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Graphical Abstract

Research Highlights

 Hqpzc operates as a combined ionophore/fluorophore sensor for Zn2+ in acetonitrile.


The sensing of Zn2+ is based on the CHEF mechanism; no interference from other Mn+
ions.

 Hqpzc also acts as a specific colorimetric sensor for Cu2+ in acetonitrile.
 An INHIBIT type logic gate is constructed with Zn2+ and SCN– as chemical inputs.

 DFT/TD-DFT calculations support the experimental observations.

ABSTRACT
There is a huge scope for the exploration of the role of zinc in biological systems. Therefore, it is highly
desired to develop a sensitive method for its detection. Unlike other metal ions such as Mn2+, Fe2+, or
Cu2+, the Zn2+ in biological systems cannot be detected by spectroscopic methods, thus the
fluorescence stands out as a method of choice. The Hqpzc, N-(quinoline-8-yl)pyrazine-2-carboxamide,
as a small fluorogenic molecule with a selective ''Off-On'' switching behavior for detection of Zn2+ and
a colorimetric sensor for Cu2+, comprises of quinoline as the fluorophore and pyrazine-2-carboxamide
as the chelating group. This chemosensor exhibits a remarkable ﬂuorescence response when
investigated in acetonitrile and the fluorescence intensity enhances significantly upon addition of one
equivalent of Zn2+. The selectivity of Hqpzc for Zn2+ is based on the chelation-enhanced ﬂuorescence
(CHEF) mechanism. The binding mode of the Hqpzc with Zn2+ was investigated through Job's plot
experiment, the fluorescence and UV–vis titration, ESI-MS, and density functional theory calculations.
These results revealed that the binding stoichiometric ratio between Hqpzc and Zn2+ in acetonitrile is
1:1. The binding constant (Ka) and limit of detection (LOD) for Zn2+ and Cu2+ complexes are
calculated. Other interfering ions such as Na+, K+, Ca2+, Mg2+, Fe2+, Co2+, Ni2+, Cu2+, Cd2+,
Hg2+, Mn2+, Cr3+ and Al3+, show either no or slight change in the fluorescence intensity of Hqpzc in
the presence of Zn2+. Notably, in the presence of Zn2+, the Hqpzc fluorescence exhibits reversibility
with SCN–, and the fluorescent signals of Hqpzc are utilized to construct an INHIBIT type logic gate
at the molecular level. Theoretical calculations, carried out with TD-DFT method, support the
experimental observations.

Keywords: Ionophore/fluorophore; Zn2+ sensor; CHEF effect; colorimetric sensor; logic gate;
DFT/TD-DFT
1. Introduction

Zinc ion is the second most abundant metal and essential trace element in the human body and
always occurring as a divalent cation [zinc(II)] in biological systems [1,2]. Zinc plays key roles in
various biological processes such as apoptosis, regulation of gene expression, and neural signal
transmission. This is due to its well-described vital role in catalytic centers and structural cofactors of
many Zn2+-containing enzymes and DNA-binding proteins [3-7]. On the other hand, excess of Zn2+
can be toxic to cells, due to competition for binding sites with other biologically active ions [8]. The
deficiency of Zn2+ however causes unbalanced metabolism, which in turn can induce retarded growth
in children, brain disorders and high blood cholesterol. Moreover various neurodegenerative disorders
such as Alzheimer’s disease, epilepsy, ischemic stroke, and infantile diarrhea are among the
consequences of zinc deficiency [9,10]. Therefore, selective detection and monitoring of Zn2+ in
biological organisms is really important [11-16].
The design of new molecular sensors for detection of important metal ions especially Zn2+ ion has
attracted considerable attention and the development of zinc sensors is an active research field. Various
molecules such as quinoline, anthracene, BODIPY, coumarin, and fluorescein have been used as
fluorophores in fabrication of zinc sensors [17-24]. Metal to ligand charge transfer (MLCT) [25,26],
photoinduced electron/energy transfer (PET) [27], excimer/exciplex formation [28-32], excited-state
intra/intermolecular proton transfer (ESPT) [33], C=N isomerization, intramolecular charge transfer
(ICT) [34-36], and chelation-enhanced fluorescence (CHEF) effect [37,38] are amongst the signaling
mechanisms developed so far and generally have been applied for the optical detection of different
species.
Copper is another essential trace element in biological systems and is one of the most widespread
elements in the industrial world [39]. This metal ion is also a significant environmental pollutant. As a
result, the Cu(II) detection is important and the development of fluorescent and colorimetric sensors for
Cu(II) has received considerable attention [40,41]. Unlike the sophisticated techniques, the colorimetric
sensors are very useful and attractive due to their simplicity, high sensitivity and low cost [42,43].
Fluorescent molecular logic gates making cations, anions, biomolecules, photons, and pH as inputs,
and fluorescent, colorimetric or electrochemical signals as output are an interesting and encouraging
chemistry research topic for further miniaturization in information technology. In recent years, various

molecular logic devices, such as logic gates AND, OR, XOR, INHIBIT, NAND, half-adder, halfsubtractor have been widely explored [44–46].
The design and synthesis of carboxamide ligands and their metal complexes have been widely
investigated due to their potential application in medicine [47-49], and their role as models for
biologically important species from the standpoint of bioinorganic chemistry [50,51]. Various
compounds from carboxamide derivatives have also been synthesized and used as sensors [52,53].
In continuation our work on the design of effective fluorescent probes for zinc detection [54], herein
we report the selective ''Off-On'' switching behavior of a small fluorogenic molecule namely N(quinoline-8-yl)pyrazine-2-carboxamide, Hqpzc, in acetonitrile as a sensor for detection of Zn(II) ion.
Unlike many other two components sensors containing a signaling unit (fluorophore) and a Zn2+
binding site (ionophore), this sensor is a small molecule having both components together and is
prepared readily in a one pot synthesis. The notable selectively of this small fluorogenic molecule for
Zn2+ ion in the presence of other interfering metal ions is also reported and discussed. The quenching
of fluorescence with reversible return of the ligand from [Zn:qpzc]+ complex by SCN– is also exploited
for the construction of an INHIBIT logic gate. Besides being a fluorescence sensor for Zn2+ ion, this
small molecule acts as a colorimetric sensor for Cu2+. To examine the theoretical aspects of Hqpzc
interaction with Zn2+ ion, theoretical calculations were employed using density functional theory
(DFT). All calculations were performed considering acetonitrile as the solvent.
2. Experimental Section
2.1. Materials, methods and apparatus
All solvents and materials for the synthesis were purchased from Aldrich and Merck and used
without further purification. The ligand Hqpzc was synthesized by the new method which has been
developed in our laboratory [55], and characterized by different spectroscopic methods. Elemental
analyses for carbon, nitrogen, and hydrogen were carried out using a Perkin–Elmer 2400II CHNS-O
elemental analyzer. UV–Vis spectra were obtained on a JASCO V-570 spectrophotometer. Infrared
spectra (KBr pellets) were recorded on a FT-IR JASCO 680 plus spectrophotometer. The 1H-NMR
spectra were obtained on a Bruker AVANCE III 400 spectrometer. Proton chemical shifts are reported

in ppm relative to an internal standard of Me4Si. The emission spectra were recorded on a RF-5301PC
fluorescence spectrophotometer. The mass spectrum was determined by ESI recorded on a SHIMADZU
2010-A mass spectrometer.
2.2. Synthesis of carboxamide ligand, Hqpzc
In the conventional method, carboxamide derivatives are synthesized by the reaction of amines with
the appropriate carboxylic acids in pyridine in the presence of an activator such as triphenylphosphite
[56]. However the Hqpzc was prepared by the condensation of 8-aminoquinoline with pyrazine
carboxylic acid via an environmentally friendly method that we have recently developed in our
laboratory using tetrabutylammonium bromide (TBAB) as the reaction medium (Scheme 1). A mixture
of 1.6 g (5 mmol) triphenylphosphite (TPP), 1.61 g (5 mmol) tetrabutylammonium bromide (TBAB),
0.620 g (5 mmol) pyrazine carboxylic acid and 0.721 g (5 mmol) 8-aminoquinoline in a 25 mL round
bottom ﬂask was placed in an oil bath. The reaction mixture was heated until a homogeneous solution
was formed. The solution was stirred for 20 min at 120° C. The product was precipitated by treating the
viscos reaction mixture with 10 mL methanol and the resulting light yellow solid was ﬁltered-off and
washed with cold methanol. (70% yield) Anal. Calcd for C14H10N4O: C, 67.19; H, 4.03; N, 22.39.
Found: C, 66.92; H, 3.99; N, 22.17. FT-IR (KBr, cm−1): υ = 3321s (N–H), 1686s (C=O), 1535s (C=C),
1486m (C-N). UV–Vis: (acetonitrile): λmax/ nm (ε/ mol−1 L cm−1) 328 (8300), 306 (6410) 258 (7840)
242 (23840). 1H-NMR (400 MHz, CDCl3) δ 7.50-9.59 (9H, ArH), 12.08 (s, 1H, NH).

Scheme 1. Synthesis of Hqpzc and zinc ion chelation in acetonitrile.
2.3. General procedure for metal ion binding studies
Solutions of metal salts such as nitrate of K+, Mg2+, Ca2+, Al3+, Co2+, Cd2+, Ni2+, Cu2+, and
HgBr2, FeCl2, MnCl2, CrCl3, NaClO4, and Zn(ClO4)2.6H2O at a concentration of 1×10-3 M in
acetonitrile were prepared for fluorescence spectral analysis. A 1.0×10-4 M stock solution of Hqpzc
was prepared in the same solvent. The spectral measurements were carried out at room temperature. All
fluorescence data were recorded in a quartz cell of 1cm optical path length at λex = 360 nm, with the
slit widths of excitation and emission set at 5.0 nm. [Zn:qpzc]+ complex was formed by mixing of Zn2+
with a solution of Hqpzc in acetonitrile. The fluorescence titration experiments were conducted by
adding equal volumes (8 μL) of the metal ions to Hqpzc solution (2 mL), mixing the solution, and
allowing for 2 min before emission measurements. To determine the stoichiometry of [Zn:qpzc]+
complex, solutions of Hqpzc and Zn2+ ion were prepared as 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2 and 9:1
in acetonitrile keeping the total concentration 1.0×10−4 M.
2.4. Calculation methods
The structure of the ligand and its complexes with Zn2+ and Cu2+ were optimized in acetonitrile
solvent using DFT method employing B3LYP functional. The reasonability of the selected DFT

functional was checked by comparing the calculated absorption spectrum of the ligand in the solvent
with its experimental spectrum. The relativistic effective core pseudo potential LANL2DZ was used for
the zinc and copper atoms and the 6-31G(2d,p) basis set was used for other atoms. TD-DFT was used
for calculating the absorption and emission spectra [57,58]. To calculate the emission spectra of the
zinc complex, the geometry of molecule was optimized in the excited electronic state. The polarized
continuum model (PCM) was used for modeling the solvent in the calculations which considers only
the electrostatic field of solvent on the solute. The frequency calculations were performed on all
optimized structures in the ground and selected excited electronic states to confirm the location of the
structures in local minima. All of the calculations were performed using Gaussian 09 quantum
chemistry package [59].

3. Results and discussion
3.1. UV-vis studies
The electronic spectrum of Hqpzc sensor in acetonitrile shows four peaks at 242, 258, 306, and 328
nm at room temperature (Fig. S1). To investigate the Hqpzc-Zn2+ binding, the absorption titration
experiment was performed and the variation in the UV-vis absorption spectra of Hqpzc (1×10-4 M) in
the presence of various concentrations of Zn2+ ion (1×10-3 M) was measured as shown in Fig. 1. The
absorption bands corresponding to the free ligand are shifted upon complexation and the appearance of
three well defined isosbestic points at 352, 292, and 246 nm implies the conversion of Hqpzc ligand to
its zinc complex.

Fig. 1. UV–vis titration of Hqpzc (1×10−4 M) with increasing concentration of Zn2+ ion.
3.2. Fluorescence titration studies
In order to determine the applicability of the ligand as a selective zinc sensor a fluorescence study
was performed and the fluorescence titration of Hqpzc with Zn2+ ion was carried out by adding the
Zn(ClO4)2.6H2O (1×10-3 M) to Hqpzc (1×10-4 M) in acetonitrile solvent (Fig. 2). As the concentration
of Zn2+ ion is gradually increased the Hqpzc fluorescence intensity at 476 nm increases, reaching its
maximum at 1 equiv. Addition of extra Zn2+ solution does not have any noticeable effect on the
fluorescence intensity.
To determine the coordination stoichiometry between Hqpzc and Zn2+ ion, Job's method was
applied keeping the total concentration of Zn2+ and Hqpzc at 10.0 µM, and changing the molar ratio of
Zn2+, XZn2+, (XZn2+ = [Zn2+]/([Hqpzc]+[ Zn2+])) from 0 to 0.9. (Fig. 3) [60,61]. Moreover, the
coordination stoichiometry between Hqpzc and Zn2+ ion was evaluated to be 1:1 by a linear curve
fitting of the fluorescence titration (Fig. 2 inset) and conform to the Job's plot. The formation of a 1:1
[qpzc-Zn(NCCH3)2]+ complex was further confirmed using ESI-MS in which the peak at m/z 396.74
indicated a 1:1 stoichiometry for [qpzc-Zn(NCCH3)2]+ complex in acetonitrile (Fig. 4). The limit of
detection for Zn2+ and Cu2+ are found to be 1.11 × 10−6 and 1.48 × 10−5 M in acetonitrile solvent,
respectively. The association constant of Hqpzc-Zn2+ and Hqpzc-Cu2+ complexes were calculated as
3.837 × 104 and 7.352 × 107 M by the Benesi-Hildebrand equation [62] (Fig. S2) and (Fig. S3),

respectively.
As presented in Scheme 2, the Hqpzc ligand is coordinated to Zn2+ in its deprotonated form leading
to a more rigid conformation and an extended π-electroconjugation system. A selective chelationenhanced fluorescence (CHEF) effect is then observed with a significant enhancement of the fluorescent
intensity of the carboxamide ligand.

Fig
. 2. Fluorescence emission spectra of Hqpzc (1×10−4 M) in the presence of Zn2+ (0-100 µM) in
acetonitrile.

Fig. 3. Job's plot of the Hqpzc-Zn2+ complex in acetonitrile, with the monitoring wavelength set at 476
nm.

Fig. 4. The ESI-MS spectrum of Hqpzc in the presence of Zn2+ ion in acetonitrile.

Scheme 2. The mechanism of fluorescence enhancement by zinc chelate formation.
3.3. Effect of other ions interference
To check the possible interference of other metal ions on zinc complexation with Hqpzc, competition
experiments were carried out and the effect of 13 interfering metal ions (Na+, K+, Mg2+, Ca2+, Al3+,
Co2+, Cd2+, Cr3+, Fe2+, Hg2+, Ni2+, Mn2+, and Cu2+) on the fluorescence properties of this
chemosensor was investigated under similar conditions. In the absence of Zn2+ ion the emission of
Hqpzc is quenched to some extent by these ions (Fig. 5). However, no significant spectral change or
variation of emission intensity was observed in acetonitrile solution of Hqpzc:Zn2+ ion mixture (1:1
molar ratio) after addition of these ions (Fig. 6). This is presumably due to the suitable coordination
geometry conformation of the monoanionic ligand qpzc-, the appropriate Zn2+ ion radius and sufficient
binding energy of the ligand to Zn2+. Moreover, the favorable coordination ability of acetonitrile
molecules, cooperates to attain the unique selectivity for the Zn2+ ion. These results show that Hqpzc
can be used as a sensitive and selective sensor for Zn2+ ions in solution based on CHEF.

Fig. 5. Fluorescence spectral changes of Hqpzc (1.0×10-4 M) in the presence of different metal ions (1
equiv.) with λex = 360 nm.

Fig. 6. Competitive selectivity of Hqpzc (1.0×10-4 M) toward Zn2+ (1 equiv.) in the presence of other
metal ions (1 equiv.) with λex = 360 nm.
3.4. Cu(II) ion sensing using colorimetric analysis
While testing Hqpzc for Zn2+ selectivity as a fluorescence chemosensor, we observed that it could
act as a colorimetric chemosensor for Cu2+. The color of this ligand changed immediately from
colorless to yellow when 100 μM Cu2+ was added to its solution (Fig. 7).

Fig. 7. Color of Hqpzc in the presence of 1 equiv. of metal ions in acetonitrile.
The colorimetric sensing ability of Hqpzc with Cu2+ was investigated in acetonitrile in the presence
of 13 different metal ions such as Na+, K+, Mg2+, Ca2+, Al3+, Co2+, Cd2+, Cr3+, Fe2+, Hg2+, Ni2+,
Mn2+, and Zn2+. As shown in Fig. 8, the copper complex of Hqpzc is stable in the presence of these
cations and the yellow color of the solution is retained with adding up to one equivalent of other cations.
This reversion of the color indicated that Hqpzc can serve as a potential candidate of “naked-eye”
chemosensor for Cu2+ ion.

Fig. 8. Color change of [Cu:qpzc]+ in the presence of 1 equiv. of other metal ions in acetonitrile.
The binding property of Hqpzc with Cu2+ was further studied by UV–vis titration experiment (Fig.
9). On the gradual addition Cu2+ to a solution of Hqpzc, the intensity of the absorption peaks at 242
and 328 nm decreased and new absorption bands at 258 and 378 nm appeared concomitantly, resulting
in a color change from a colorless to yellow. The peak at 378 nm with molar extinction coefficients of
6500 L molˉ1 cmˉ1 is presumably due to an intense charge transfer transition. The clear isosbestic points
at 246, 298, and 354 nm indicates the formation of a single species between the Hqpzc probe and the
copper ion. These results suggests that Hqpzc might act as a selective colorimetric probe for Cu2+.
These spectral changes and the mode of ligand binding to copper ion are confirmed by theoretical
calculations, vide infra.

Fig. 9. UV-vis spectra of Hqpzc with added Cu2+ (100 μM). Zero to 1 equiv. of Cu2+ were added to
Hqpzc in acetonitrile.
3.5. Logic gate behavior of Hqpzc

The fluorescence behavior of Hqpzc at 476 nm mimics an INHIBIT logic gate with Zn2+ and SCN–
as chemical inputs and fluorescence (I476 nm) as output. Hqpzc shows a very weak fluorescence
emission (‘0’ state < 50% of I/I0). The device is ‘switched on’ when Hqpzc shows a considerable
fluorescence enhancement at 476 nm (‘1’ state > 50% of I/I0) only in presence Zn2+ ion and ‘switched
off’ in presence of SCN–, and also simultaneous presence of both Zn2+ and SCN– as chemical inputs.
(Fig. 10(c)). These observations can be correlated to demonstrate an INHIBT logic gate operation,
where the output signal (fluorescence) is controlled by chemical input signals (addition of Zn2+ ion and
SCN– anion). The corresponding truth table and logic circuit diagram for INHIBIT function are given
in Fig. 10(a) and (b) respectively.

Fig. 10. (a) Truth table for the INHIBIT logic gate. (b) Circuit diagram for the INHIBIT logic gate. (c)
Emission intensity ratios (I/I0, Output) for Hqpzc at 476 nm in the presence of SCN–, Zn2+, and
simultaneous presence of both Zn2+ and SCN–.
3.6. Binding reversibility test of Hqpzc toward Zn2+ by using SCN–
One of the most essential factors for fluorescence chemosensors in practical applications is a
reversible binding between chemosensors and metal ions in a complex solution. To investigate the
reversibility of Hqpzc toward Zn2+ in acetonitrile by cycling reaction, NaSCN was added to the
[Zn:qpzc]+ complex. The fluorescence intensity of [Zn:qpzc]+ at 476 nm was quenched immediately
after the addition of 200 μM SCN– (Fig. S4). The fluorescence intensity was recovered by further

addition of Zn2+ to qpzc--Zn2+-SCN– solution. Since the presence of SCN– alone has no influence on
the emission of Hqpzc, the decrease in the fluorescence intensity is apparently due to the interaction
between SCN– and Zn2+ [63]. The fluorescence is recovered following the addition of further Zn2+
(1.0 equiv.) (Fig. 11). The reversible cycles, fluorescence on and off, could be repeated for 4 times
under the same condition. This alteration showed the capability of Hqpzc as a good reversible and
reusable sensor for Zn2+.

Fig. 11. Reversible changes in the emission intensity of Hqpzc at 476 nm (λex=360 nm) upon
sequential addition of Zn2+ and SCN– solution to 4 cycles.
3.7. The theoretical results
3.7.1. Optimized structures
To find more information about the tendency of the Hqpzc ligand to Zn2+, the structure of the ligand
and its complex with Zn2+ were separately optimized in acetonitrile solvent, using DFT-B3LYP/631G(2d,p)/LANL2DZ. Fig. 12 shows the optimized structure of the Hqpzc and its complex with Zn2+
in the ground state. The structural parameters of the optimized structures of the ligand Hqpzc and its
zinc complex, [Zn(qpzc)(NCMe)2]+, in the ground electronic state are presented in Table 1. The
structural parameters of [Zn(qpzc)(OAc)(H2O)] complex, determined by single crystal X-ray
diffraction (Fig.S5) [55], are also listed merely for comparison. The results obtained from theoretical
calculations show that the bond angles N2-Zn-N1, N3-Zn-N2 and N3-Zn-N1 in the
[Zn(qpzc)(NCMe)2]+ are 79.01°, 78.09° and 157.10° respectively. These angles are close to those

reported for [Zn(qpzc)(OAc)(H2O)] complex. The calculated dipole moments of free Hqpzc and
[Zn(qpzc)(NCMe)2]+ complex are 5.30 and 13.81 D respectively.
Table 1. (a) theoretical selected bond lengths (Å) and angles () for Hqpzc and [Zn(qpzc)(NCMe)2]+
in the ground and excited states. (b) Experimental values for [Zn(qpzc)(OAc)(H2O)].
Ground states
Hqpzc(a)

[Zn(qpzc)(NCMe)2]+(a)

C=O

1.226

C=O

1.236

N2-C5

1.358

N2-C5

1.343

N2-C6

1.395

N2-C6

1.385

N3-C4C5
C4-C5N2
N2-C6C14
C6-C14N1

118.8
9
113.3
4
115.3
4
117.8
8

N3-C4-C5

119.68

C4-C5-N2

112.50

N2-C6-C14

115.41

C6-C14-N1

118.56

N3-Zn-N2

78.09

N3-Zn-N1

157.10

N2-Zn-N1

79.01

[Zn(qpzc)(OAc)(H
2O)](b)
1.23
C=O
9
1.32
N2-C5
9
1.39
N2-C6
7
118.
64
112.
C4-C5-N2
07
114.
N2-C6-C14
10
117.
C6-C14-N1
92
77.8
N3-Zn-N2
5
156.
N3-Zn-N1
69
79.2
N2-Zn-N1
5
N3-C4-C5

Excited states
Hqpzc (a)
[Zn(qpzc)(NCMe)2]+(a)
C=O
1.223
C=O
1.225
N2-C5
1.447
N2-C5
1.374
N2-C6
1.331
N2-C6
1.347
N3-C4-C5
C4-C5-N2
N2-C6-C14
C6-C14-N1

117.15
111.17
116.32
117.48

N3-C4-C5
C4-C5-N2
N2-C6-C14
C6-C14-N1
N3-Zn-N2
N3-Zn-N1
N2-Zn-N1

118.72
112.17
114.68
118.00
76.42
154.57
78.14

Fig. 12. The optimized structures (a) Hqpzc, (b) [Zn(qpzc)(NCMe)2]+ complex in the ground
electronic state and (c) [Zn(qpzc)(NCMe)2]+ complex in the excited state.

3.7.2. Absorption spectrum of the ligand and zinc complex
The calculated absorption spectrum of ligand has been compared with its experimental spectrum.
The experimental absorption bands and their corresponding theoretical peaks are assigned in Fig. 13.
The first and second peaks in the calculated spectrum of the ligand conform to the first and second
absorption bands in the experimental spectrum of the ligand. These transitions are due to the
excitation of an electron from HOMO to LUMO and LUMO+1, respectively (Fig. 14).

Fig. 13. (a) The experimental and (b) calculated absorption spectra of Hqpzc using B3LYP/631G(2d,p)/LANL2DZ in acetonitrile solvent (the calculated spectrum has been shifted about 39 nm to
the lower wavelengths due to the error in the TD-DFT method and the basis set size).
As evident from Fig. 14(a), the electron density of HOMO in Hqpzc is localized only on the
quinoline ring but the electron density of LUMO is distributed on the entire molecule. It should be
mentioned that the electron density localized on the pyrazine ring is more than that of the quinolone
ring. The electron density of LUMO+1 is basically localized on pyrazine and quinolone rings. Therefor
the main difference between LUMO and LUMO+1 is in the extent of electron density on C=O bond.
The first peak of the theoretical spectrum consists of two overlapping transitions corresponding to
the excitation from HOMO to LUMO and LUMO+1. The third transition, occurring from HOMO-1 to
LUMO is forbidden and has zero intensity. The forth transition occurring from HOMO to LUMO+2
appears as the second peak at 364.65 nm in the theoretical spectrum of the complex (Fig. 15).
The experimental spectrum of the complex shows four absorption bands at 358, 328, 258, 242 nm.
The first two bands (358 and 328 nm) are associated with the first broad absorption band calculated in
the theoretical spectrum, and assigned as mixed charge transfer and ligand centered transitions. The 258
and 242 nm bands are basically ligand centered which are shifted to some extent relative to the free
ligand due to chelation with Zn2+ ion. As evident from Fig. 15, there seems to be a very good correlation

between the results obtained from theoretical calculation and the experimental spectrum.

Fig. 14. Frontier molecular orbital diagram with the corresponding energy values of (a) Hqpzc, (b)
[Zn(qpzc)(NCMe)2]+ complex, (Eg = EHOMO - ELUMO, EHOMO - ELUMO+1).

Fig. 15. (a) The experimental and (b) calculated absorption spectra of the zinc complex (the calculated
spectrum has been shifted about 24 nm to the higher wavelengths due to the error in the TD-DFT method
and the basis set size).

3.7.3. Calculation of the emission spectra of the zinc complex
When a molecule is excited form the ground electronic state to the excited state, the emission of the
excited molecule occurs after its relaxation in the excited electronic state. Therefore, the geometry
optimization in the excited electronic state is necessary for emission calculations. The experimental
excitation wavelength for zinc complex is 360 nm. This wavelength corresponds to the excitation of the
Zn complex to its second excited electronic state. The optimized structure of the complex in its second
excited electronic state is presented in Fig. 12(c). The calculated emission wavelength for the emission
from LUMO+1 to HOMO in the zinc complex is 482 nm. As evident from Fig. 2, the corresponding
experimental emission wavelength is 476 nm indicating the existence of a good correlation between the
DFT/TD-DFT calculations and the experimental results.
3.7.4. Theoretical absorption spectrum of the copper complex
Quantum chemical studies were exploited to predict the energy optimized structure, electronic
properties and the probable mode of binding of Hqpzc with the Cu2+ ion. The UV-vis spectra of the
ligand (Fig. S6 (a)) and its Cu complex (Fig. S6. (b)) were calculated using the TD-DFT method. These
results indicate that the complexation shifts the first peak in the calculated UV-vis spectrum of the
ligand (326 nm) to a higher wavelength (386 nm). It is also evident from the titration experiment that
the wavelength of the first absorption band in the copper complex gradually approaches the visible
region and finally ends up with 378 nm, which can rationalize the bright yellow color of the copper
complex. The small difference between the experimental and theoretical absorption wavelength (8 nm)
is indicative of good correlation between the experimental results and theoretical calculations.
4. Conclusion
To sum up, we have designed and synthesized a new fluorescent chemosensor, Hqpzc, by an
efficient procedure using the ionic liquid TBAB as an environmentally benign reaction medium. This
sensor consists of combined ionophore/fluorophore moieties, which displays high sensitivity and
excellent selectivity toward Zn2+ and Cu2+ in acetonitrile solution by fluorometric and colorimetric
measurements, respectively. The relative emission of Hqpzc is increased linearly with increasing the

concentration of Zn2+ up to one equivalent. This behavior indicates that the increase in fluorescence
intensity is due to the formation of 1:1 stoichiometric complex between Hqpzc and Zn2+,
[Zn(qpzc)(NCMe)2]+, with a rigid framework, leading to a chelation enhanced fluorescence (CHEF)
phenomenon. Overall, this bifunctional chemosensor, Hqpzc, is a small fluorogenic sensor with high
affinity toward Zn2+ fluorometrically and Cu2+ ion colorimetrically in acetonitrile solution. Moreover,
the fluorescence of Hqpzc is quenched upon adding 200 μM SCN– and reappears by adding 100 μM
Zn2+. This reversible emission property is applicable to the construction of a reversible sensor and an
INHIBIT type logic gate at the molecular level in emission mode with Zn2+ and SCN– as chemical
inputs. To determine the binding mode and electronic properties of Hqpzc and its [qpzc:Zn]+ and
[qpzc:Cu]+ complexs, DFT/TD-DFT calculation with a B3LYP/6-31G(2d,p)/LANL2DZ basis set has
also been performed. The absorption and emission spectra for these compounds have also been
calculated using this method. These calculations conform to the spectral characteristics obtained from
absorption and emission experiments.
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Figure Captions
Scheme 1. Synthesis of Hqpzc and zinc ion chelation in acetonitrile.
Scheme 2. The mechanism of fluorescence enhancement by zinc chelate formation.
Fig. 1. UV–vis titration of Hqpzc (1×10−4 M) with increasing concentration of Zn2+ ion.
Fig. 2. Fluorescence emission spectra of Hqpzc (1×10−4 M) in the presence of Zn2+ (0-100
µM) in acetonitrile.

Fig. 3. Job's plot of the Hqpzc-Zn2+ complex in acetonitrile, with the monitoring wavelength
set at 476 nm.
Fig. 4. The ESI-MS spectrum of Hqpzc in the presence of Zn2+ ion in acetonitrile.
Fig. 5. Fluorescence spectral changes of Hqpzc (1.0×10-4 M) in the presence of different metal
ions (1 equiv.) with λex = 360 nm.
Fig. 6. Competitive selectivity of Hqpzc (1.0×10-4 M) toward Zn2+ (1 equiv.) in the presence
of
Fig. 7. Color of Hqpzc in the presence of 1 equiv. of metal ions in acetonitrile.
Fig. 8. Color change of [Cu:qpzc]+ in the presence of 1 equiv. of other metal ions in
acetonitrile.
Fig. 9. UV-vis spectra of Hqpzc with added Cu2+ (100 μM). Zero to 1 equiv. of Cu2+ were
added to Hqpzc in acetonitrile.
Fig. 10. (a) Truth table for the INHIBIT logic gate. (b) Circuit diagram for the INHIBIT logic
gate. (c) Emission intensity ratios (I/I0, Output) for Hqpzc at 476 nm in the presence of SCN–
, Zn2+, and simultaneous presence of both Zn2+ and SCN–.
Fig. 11. Reversible changes in the emission intensity of Hqpzc at 476 nm (λex=360 nm) upon
sequential addition of Zn2+ and SCN– solution to 4 cycles.
Fig. 12. The optimized structures (a) Hqpzc, (b) [Zn(qpzc)(NCMe)2]+ complex in the ground
electronic state and (c) [Zn(qpzc)(NCMe)2]+ complex in the excited state.
Fig. 13. (a) The experimental and (b) calculated absorption spectra of Hqpzc using B3LYP/631G(2d,p)/LANL2DZ in acetonitrile solvent (the calculated spectrum has been shifted about
39 nm to the lower wavelengths due to the error in the TD-DFT method and the basis set size).
Fig. 14. Frontier molecular orbital diagram with the corresponding energy values of (a) Hqpzc,
(b) [Zn(qpzc)(NCMe)2]+ complex, (Eg = EHOMO - ELUMO, EHOMO - ELUMO+1).
Fig. 15. (a) The experimental and (b) calculated absorption spectra of the zinc complex (the
calculated spectrum has been shifted about 24 nm to the higher wavelengths due to the error in
the TD-DFT method and the basis set size).

Table 1. (a) Theoretical selected bond lengths (Å) and angles () for Hqpzc and
[Zn(qpzc)(NCMe)2]+ in the ground and excited states. (b) Experimental values for
[Zn(qpzc)(OAc)(H2O)].
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[Zn(qpzc)(NCMe)2]+(a)

Hqpzc(a)

[Zn(qpzc)(OAc)(
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