-
agents were obtained from Lancaster as well as S.D. Fine
Chemical Ltd. All experiments were carried out at room
temperature.

Synthesis and Characterization of Hy;L

A portion of the 8-hydroxy quinoline 2-carbaldehyde
(0.173 g, 1 mmol) and 7-Amino-4-methyl) coumarin
(0.175 g, 1 mmol) was separately dissolved in absolute etha-
nol and were combined together to get to yellow color. The
solution was stirred under reflux conditions for 3 h in presence
of 2-3 drops of acetic acid and precipitate was filtrated,
washed with cold absolute ethanol three times, then recrystal-
lized with ethanol/chloroform (1/3, v/v) to get deep yellow
microcrystal (Hy{L) in 80% yield. m.p. 151 °C. IR (max,
em ™', KBr): 3435(von), 3192(v.s(C-H), 2987(v4(C-H),),
1629(v(C = N)), 1575(C = C), 1236(v(C-0)),
1120(1(CN)),784((C-H)); '"H NMR (400 MHz, CDCls,
TMS, 6, ppm): 10.16 (s, H-1), 7.21 (d, H-2), 7.59 (t, H-3),
7.64 (d, H-4), 8.59 (d, H-5),7.84 (d, H-6), 8.27 (s, H-7),
7.07(s, H-8), 7.29 (d, H-9), 7.74 (d, H-10), 2.42 (s, H-11),
6.18 (s, H-12); '*C NMR (400 MHz, CDCl;, TMS, 6,
ppm):112.2, 112.5, 115.5, 117.9, 118.1, 119.0, 119.4, 120.1,
126.9,128.1,131.9, 136.1, 137.5, 148.6, 149.6, 151.4, 151.7,
152.7, 153.2, 160.8; Anal. Calc. for C,oH4N,O3 (330.3): C,
72.72%; H, 4.27%; N, 8.48%. Found: C, 72.20%; H, 4.24%;
N, 8.40%. ESI-MS, m/z: Caled. for CpoH14N,03 (M + H) *:
331.3, found: 331.5.

Physical Measurements

The IR spectra were measured on a PerkinElmer L 120000A
spectrometer with KBr pellets in the range 4000-400 cm .
"H and '*C NMR spectra were recorded on Bruker DPX-
400 MHz spectrometer with chemical shifts reported as ppm
(in CDCls, tetramethylsilane as internal standard). Elemental
analyses were carried out using PE2400 elemental analyzer.
pH measurement was recorded on Global Digital pH meter
(DPH-500). Absorption and fluorescence emission spectra

7
N .'4
CHg

(E)-7-(((8-hydroxyquinolin-2-yl)methylene)
amino)-4-methyl-2H -chromen-2-one

were recorded on a Shimadzu UV-1601PC absorption spec-
trophotometer and PerkinElmer LS 45 spectrofluorimeter, re-
spectively. Fluorescence quantum yields (¢y) were calculated
by comparing the total fluorescence intensity under the whole
fluorescence spectral range with that of a standard (pr= 0.546,
quinine sulfate in 1 M sulfuric acid) using the following equa-
tion as described before [40].

i s

L F 1107
‘Pf*‘ﬂf'F-l_lo_Ai- ; (1)

where F is the total fluorescence intensity under whole fluo-
rescence spectral curve, A’ and A® is the optical density of the
sample and standard, respectively and 7/’ is the refractive index
of the solvent at 298 K. Fluorescence lifetimes were recorded
in a nano-LED based time-resolved fluorimeter obtained from
Photo Technology International (PTI) using TCSPC tech-
nique. The instrument response function (IRF) was obtained
at 360 nm using a dilute colloidal suspension of dried non-
dairy coffee whitener. The half width of the IRF was ~100 ps.
The samples were excited at 360 nm and the fluorescence
emission was collected at corresponding emission wave-
length. The number of counts in the peak channel was at least
10,000. In fluorescence lifetime measurements, the emission
was monitored at the magic angle (54.7°) to eliminate the
contribution from the decay of anisotropy.

Computational Methods

Quantum chemical calculations based on density functional
theory (DFT) were carried out to investigate the electronic
structure of HyL, H;;L-Zn>* and H,;L-Cu** complexes.
Full geometry optimization of HyL, H”L-Zn2+ and Hy,L-
Cu”* complexes has been carried out without imposing any
constrain using BLYP functional [41, 42] which incorporates
Becke’s exchange and Lee-Yang-Parr correlation and double-
numerical polarized (DNP) [43] basis sets as implemented in
DMol® program package [44] using Kohn-Sham Theory [45,
46]. In order to confirm the stability of Hy;L, H;,L-Zn>* and
H,,L-Cu®* complexes, we performed vibrational frequency
calculations at the same level of theory.
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Results and Discussion
UV-Vis Titration Studies of H,;;L

The absorption spectrum of Hy; L shows four different peak
positions at 245 nm, 260 nm, 290 nm and 355 nm respective-
ly, in ethanol solution. The stock solution of the ligand and
metal ions were prepared in 10 mM concentration in ethanol
solution at room temperature. However, the experimental so-
lution of free ligand (Hy,L) was kept to be 2.5 x 10 * M inall
cases. In the absorption spectra, there are no remarkable
changes in presence of other different metal ions like alkali
(Na*, KY), alkaline earth (Ca®*, Mg®*, Sr**) and transition
metal ions (Cd**, Ni**, Co**, Cu?*, Zn**) except Fe’*. To
further investigate the interaction between Hy;L and Fe,
UV-Vis absorption spectral variation of Hy;L was monitored
in presence of different concentration of Fe** in ethanol solu-
tion at room temperature. As shown in Fig. 1, gradual addition
of Fe** (0-55 uM) resulted in an obvious change in absorption
intensity as well as in color, from colorless to deep yellow,
which can be easily detected with naked eye. This clearly
indicates that Hy L is a highly selective colorimetric sensor
for Fe>* ions. It was also seen that the absorption peak at
355 nm disappeared and a new absorption peak at 335 nm
appeared with gradual addition of Fe** (fig. 1). At the same
time, we also observed an isosbestic point at 360 nm which
clearly indicates complex formation due to metal ion binding.
Here in presence of Fe**, an isomerization happened to Hy; L
due to intramolecular charge transfer (ICT) from O-H and
N = CH which leads to imine bond breaking. Therefore,
H;,L showed selective estimation for Fe** ions in UV-Vis
absorption studies.

0.8
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(3]
c
©
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S
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3 :n length /i - *
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250 300 350 400
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Fig.1 Change in UV-Vis spectrum of Hy; L (2.5 x 10™* M) upon gradual
addition of Fe** in ethanol solution at room temperature. The concentra-
tions of Fe** (uM) are: 0.0 (i), 5.0 (ii), 10.0 (iii), 15.0 (iv), 20.0 (v), 25.0
(vi), 30.0 (vii), 35.0 (viii), 40.0 (ix), 45.0 (x), 50.0 (xi) and 55.0 (xii).Inset
show the spectra of free ligand in absence (0 uM) and presence (55 pM)
of Fe** ion concentration
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Fig. 2 Fluorescence emission spectra of Hy L (2.5 x 107* M) in absence
and presence of different metal ions (~45 uM) at room temperature.
Excitation was done at A.. = 355 nm

Fluorescence Studies of H;;LL
In Presence of Different Metal lon

The interactions of Hy;L with different metal ions have been
investigated by evaluating the changes in their fluorescence
properties by addition of different metal ions in ethanol solu-
tion at room temperature. The fluorescence emission maxima
peak of Hy; L appeared at 438 nm upon excitation at 355 nm,
which on addition of Zn®* (~45 uM) gives slightly blue-
shifted at 428 nm. However, the fluorescence emission inten-
sity has been drastically increased with almost 6-fold (Fig. 2)
in presence of Zn** (~45 uM). Similarly, in presence of other
different metal ions like Na*, K*, Ca®*, Mg®* Cd**, Ni**,
Co?*, Ba**, AI**, Hg?*, Mn>" and Fe**, Hy;L showed either
no change in the fluorescence peak position or a very negligi-
ble amount of changes occurs in the fluorescence intensity in
case of Cd**. So, there was no appreciable change in the
fluorescence emission behavior of HyL with others metal
ions except for Zn**. However, in presence of Cu*, it also
exhibits quenching of fluorescence emission intensity without
any interference of other metal ions present in the solution.
Fluorescence intensity profile changes of Hy;L in presence of
different metal ions were shown in the histogram (Fig. 3)
which clearly indicates high selectivity of Zn** Therefore,
H,,L shows selective estimation for Zn>* and Cu>* ions in
fluorescence studies.

Influence of Zn”" Ion

As shown in Fig. 4, with gradual addition of Zn** (0-60 uM),
a significant enhancement of the emission band intensity at
428 nm occurred, which resulted in a ~ 10 nm blue-shifted and
a large increase in the fluorescence intensity. This effect was
not observed in presence of other metal ions even with very
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Fig. 3 Fluorescence intensity profile changes of Hy L in absence (free
ligand) and presence of 45 uM concentration of various metal ions at
room temperature. Fluorescence intensity changes that occur upon
subsequent addition of Zn** ion (45 M) in presence of different metal
ions were also reported. Excitation was done at A, = 355 nm

high concentration (say ~ 100 pM). The enhancement of fluo-
rescence intensity was attributed to the introduction of Zn**
and consequently occurrence of the strong complexation with
H;;L via O-H and N heteroatoms which can be explain due to
prevention of isomerization by metal ion binding. This coor-
dination can enhance the planarity and rigidity which can also
decrease nonradiative decay of the excited state and increased
radiative decay which may be explained due to photoinduced
electron transfer (PET) process between HyyL and Zn**
[47-50].The fluorescence quantum yields were also calculat-
ed both in free ligand as well as in presence of Zn>*, Here, the
fluorescence quantum yield increases drastically from
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Fig. 4 Variation of fluorescence intensity of Hy;L against concentration
of Zn>*. The concentrations of Zn** (uM) are: 0.0 (i), 5.0 (ii), 10.0 (iii),
15.0 (iv), 20.0 (v), 25.0 (vi), 30.0 (vii), 35.0 (viii), 40.0 (ix), 45.0 (x), 50.0
(xi), 55.0 (xii) and 60.0 (xiii). Inset show the double reciprocal plot of
1/(F-Fo) against 1/[Zn**] giving a straight line indicating 1:1 complex

formation

0.6 x 10> for Hy;L compared to 7.4 x 102 for Hy;L-Zn**
complex. Further, tolerance of fluorescence intensity due to
Zn** (45 uM) in presence of 50 times an excess of other metal
ions like Na*, K*, Cd**, Ca®* and Mg?" has been successfully
verified as shown in Fig. 3. So, all competitive metal ions had
no obvious interference with the detection of Zn>*, which also
indicates that Hy;L-Zn”* system was hardly affected by these
coexistent metal ions. Thus, H;;LL can be used as selective
fluorescent chemosensor for Zn** determination in presence
of other competing metal ions. The emission intensity of Hy{LL
was linearly proportional to Zn®* ion concentration. This lin-
ear dependence of Zn>* ion concentration suggests that Hy; L
could be utilized for the quantitative estimation of Zn>*. The
detection limit was calculated using 3*S/M [51] where S is the
standard deviation of a blank signal and M is the slope of the
regression line. The detection limit was found to be in order of
10® M. Hence, Hy; L shows selective estimation for Zn* and
“turn-on” fluorescent sensor in presence of Zn** ion.

Influence of Cu”* Ion

As it is well known, Cu®* is a paramagnetic ion with an empty
d-shell and can strongly quench the emission of a fluorophore
via a photoinduced metal-to-fluorophore, electron or energy
transfer mechanism [52, 53]. In addition, among the relevant
paramagnetic metal ions, Cu®* has a particularly high thermo-
dynamic affinity for ligands with “N” or “O” as chelating
element and fast metal-to-ligand binding kinetics process
[54]. So, in order to evaluate the binding nature between
H,,L and Cu?", a fluorescence titration with increasing con-
centration of Cu* (0-32 uM) was performed and a significant
fluorescence emission intensity decrease with slight red-
shifted (Fig. 5). This also clearly indicates complex formation
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o
|
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N
o
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Fig. 5 Fluorescence emission spectra of Hy L in presence of different
concentrations of Cu?* in ethanol solution at room temperature. The
concentrations of Cu®* (uM) are: 0.0 (i), 4.0 (ii), 8.0 (iii), 12.0 (iv),
16.0 (v), 20.0 (vi), 24.0 (vii), 28.0 (viii) and 32.0 (ix). Inset shows the
Stern-Volmer plot from titration of Hy; L with different conc. of Cu* (0-
32 uM)
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with Cu?" ion. The decrease in fluorescence emission intensity
in our study may be due to strong metal-fluorophore commu-
nication compared to other interactions which leads to fluo-
rescence quenching. So, the paramagnetic behavior of Cu**
and the complex probe (H; ,L-Cu®") interaction was the main
reason for fluorescence quenching. The emission intensity of
Hj; L was linearly proportional to Cu** ion concentration. The
detection limit was calculated and found to be in order of
10> M. Hence, Hy;L shows selective estimation for Cu**
and “turn-off” fluorescent sensor in presence of Cu®* jon.

The fluorescence quenching behavior can be expressed
mathematically by the Stern-Volmer relation [55] which al-
lows calculating the quenching constant using Eq. (2).

170 =14+ Ksv[0] (2)

where, I and I are fluorescence intensities in the absence and
presence of quencher (Q), K, is the Stern-Volmer constant
related to the bimolecular quenching rate constant and [Q] is
the quencher concentration. This plot exhibits linear relation-
ship indicating that Hy, L is potentially useful for detection of
Cu®* with K, value of 4.3 x 10* M (Fig. 5(inset)). To
further investigate the quenching mechanism whether static
or dynamic, we studied the change in absorption spectrum
with an increase in Cu”* ion concentration which clearly in-
dicates the quenching mechanism to be static in nature.
Moreover, we also monitored the fluorescence behavior in
presence of ascorbic acid. Here, the fluorescence emission
intensity increases drastically in presence of ascorbic acid
(~30 uM) which indicates the masking of the quenching effect
of copper.

Stoichiometry of Complexation

The stoichiometric ratio and apparent binding constant for
ligand-metal ions complex was also determined by analyzing
the changes in fluorescence emission intensity with different
metal ions concentration. The apparent binding constant of the
complex for 1:1 binding between ligand and metal ions can be
obtained using modified form of Benesi-Hildebrand relation
[56] written as

S R G)
F=Fy  Fo-Fq K(F,~Fo) [M*7]

where, Fy and F are the fluorescence intensities in the absence
and presence of metal ions respectively. F, is the fluorescence
intensity in the presence of excess amount of metal ions.
Therefore, for 1:1 complex formation, the double reciprocal
plot of 1/(F-Fy) against 1/[M**] should give a straight line;
from the slope and intercept of which, the equilibrium con-
stant (K) can be calculated. Figure 4(inset) shows the
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representative linear fitting using Eq. (3) and confirms 1:1
stoichiometry between Hy L and Zn** with association con-
stant 0of 2.6 x 10* M. At the same time, we also studied Job’s
plot analyses for determination of stoichiometry between
Hy;L and Zn**. The method is that keeping total concentra-
tion of Hy;L and Zn** at 50.0 uM and changing the molar
ratio of Zn** from 0.1 to 1.0. From Fig. 6(a) when molar
fraction of Zn®>* was 0.5, the fluorescence emission maxima
at 438 nm got to maximum, indicating that forming a 1:1
complex between Hy;L and Zn*. Moreover, this further cor-
roborated 1:1 complex formation based on B-H relationship.
Similarly, in case of Hy; L and Cu** complex formation, it was
confirmed to be 1:1 stoichiometry between Hy,L and Cu**
with association constant of 8.6 x 10* M . Figure 6(b) shows
1:1 complex formation between Hy;L and Cu®* based on
Job’s plot analyses.
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Fig. 6 Job’s plot of a HyL (2.5 x 10~* M) with Zn>* ion and b H;,L
(2.5 x 10~* M) with Cu** ion in ethanol solution at room temperature
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We also determine the nature of binding ratio and binding
sites of metal ions to Hy;L using other form of B-H equation
as given below.

log((I—Io)/(Imax—I)) = nlog[M**]-logK, (4)

where I and I are the fluorescence intensities in the absence
and presence of metal ions respectively. L., is the fluores-
cence intensity in presence of excess amount of metal ions.
From the plot of log((I-Iy)/(I,ax-1)) versus log [M**]in Eq. (4),
the slope and intercept were obtained giving the slope value,
n = 1.28 indicating the binding ratio of Zn** ions to Hy;L as
1:1 and log K4 was found to be 1.785. Similarly, in case of
Hy;L and Cu** complex formation, the slope and intercept
were found to be slope value, n = 1.32 and log K4 = 1.62
indicating 1:1 binding nature of Cu®* ions to Hy;L.

Effect of pH

We also studied the effect of pH both in presence and absence
of Zn** and Cu”* (Fig. 7). Over a wide range of pH, there was
no obvious change in the fluorescence intensity of free ligand
alone which clearly indicates insensitivity to pH. However, in
presence of Zn**, Hy;L has a strong pH dependent even
though it had a weak fluorescence response to Zn>* in acidic
environment because of protonation of phenolic hydroxyl [57]
leading to a weak coordination ability of Zn** [58]. However,
satisfactory Zn* sensing abilities were exhibited with increas-
ing pH. Thus, Hy;L indicates a good fluorescence sensing
ability to Zn** over a wide range from pH 5.5 to pH 11.
Moreover, on addition of Cu2+, quenching behavior was ob-
served in the wide pH range from pH 4.0 to pH 11.5. These
results also clearly indicate that Hy; L. can be employed as a
selective fluorescent probe to recognize and distinguish Zn**
and Cu®" in presence of other survey metal ions.
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Fig. 7 Effect of pH on the fluorescence intensity of Hy;L (2.5 x 107 M)
in absence () and presence (@) of Zn" ion and (M) of Cu** ion

Effect of Different Substituents

Metal-ligand complexes have been studied showing both the
affect on the fluorescence emission wavelength and intensity
of the ligand through metal coordination. The luminescent
properties of Zn** complexes were reported to be determined
by the organic ligand because of the electronic configuration
of Zn>* (3d'%4s°) where the d-shell are completely filled
which causes lack of intrinsic spectroscopic or magnetic sig-
nal [59]. Herein, the fluorescence behaviors of Hy; L and com-
plexes with different substituent of Zn** were studied in the
solution phase at room temperature. Here, the emission spec-
tra of complexes are very similar with Hy L except for the
fluorescence intensity and peak position, indicating that the
fluorescence of complexes is L-based emission. Meanwhile,
the fluorescence emission for complexes were slightly blue-
shifted compared to free ligand which is considered to mainly
arise from the coordination of Zn>* centre to Hy,L. The incor-
poration of Zn>* effectively increases the conformational ri-
gidity of the ligand and enhanced fluorescence intensities of
all five complexes [60]. Moreover, the different in fluores-
cence intensities of the complexes with different substituent’s
like CO3, SOy, Cl, NO; and CH3COO, can be explain due to
bigger conformational rigidity for a 3D supramolecular net-
work, as well as hydrogen bonds and 7t....7t packing interac-
tions [61].

Real Water Sample Assay

As we all know that zinc is the second most abundant and
essential trace elements in the human body which play impor-
tant roles in biology, chemistry and environment. Moreover,
zinc is also a mineral that naturally occurs in rocks and soil
and is a normal constituent of the human diet. So, in order to
evaluate the application feasibility to determine Zn** ion in
real water samples, several water samples from different water
sources were selected including tap water, mineral water, river
water, pond water, well water and distilled water. The changes
in fluorescence emission intensity were measured after addi-
tion of 20% of the water samples to ethanol solution of the
probe (Fig. 8). Here, the fluorescence intensity of the probe
upon addition of 20% pond and well water indicates signifi-
cant increase compared to other water samples, which indi-
cates that the content of Zn** ion in pond and well water is
high. However, in case of river and tap water, the fluorescence
intensity is weak compared to pond and well water which
indicates low content of Zn>*. The possible reason might be
due to low content of Zn* in river and tap water or due to the
presence of different interfering metal ions compare to pond
and well water. For mineral and distilled water, there is almost
negligible enhancement of fluorescence intensity after addi-
tion of 20% of the water samples with suggests that the
amount of Zn”* ion in these two samples is very low.

@ Springer



1314 J Fluoresc (2017) 27:1307-1321
12
10.7 10.6 a
iy 3.0x10° °
10 ? - i °
| 3 2.5x10° - °
> 4
- = ° +
8 6.9 2 20x10°] zn®
|.|.° ) g ]
= 6+ 2 g 1.5x10°
[ < [ 4
o 41 2 .
= 4 S 1.0x10° - EDTA
E
] 2 .
) 5.0x10°H @ ° ° ° °
T T T T T
1 0.22 0 2 4 6 8 10
0 ; : ; : : : ’ : < —zzz21 Number of Cycles
Pond River Tap Mineral Well Distilled
Water Samples b
Fig. 8 Fluorescence intensity of ethanol solution of Hy; L (2.5 x 1074 M) i °
with addition of 20% (%, v/v) water samples at room temperature S 100 o °
. [}
©
> _
A g 80 - cu2+
Effect of EDT. £
s _
Reversibility nature of Hy; L was also studied using EDTA as § 60 |
a coordinating ligand. Here, we have selected EDTA as a 3 _
ligand of choice as it is available in abundance and relatively E 0 EDTA
low cost. The fluorescence emission behavior of the complex v ) S °
. . [ ]
probe (H; ]L—Zn2+) was monitored in presence of EDTA ]
(~35 uM) and the fluorescence intensity was found to de- (') 5 J; ¢'; é 10

crease and returned to lower level for Hy;L indicating regen-
eration of free Hy; L. which became constant and corresponds
to the fluorescent intensity of the free ligand. A similar type of
reversibility nature for fluorescent sensor has already been
reported earlier [62, 63]. This may be due to the lack of affinity
of EDTA with Hy; L as well as its ability to form a preferential
complex with Zn>* ions. Thus, using EDTA, free Hy; L was
regenerated from the complex probe (H;;L-Zn>*) which can
be reused for further Zn>* sensing. Again on subsequent ad-
dition of Zn** and EDTA, the change in fluorescence emission
intensity occurred reversibly even after several cycles
(Fig. 9(a)). These results show that Hy;L can be used as re-
versible fluorescent chemosensor using EDTA as coordinat-
ing ligand. Similarly, upon alternatively gradual addition of
Cu** and EDTA, the change in fluorescence emission inten-
sity shows reversibility to its original state up to several cycles
as shown in fig. 9(b). Overall, these experiments confirm the
reusability, recyclable and stability nature of the ligand, which
may be used for wide practical applications.

3 . 2+ 2+
Fluorescence Response Time in Presence of Zn~" and Cu
lons

The time dependent fluorescence intensity profiles of Hy L
was performed in presence of three different concentrations

@ Springer
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Fig. 9 Reversible changes in fluorescence intensity of Hy L at 484 nm
after subsequent addition of a Zn** and EDTA and b Cu®* and EDTA

of Zn** and Cu®* ions, respectively. Figure 10(a) shows the
fluorescence intensity profile curve showing instant en-
hancement in presence of Zn>* ion with almost in no time.
As the time increases, fluorescence intensity increases to a
certain time ~ 30 s and remain almost unchanged over a
period of time ~ 3 min, which may be due to strong com-
plexation behavior of Hy;L with Zn** ion via OH and N-
heteroatoms due to photoinduced electron transfer. This per-
formance also clearly indicates a good and much faster re-
sponse compared to other available reports [64, 65] in addi-
tion of Zn>* ion. However, in presence of cu*t ion, fluores-
cence intensity quenching behavior was observed in no time
(Fig. 10(b)). Here, fluorescence intensity decreases to a cer-
tain time and remains constant over a period of time ~ 2 min.
This decrease in fluorescence intensity may be due to strong
metal-fluorophore communication which leads to fluores-
cence quenching. These experiments clearly indicates a good
and short response time to monitor both 7Zn** and Cu®* ions,
respectively which can be further use for wide practical
applications.
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Fig. 10 Fluorescence response of H;,L in presence of a Zn>* with
different concentrations at different times. The concentrations of Fe**
(uM) are: (i) 10.0, (ii) 25.0 and (iii) 45.0, respectively. b Cu** with
different concentrations at different times. The concentrations of Cu®*
(uM) are: (i) 10.0, (ii) 20.0 and (iii) 35.0, respectively

'H NMR Titration and Mass Analysis

To understand the interaction and binding behavior of Hy Lk
towards Zn>* ion, "H NMR titration experiments were carried
out in the absence and presence of different concentrations of
7Zn*" ion in DMSO-dg solvent at room temperature. Here, four
different NMR tubes containing Hy;L dissolved in DMSO-dq
were prepared and then three different concentrations
(0.25 eq., 0.5 eq. and 1.0 eq of Zn** ions) of Zn(CH;COO),
dissolved in DMSO-dg were also prepared and added to dif-
ferent NMR tubes. After shaking thoroughly for 1 min, 'H
NMR experiments were recorded at room temperature. As
shown in the Fig. 11, the hydroxyl proton of Hy;L obtained
at around 10.16 ppm in the free ligand has experienced a
remarkable downfield shift towards 10.52 ppm upon addition
of Zn** ion. On the other hand, the aromatic protons signal at
8.57, 8.27, 7.84, 7.59, 7.29, 7.07, 6.18 ppm were shifted

marginally downfield to 8.73, 8.62, 8.23, 8.04, 7.51, 7.74,
6.24 ppm while the other signals at 7.74, and 7.21 ppm were
shifted marginally upfield to 7.16 and 6.97 ppm in presence of
Zn** ion, respectively. These spectra exhibited the binding
nature of Hy;L with Zn>* ion in 1:1 stiochiometric ratio
[66]. Moreover, these overall changes in the chemical shifts
of the proton in presence of Zn>* ions suggested that the bind-
ing of Hy,L to Zn>* forms a rigid system by a strong com-
plexation with Hy;L via O-H and two N-atoms of pyridine
and azomethine, respectively. These results also indicated the
structural and conformational changes of Hy; L upon Zn>* ion
binding. Again, 'H NMR spectrum of the ligand was also
recorded in different pH to confirm the stability of the ligand.
Here, in this experiment, we have observed that the peak sig-
nals remain almost at same position throughout different pH
which indicates insensitivity to pH.

To better understand the binding nature of Hy; L. with Zn**
ion, ESI-mass spectra of Hy; L and its complex (H,,L-Zn**")
were also recorded and shown in Fig. 12. The observed mo-
lecular ion peak m/z for Hy{L was obtained at 331.5.
However, in presence of Zn** ion, the molecular ion peak
m/z was found at 445.3 which correspond to [H;,L + Zn**+
Acetate] * (calculated: 445.04). Here it is worth to mention
that the complex (H,;L-Zn*") ensemble also involves a coor-
dinated acetate molecule. So, these mass spectra also con-
firmed the binding nature of Hy; L to Zn>* as 1:1 stoichiome-

try [67].
Time-Resolved Fluorescence Measurements

Lifetime data of HyyL was obtained by nanosecond time-
correlated single photon counting technique using 360 nm
LED source and monitoring the emission at 428 nm. The
fluorescence decay curves were analyzed by non-linear
least-square iterative convolution method based on
Lavenberg-Marquardt [68] chi-sqare (x*) minimization algo-
rithm. Here, the fluorescence decay need two exponential
function both for free ligand as well as the complex probe
(H,,L-Zn*") to reproduce the experimental data points with
acceptable statistical parameters like reduced chi-square (x%)
values and Durbin-Watson parameter as demonstrated by vi-
sual inspection of the distribution of weighted residuals with
time (Fig. 13). The biexponential fluorescence decay param-
eters for Hy;L: T, =0.63 ns (0.70) and T, = 1.91 ns (0.30) and
for H”L—Zn2+: Ty = 1.22 ns (0.29) and 1, = 3.66 ns (0.71),
respectively. Here, it is seen that the amplitude of the short
nanosecond component is much larger compared to long
nanosecond component in free ligand. However, with addition
of Zn**, the amplitude of the short nanosecond component is
much smaller compared to long nanosecond component
which may be due to suppression of PET process by metal
ion binding. This complex nature of the fluorescence decay
parameters is a reflection of the flexibility of the molecules
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[69]. Here, we calculate the average decay time of Hy; L both
in free ligand and complex probe using Eq. (5) to discuss the
fluorescence decay behavior.

<T>:ZOQ'XT,' (5)

1

The calculated average fluorescence decay values are
1.02 ns and 2.95 ns for free ligand and the complex probe

555 H, L1
m/z = 330.3
] (m/z +1)'=331.5
[
Q
8 370
T [H, L+ Zn"" + Acetate]’
3
< i miz = 445.3
[
2
k]
S 185
Lk A, " L "
R T R e
300 325 350 375 400 425 450
m/z

Fig. 12 ESI-MS spectra of Hy;L and its complex (H;;L-Zn**)
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(H,,L-Zn*"), respectively. It is interesting to note that the av-
erage fluorescence decay time in (H”L—Zn2+) is about three
times larger than the corresponding values in Hy L. So, the
metal-ligand orbital mixing in the complex may be the reason
for longer time passing in the excited state compared to free

Counts
N
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ool R ETIT

Time (ns)

Fig. 13 Time-resolved fluorescence decay profile of Hy L in absence
(free ligand) and presence of Zn>*, respectively. IRF indicates
instrument response function
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Fig. 14 Truth table and the

monomolecular circuit based on a

Zn®* and Cu?* and b Zn** with
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ligand. Here, we found that the fluorescence decay time was
affected by turn-on sensor in presence of Zn>*,

Application as Logic Function

The fluorescence emission behavior of Hy; L can be utilized to
study as a binary logic function with dual stimulating inputs as
Zn** (IN1) and Cu®* (IN2) and emission as output. With co-
ordination of Hy;L with Zn** (IN1) a new fluorescence emis-
sion band appears at 428 nm. Upon gradual addition of Cu**
(IN2), the emission intensity of the band at 428 nm gets
quenched. Herein, the coordination complex of Hy;L-Zn*" is
replaced with Cu?* due to greater abilities of binding with
Cu”* rather than Zn*. Actually it represents an AND gate
with an inverter [70] in one of its input. Thus the emission
change at 428 nm with Zn”* as well as Cu”* (with an inverter)
as inputs can be interpreted as a monomolecular circuit show-
ing an INHIBIT logic function [24-27]. Hence, the

Zn** with EDTA and EDTA with Cu?*

fluorescence behavior of HyyLL can be applied for construction
of INHIBIT logic function and its truth table (Fig. 14 (a)).
The regeneration of the free ligand was monitored with
addition of EDTA as a good chelating agent. Here, the fluo-
rescence emission intensity of the complex probe (H; \L-Zn*")
returned to lower level for Hy L in presence of EDTA which
corresponds to the fluorescence emission intensity of the free
ligand. The decrease of fluorescence emission intensity and
the emission band at 428 nm is almost disappeared indicating
regeneration of free ligand. However in the absence of Zn>",
EDTA does not have any effect on the emission intensity of
Hy;L. Thus, with two chemical inputs as Zn** (IN1) and
EDTA (IN2) and the emission as output, the molecular logic
function was studied. Here, Hy;L functions as an AND gate
with an inverter in the EDTA input by monitoring the emis-
sion output. This function can be interpreted as a monomolec-
ular circuit showing an INHIBIT logic function (Fig. 14(b)).
As we know, upon addition of Cu2+, the fluorescence
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Fig. 15 DFT optimized
structures of (i) Hy L, (i) Hy,L-
Zn?* and (iii) Hy;L-Cu®* com-
plexes evaluated at DNP/BLYP
level

(“) H11 L'Zn2+

emission intensity band of Hy;L at 428 nm gets quenched.
However, with addition of EDTA as chelating agent to this
complex (H;,L-Cu®"), a pronounced fluorescence enhance-
ment is observed which may be due to complex formation
of EDTA with Cu** making the ligand free. So, in presence
of EDTA to this complex, the fluorescence emission intensity
is high compare only when Cu®* is present alone. Thus, this
behavior represents an OR gate with an inverter in one of its
input which is also called an IMPLICATION logic gate
[71-73] (Fig. 14 (b)).

Fig. 16 DFT evaluated 3D
isosurface HOMO and LUMO
diagrams of Hy, L, H;,L-Zn** and
H,,L-Cu** complexes,
respectively

HOMO of H,,L
LUMO of H,,L
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(iif) Hy;L-Cu2+

Quantum Chemical Calculation

Initial structure of Hy;L and its metal complexes (H;;L-Zn**
and H;;L-Cu**) were both generated from the available ex-
perimental data in DFT calculations. The structure of Hy;L
and its metal complexes were fully optimized using BLYP
functional and DNP basis sets as implemented in the program
DMol® [44]. In order to confirm the stability of the complexes,
we performed vibrational frequency calculations at the opti-
mized structure with the same level of theory. The DFT

ity Pl

HOMO of H,,L-Zn2+ HOMO of H,,L-Cuz*

LUMO of H,,L-Zn2+ LUMO of H,,L-Cu2+
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optimized geometries of HyL and its metal complexes are
shown in Fig. 15. In the vibrational frequency calculations,
no imaginary frequency is observed for Hy;L and its metal
complexes which clearly suggest that the optimized com-
pounds signify stable structures i.e., it shows local minima
in the potential energy surfaces. It is observed from Fig. 15
that both zinc and copper metal centre are tri coordinated to
the ligand through two nitrogen atoms and one OH group of
ligand. It is noted from DFT generated data that selected bond
lengths (A) and bond angles (®) for both Zn-complex and Cu-
complex has been evaluated at B3LYP level. In Zn-complex,
the bond length (A) of Zn—N(1), Zn—N(2) and Zn—O are
2.698 A, 2.452 A and 3.021 A, respectively. However, in case
of Cu-complex, the bond length (A) of Cu—N(1), Cu—N(2)
and Cu—O are 1.983 A, 1.981 A and 2.783 A, respectively.
Here, metal-OH bond lengths in both complexes are longer
than the other bond lengths. Moreover, the bond angles
N(1)—Zn—N(2), N(1)—Zn—O0 and N(1)—Cu—N(2) and
N(1)—Cu—O are found to be 61.224°, 53.135°, 89.072°
and 70.325°, respectively, around the metal atom. A distortion
from 90° bond angle occurs for both Hy;L-Zn** and H,,L-
Cu®* complexes, respectively. Here, H;;L-Zn>* has more
distorted compared to H,,L-Cu®* as shown above which
clearly indicates deviation from planar geometry.

The HOMO and LUMO energies of Hy; L are calculated
and found to be —5.211 eV and —3.018 eV, respectively.
However, in case of metal complexes, the HOMO and
LUMO are —5.018 eV and —3.184 eV for H;;L-Zn"" as well
as —3.829 eV and —3.657 eV for Hy;L-Cu** complexes, re-
spectively. The HOMO and LUMO isosurface diagrams of
Hy;L and its complexes (H;;L-Zn?* and H,,L-Cu®*) are
shown in Fig. 16. The corresponding energy difference be-
tween HOMO-LUMO energy gap for Hy,L, H;;L-Zn** and
H“L-Cu2+ are 2.193, 1.834 and 0.172 eV, respectively.
Chemical hardness for both ligand as well as its metal com-
plexes was also calculated. The chemical hardness value for
H;;L is found to be 1.096 eV and that for its metal complexes
are 0.917 eV and 0.086 eV for Hy,L-Zn>" and H,,L-Cu*",
respectively. It is observed that Zn-complex has much higher
stability compare to Cu-complex due to higher HOMO-
LUMO energy gap as well as chemical hardness value.

Conclusions

In this work, we have designed and synthesized a new Schiff-
base fluorescent probe -(E)-7-(((8-hydroxyquinolin-2-
yl)methylene)amino)-4-methyl-2H-chromen-2-one (Hy;L)
which has been evaluated as a colorimetric sensor for Fe**
and fluorescence “turn on-off” response for Zn** and Cu**.
The UV-Vis absorption studies of Hy;L indicate high selec-
tivity for Fe>* ion over other survey metal ions with a distinct
color change, from colorless to deep yellow, which provide

naked eye detection. Fluorescence studies of Hy; L. shows very
high selectivity to Zn>* and Cu®* whereas other common al-
kali, alkaline earth and transition metal ions failed to induce
response. The stoichiometric ratio and binding constant were
evaluated using Benesi-Hildebrand relation giving 1:1 stoichi-
ometry. This further corroborated 1:1 complex formation
based on Job’s plot analyses. These binding behaviors were
also confirmed by "H NMR titration as well as ESI-Mass
spectral analysis. This chemosensor exhibits a very good fluo-
rescence sensing ability to Zn** over a wide pH range. An
efficient way for the regeneration of free ligand from the com-
plex probe was achieved using EDTA as a coordinating ligand
which further can be reused for Zn”* sensing. This
chemosensor can be used as an important application for de-
tection of Zn>* in real water samples. Hy L exhibits two
INHIBIT logic gates with two different chemical inputs (i)
Zn>* (IN1) and Cu** (IN2) and (ii) Zn>* (IN1) and EDTA
(IN2) and the emission as output. Again, an IMPLICATION
logic gate is obtained with Cu®* and EDTA as chemical inputs
and emission as output mode. The corresponding energy dif-
ference between HOMO-LUMO energy gap for Hy L, H;,L-
Zn** and Hy;L-Cu®* are 2.193, 1.834 and 0.172 eV, respec-
tively. It is observed that Zn-complex has much higher stabil-
ity compare to Cu-complex due to higher HOMO-LUMO
energy gap as well as chemical hardness value. Moreover, this
work provides an insight with a new approach for selective,
sensitive and quantitative detection of these three most abun-
dant and essential traces elements in the human body.
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