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-
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Diformyl thioether Schiff base (H2L) exhibits fluorescence sensor towards Zn2+ and the limit 

of detection (LOD), 0.050 µM, is far below the WHO guideline (76 µM) in drinking water. 

Formation of 1:1 metal-to-ligand complex, [ZnL], has been ascertained by X-ray 

crystallography, Job’s plot and Mass spectra. The fluorogenic complex, [ZnL] (either in-situ 

or solution of isolated complex) has shown selective ON – OFF emission toward H2PO4
-. A 

two-input one-output sequential INHIBIT logic circuit has been constructed from H2L, Zn2+ 

and H2PO4
-.  The practical applicability of H2L has been examined by the identification of 

Zn2+ and H2PO4
- in intracellular fluid in living cells (African Monkey Vero Cells). 
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1. Introduction  

Zinc is an essential trace mineral and constitutes more than 250 metalloenzymes.1 

Immune system, sense of taste and smell, DNA synthesis, neural signal transmission, 

apoptosis regulation, mammalian reproduction, cellular transport, metabolism and overall 

growth of living body is largely dependent on zinc in biology.2  Normal zinc ion 

concentration in blood plasma of humans is 12–16 µM.3 The imbalance of zinc ion 

concentration in the cells may lead to pathological processes such as Alzheimer’s disease,4 

epilepsy,5 ischemic stroke,6 and prostate cancer.7  Thus, trace quantity of zinc determination 

in biology by using chemosensor has received wide attention.8 Many Zn2+ sensors have been 

reported in the past9 and few of them show “turn-on” fluorescence response. Therefore, it is 

desirable to develop a chemosensor which could show fluorescence enhancement as well as 

improved binding selectivity with Zn2+ ions in aqueous or mixed aqueous medium. 

Knowledge of Zn(II) coordination chemistry may help to select donor centres, chelating 

ligand, flexidenticity, steric and electronic effects. Addition of anions to Zn-sensor complex 

may influence the emission intensity selectively which may be useful in binary logic 

operation and can be applied to the signal transduction for the construction of molecular 

switches.10 Recently, we have scrutinized vanillinyl Schiff base for Zn2+ sensor 11 and 

naphthyl appended sulfonamide Schiff base for Al3+ sensor.12  In search of new backbone for 

the construction of chemosensor 2-hydroxy-5-methylisophthalaldehyde (HMP) has been 

used.13  In this work we have synthesized 3-((Z)-((2-((2-((2-((Z)-(3-formyl-2-hydroxy-5-

methylbenzylidene)amino)benzyl)thio)ethyl)thio)phenyl)imino)methyl)-2-hydroxy-5-methyl 

benzldehyde (H2L) by the condensation of 1,2-bis(2-aminophenylthio)ethane and HMP. 

There are two terminal –CHO groups in a hexadentate N2O2S2 type chelation in H2L which 

may form two five member M(NS), one five member M(SS) and two six member M(NO) 

chelate rings upon coordination with a metal ion (Mn+) (Scheme 1). Presence of chelate rings 
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of different ring strain could stabilise metal complex because of development of ring polarity. 

Besides, puckering of a flexidentate chelator is a useful source for the stabilisation of the their 

steric and polar effects. The composition of Zn2+-sensor complex ([ZnL]) has been confirmed 

by spectroscopic techniques and the isolated complex has structurally been characterized by 

single crystal X-Ray diffraction measurement. Besides, the product so formed plays INPUT 

logic operation with H2PO4
- at pH 7.2.  Among various important anions the presence of 

phosphate derivatives are considered to be crucial because of their pivotal roles in biological 

systems14 and environmental pollution.15 The measurement of Pi (inorganic phosphate) is an 

important target for understanding cellular activities involving many active proteins.16 Pi is 

used as a food additive in food items such as sausages, crackers, dairy products, and 

beverages. Besides, a useful fertilizer in agriculture and its high concentration in water cause 

algal blooming (eutrophication) and lowering of dissolved oxygen in water which is fatal to 

aquatic lives.17 The high serum concentration of phosphate (> 5.5 mg/dL) can cause adverse 

renal effects, cardiovascular effects including vascular calcification, and stimulate bone 

resorption.18 In addition, Pi can also alter vital cellular signaling process related to cell 

growth and protein translation. To date, a great number of receptors those are capable of 

binding and sensing of H2PO4
- are known in the literature. 19 The practical applicability of the 

ligand (H2L) has been tested in African green monkey kidney cells (Vero cells, ATCC, 

Manassas, VA, USA) for the determination of exogenous zinc ions by fluorescence cell 

imaging processes.  

 

2. Experimental Section 

2.1. Materials and Methods 

All material and reagents were obtained from commercial sources and used without 

further purification. The sensor, 3-((Z)-((2-((2-((2-((Z)-(3-formyl-2-hydroxy-5-
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methylbenzylidene)amino)benzyl)thio)ethyl)thio)phenyl)imino)methyl)-2-hydroxy-5-methyl- 

benzldehyde (H2L) was synthesised by condensation of 1,2-bis(2-aminophenylthio)ethane 

with 2-hydroxy-5-methylisophthalaldehyde in methanol medium as per previous procedure.20 

Aqueous solutions were prepared using Milli-Q water (Millipore). The complex [ZnL] was 

synthesised by the reaction of H2L and Zn(NO3)2. 6H2O in 1:1 mole ratio in methanol (detail 

synthesis is given in (Supplementary Materials, Scheme S1). UV-Vis spectra were 

recorded on Perkin Elmer Lambda 25 spectrophotometer and fluorescence spectra were 

obtained from Perkin Elmer Spectrofluorimeter model LS55; FT-IR spectra (KBr disk, 4000–

400 cm-1) from a Perkin Elmer LX-1FTIR spectrophotometer.  NMR spectra were obtained 

on a Bruker (AC) 300 MHz FT-NMR spectrometer using TMS as an internal standard. ESI 

mass spectra were recorded from a Water HRMS model- XEVO-G2QTOF#YCA351 

Spectrometer. All of the measurements were conducted at room temperature.  

 

2.2. X-Ray Crystallography of [ZnL] 

Single crystals of [ZnL] suitable for data collection were grown from slow 

evaporation of DMF-CH3CN (v/v, 1:1) solution. The crystal data and details of the data 

collections are given in (Supplementary Materials, Table S1).  Suitable single crystal of the 

complex (0.16 x 0.09 x 0.06 mm) was mounted on a Bruker SMART APEX CCD 

diffractometer (graphite monochromated MoKα radiation, λ = 0.71073 Ǻ) and data were 

collected by use of ω scans. Unit cell parameters were determined from least-squares 

refinement of setting angles (θ) within the range 1.72 ≤ θ ≤  28.01. Data were corrected for 

Lorentz polarization effects and for linear decay. Semi-empirical absorption corrections 

based on ψ-scans were applied. The structures were solved by direct method using SHELXS-

97 and successive difference Fourier synthesis within hkl range -33 ≤ h ≤ 33, -9 ≤ k ≤ 9, -21 
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≤ l ≤ 21 . All non-hydrogen atoms were refined anisotropically. The hydrogen atoms were 

fixed geometrically and refined using the riding model. All calculation was carried out using 

SHELXL-97,21 ORTEP-32 22 and PLATON-99 23 programs. 

2.3. Theoretical computation 

H2L and [ZnL] were optimized to generate the structures by DFT/B3LYP method using 

Gaussian 09 software.24-26  6-311G+(d, p) basis set were used for C, H, N, O and Lanl2dz 

basis set was used as effective potential (ECP) set for Zn and S.27-29  To ensure the optimized 

geometries represent the local minima the vibrational frequency calculations were performed 

and these were only positive eigen values. Theoretical UV-Vis spectra were calculated by 

time-dependent-DFT/B3LYP method in methanol using conductor-like polarizable 

continuum model (CPCM).30-32 GAUSSSUM was used to calculate the fractional 

contributions of various groups to each molecular orbital.33 DFT/B3LYP-excited model was 

used for triplet state analyses of the molecules.34  

2.4. Immunofluorescence (IFA) Examination 

The Eagle’s minimum essential medium (EMEM) was used to prepare African green 

monkey kidney cells (Vero cells, ATCC, Manassas, VA, USA) in 5–10% feta bovine serum 

(FBS). Vero cells monolayer (1.0×106 cells/ml) was grown onto 6 well plates at 5% CO2 for 

24 h. The cells were fixed in paraformaldehyde (4%) solution and blocked with 1% bovine 

serum albumin (BSA) in 0.1% PBS (phosphate buffered saline)-triton-X100 solution. These 

were washed and permeabilized with 0.1% Triton-X100 in PBS. H2L (100 µg/ml) was treated 

with permeabilized Vero cells monolayer for 1h at room temperature and was washed twice 

with PBS (pH 7.2) to eliminate cell rubbish. After washing with PBS, Zn2+ (Zn(NO3)2. 6H2O, 

100 µg/ml) was added in drops via micro-syringe for 10 min, and washed twice with PBS. 

Under similar condition NaH2PO4 (100 µg/ml) in aqueous medium was added in presence of 
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Zn(NO3)2 and H2L  to permeabilized Vero cells monolayer for 1h at room temperature. Then, 

the cells were observed under epifluorescence microscope.35 

 

3. Results and discussion 

3.1. The characterisation of sensor, H2L and its complex, [ZnL] 

The condensation of 2-hydroxy-5-methylisophthalaldehyde with 1,2-bis(2-

aminophenylthio)ethane has synthesised 3-((Z)-((2-((2-((2-((Z)-(3-formyl-2-hydroxy-5-

methylbenzylidene)amino)benzyl)thio)ethyl)thio)phenyl)imino)methyl)-2-hydroxy-5-methyl 

benzldehyde (H2L) (Supplementary Material, Scheme S1).20 It has been characterised by 

spectroscopic data (NMR, Mass, FTIR; (Supplementary Material, Figs, S1-S3). Molecular 

ion peak, (H2L+H)+ 569.20 supports the molecular identity which has been supported by 

ν(C=N) at 1618 cm-1 and ν(CHO) at 1677 cm-1 of IR spectrum. The 1H NMR spectrum of 

H2L (300 MHz, DMSO-d6) demonstrates singlet at 14.05 ppm corresponds to δ(OH); imine-

H (CH=N) appears at δ 8.98 ppm; δ(CHO) is observed at 10.42 ppm  and aromatic protons 

appear at 7.18-7.77 ppm. The reaction of H2L with Zn(NO3)2. 6H2O in methanol has isolated 

mononuclear zinc complex, [ZnL] (Supplementary Material, Scheme S1). The complex, 

[ZnL], has shown ν(C=N) at 1589 cm-1 which is shifted to lower energy compared to H2L 

and ν(CHO) at 1648 cm-1 and also molecular ion peak of Mass spectrum (630.17) (Mass, 

FTIR; Supplementary Material, Figs. S4, S5) and support the composition of the complex.  

The structure has been confirmed by single crystal X-ray crystallography. 
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  H2L                   [ZnL]  

Scheme 1 DFT optimized structures of H2L and its Zn(II) complex      

The molecular structure of [ZnL] is shown in Fig. 1 with the atom numbering pattern 

and the selected bond distances and angles are measured. The crystal is monoclinic system 

and the space group is C2/c. In the complex Zn(II) is sitting at the distorted octahedron centre 

with Zn(ONS)2 arrangement. A basal plane is considered with N2OS while two axial 

positions are occupied by remaining O and S donor centres. Zn(1) is deviated by ~ 0.2 Å 

from the square plane constituted by N2OS towards O(phenolato) axial side. The imine 

length, C(8)=N(1), is 1.287(3) Å which is comparable to literature report.36-39
 The bond 

lengths in the coordination zone are Zn(1)-N(1), 2.089(2); Zn(1)-O(1), 1.9628(16); Zn(1)-

S(1), 2.6800 (7) Å. The Zn-S distance is closer to the literature data (2.6100(13) Å)37 but 

shorter than those of sum of the van der Waals radii of Zn (1.39 Å) and S (1.80 Å) which 

implies bonding interaction. The important angles are ∠N(1)-Zn(1)-O(1), 98.09(7)°, 

90.00(7)° (symmetry : -x,y,1/2-z); ∠S(1)-Zn(1)-S(1), 81.80(3)°; ∠N(1)-Zn(1)-S(1), 

77.70(5)°, 92.08(5)° (symmetry : -x,y,1/2-z); ∠S(1)-Zn(1)-O(1), 87.29(5)°, 163.18(5)° 

(symmetry : -x, y, 1/2-z) and ∠N(2)-Zn(1)-N(1), 166.57(10)°. Two intermolecular 

recognisable hydrogen bonds are observed at C(41E) – H(41A)----O(2)  (H41E---O(111),  

2.5600 Å; C(41E)----O(2),  3.440(5) and  ∠C(41E) – H(41A)----O(2), 152.00°; symmetry : 

1/2-x, 1/2-y, 1-z) and  C(47E)–H(47A)---O(1)  (H(47E)---O(1),  2.3500 Å; C(47E)----O(1), 

3.251(3) Å   and  ∠C(47E) – H(47A)----O(1), 155.00°; symmetry : -x, 1+y, 1/2-z)  who are 

useful to generate 1D chain in solid phase (Fig. 2). 
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Fig.1 Molecular structure of the complex, [ZnL]. Bond distances in coordination sphere : 

Zn(1)-N(1), 2.089(2); Zn(1)-O(1), 1.9628(16); Zn(1)-S(1), 2.6800 (7), C(8)-N(1),  1.287(3) 

Å; bond angles (symmetry) : ∠N(1)-Zn(1)-O(1), 98.09(7)°, 90.00(7)° (-x,y,1/2-z); ∠S(1)-

Zn(1)-S(1), 81.80(3)°; ∠N(1)-Zn(1)-S(1), 77.70(5)°, 92.08(5)° (-x,y,1/2-z); ∠S(1)-Zn(1)-

O(1), 87.29(5)°, 163.18(5)° (-x,y,1/2-z) and ∠N(2)-Zn(1)-N(1), 166.57(10)°. 

        The DFT optimized structure of [ZnL] (Scheme 1) has been generated and the 

structural identity has been compared with single crystal X-ray determined structure. Bond 

parameters calculated from optimised structure (DFT computation) is closer to the 

experimental results; the bond lengths vary within 0.01 – 0.04 Å and bond angles vary 4-8°. 

Weak bonds are conveniently response to physical, optical, chemical signals and may be 

useful in the identification of selective and specific ions or molecules.  

Theoretical structure of H2L has also similarly generated and the characteristics have 

been verified by calculating vibrational frequencies of some of the functions and on 
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comparing with experimental spectra. The calculated metric parameters such as bond lengths 

of C=N (1.281 Å (H2L); 1.327 Å (ZnL) Å), C-O (1.36 Å (H2L);  1.42 Å ([ZnL]), Zn–N 

(2.130 Å), Zn–O(phenolic) (1.977 Å), Zn–S(thioether) (2.975 Å) etc. and angles (∠N-Zn-O, 

90.63°; ∠S-Zn-S, 74.95°, ∠O-Zn-O, 120.59°, ∠N-Zn-N, 156.85° etc. (Supplementary 

Materials, Tables S2 and S3) are comparable with similar structures in literature.36-39  The 

binding of Zn2+ enhances the bond lengths of C=N and C–O which may be due to the 

electron drifting of metal ion from L2-. This is also supported by lowering of ν(C=N) in [ZnL] 

compared to H2L.  

 

 

Fig. 2  Hydrogen bonded 1D supramolecular chain of ZnL 

 

3.2. Zn
2+
 sensor activity : UV-Vis Spectroscopic studies  
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The UV-vis spectrum of H2L in aqueous-MeOH (v/v, 1/2) buffer solution (0.01 M, 

pH 7.2, HEPES; v/v = 1/2) has exhibited two sharp bands at 289 and 375 nm. These bands 

may be assigned to the intraligand charge transfer transitions. The titration of H2L with 

incremental addition of Zn2+ has been recorded in HEPES buffer (10 mM, pH - 7.2) at 25°C 

in the same solvent which has shown absorption enhancement at 447 nm and decrement at 

375 nm with isobestic at 408 and 332 nm (Fig.  3). Naked eye colour change of H2L solution 

upon addition of Zn2+ ion is very amazing (Supplementary Material, Fig. S6).   The red 

shifting of the bands of H2L upon Zn2+ addition is attributed to an intramolecular charge 

transfer (ICT) through the chelation to Zn2+ (Fig. 1).  

 

 

 

 

 

 

 

 

 

Fig.3  Change in absorption spectra of H2L (50 µM) upon addition of Zn2+ in  MeOH/water 

(v/v, 2:1); non-linear plot of absorbance (at 447 nm) vs. [Zn2+ ] for the corresponding UV-

Visible titration is shown inset 

 

The incremental addition of Zn2+ shows increase in absorbance till the ratio of [Zn2+] : 

[H2L] reaches 1 : 1, and no longer changes with continuous addition of excess of Zn2+. The 

composition has been checked by Job’s plot from the solution mixture (Supplementary 
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Material, Fig. S7). The association constant of H2L with Zn2+ is 13.47 × 104 M-1L. Due to 

complexity of the intracellular environment, further examination has been conducted to 

account on the interferences of other ions. Selective metal ion assays were performed while 

keeping the other experimental condition unchanged.  

     The spectroscopic study has been performed to control the efficiency of the probe (H2L) at 

optimum pH. Fluorescence emission of H2L is indifferent in the experimental pH range of 2-

12 (Supplementary Material, Fig. S8). However, the presence of Zn2+ to the solution of 

H2L enhances the emission intensity and has reached highest emission at pH 8.0; further 

increase in pH reduces the emissivity which may be due to breakdown of geometry of the 

complex structure. 

 

3.3. Fluorescence OFF-ON sensing for Zn
2+
 

The probe (H2L) exhibits weak emission at 575 nm (Supplementary Material, Fig. 

S9) which may be due to PET (photoelectron transfer) from the phenolic –OH to imine-N 

and/or -CHO when excited at 375 nm in HEPES buffer (10 mM, pH - 7.2;) at 25 °C in 

MeOH-water (v/v, 2:1).  Upon addition of Zn2+ to the solution of probe (H2L) enhances the 

emission intensity at 530 nm. Fluorescence augmentation on addition of Zn2+ to the probe 

may be due to exclusion of PET and/or ICT and also by chelation effect which improves 

molecular rigidity and is defined as chelation enhancement of fluorescence (CHEF, 

Supplementary Material, Scheme S2). The complexation of H2L with Zn2+ has been 

supported by isolation and structural characterisation of the complex, [ZnL] (Fig. 1). 

Moreover, no significant change in emission spectra is observed even after addition of excess 

(5 equivalents) metal ions:  Na+, K+, Ca2+, Mg2+, Mn2+, Fe3+, Al3+, Co2+, Ni2+, Pd2+, Cd2+, 

Hg2+, Cu2+, Ba2+ and Pb2+ (Fig. 4). In the fluorescence titration, the result shows that none of 

these metal ions significantly affect the emission intensity of the Zn2+ complex. Therefore, 
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the probe recognises Zn2+ selectively in the presence of other metal ions (Supplementary 

Material, Fig. S10) and also intensity enhances with increasing concentration of Zn2+ (Fig. 

5). The quantum yield of probe (ΦH2L, 0.0012) is much lower than that the complex, [ZnL] 

(ΦZnL, 0.052). The binding constant (Kd, 13.47 x 104 M-1L) has been determined by fitting 

fluorescence data as a function of metal ion concentration to a suitable computer-fit nonlinear 

program (Supplementary Material, Fig. S11). The limit of detection (LOD) of Zn2+ has 

been determined by 3σ/m method and found to be as low as 0.050 µM (Supplementary 

Material, Fig. S12). There are enormous numbers of reports on Zn2+-sensors with basic  

 

 

 

 

 

 

 

 

 

 

Fig.4  Fluorescence (λex = 375 nm) responses of H2L upon addition of various metal ions in 

HEPES buffer (10 mM, pH - 7.2;) at 25 °C in MeOH/water (v/v, 2:1) at emission slit 8 nm.         

 

fluorogenic motive like quinoline (LOD, 0.12 µM ),40, 41  imidazo[1,2-a]pyridine (LOD, 

0.068 µM)42 pyridyl system (LOD, 17 – 400 µM),43   bipyridyl (LOD, 0.78 µM ),44,45 

naphthyl (LOD, 0.13 µM),46  pyrenyl derivatives (LOD, 0.08 µM),47  terphenyl-based motif 

(LOD, 0.10 µM),48  pyrimidinyl based Schiff-base (LOD, 0.69 µM),49  pyrazoline (LOD, 0.20 
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- 0.61 µM),50,51 BINOL (LOD, 2.2 µM),52  rhodamine (LOD, 0.5-0.15 µM),53,54  and -

vanillinyl thioether Schiff base (LOD, 0.018 µM).16 Since, the probe in this report, H2L, 

contains N, O, S donor centres and of them exocyclic imine-N and S are soft and according to 

HSAB principle, soft donor centres prefer soft metal centre for strong binding. This may be 

one of the reasons to play an important role in the recognition of Zn2+ in presence of large 

number of cations. All these facts indicate that H2L serves as an efficient fluorogenic 

chemosensor for Zn2+ recognition. 

           

 

 

                                                                         

 

 

 

 

 

 

 

Fig. 5   A. Change in fluorescence intensity of H2L upon addition of 50 µM Zn2+ at emission 

slit 5 nm; non-linear plot of fluorescence intensity (at 530 nm) vs [Zn2+ ] for the 

corresponding fluorescence titration (inset). 

 

        The molecular functions obtained from DFT computed optimized structures of H2L and 

[ZnL] has been used to explain red shifting of charge transfer transitions in the absorption 

spectra upon complexation. The molecular functions (both occupied and unoccupied) are 
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mainly composed of ligand orbitals (>90%) (Supplementary Materials, Tables S4, S5). The 

energy difference between HOMO and LUMO is decreased from 3.51 eV in H2L to 3.34 eV 

in the complex, [ZnL] (Fig. 6) this may support the shifting of absorption band to longer 

wavelength on coordination to Zn2+ (375 nm in H2L shifts to 447 nm in [ZnL]). Thus HOMO 

→ LUMO in H2L and HOMO-1 → LUMO (f, 0.5037) and HOMO-6 → LUMO (f, 0.1631) 

in the complex, [ZnL] are intraligand charge transferences.   

 

 

Fig.6 Correlation between HOMO and LUMO functions of  H2L and [ZnL]. 
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Fig. 7 Excited state functions of optimized geometry at T1 phase and their transition 

probabilities 

 

The T1 state of [ZnL] is optimized and it is observed that the HOMO in T1 phase is 

destabilized by 1.93 eV compared to that in S0 state (Supplementary Materials. Table S6, 

S7). As a result, the energy difference between the HOMO and LUMO is decreased by 1.4 

eV while it is 3.34 eV in S0 state. The geometry relaxation may be the main origin of the 

large Stoke shift (Fig. 7). The calculated emission energies, dominant configurations (with 

larger CI coefficients), transition nature, and the available experimental values are listed in 

Table 1. For [ZnL] the calculated fluorescence wavelength is 492.88 nm, which is close to 

the experimental value 530 nm . 
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Table  1  Ground state and triplet excited state of [ZnL] in MeOH using DFT and TD-DFT 

computation of CPCM model 

Process Electronic 

transitions 

Composition Excitation 

energy 

(eV) 

Oscillator strength, 

f( λcal) 

CI λexp 

(nm) 

Absorption S0→S20 

S0→S2 

HOMO-6→LUMO 

HOMO-1→LUMO 

4.0585 

2.9405 

0.1631 (305.49) 

0.5037 (421.65) 

0.55641 

0.55246 

292 

447 

Emission S1→S0 HOMO→LUMO+5 2.6143 0.3486 (492.88) 0.87357 530 

 

3.4. Performance of [ZnL] for the sensing of H2PO4
- 

To examine the anion recognition of [ZnL], different anions such as : PO4
3-, AMP, ATP, 

P2O7
4-, H2PO4

-, C6H5O7
3-, AsO4

3-, AsO3
3-, AsO2

-, CH3COO-, F-, Cl-, Br-, I-, SCN-, S2O3
2-, 

ClO4
-, SO4

2-, NO2
-, N3

- etc are added individually to the solution of the complex (Fig. 8). 

Among the aforesaid anions, only H2PO4
- has induced a conspicuous change in the absorptive 

and emissive behaviour of the complex.  Interestingly, the yellow color of [ZnL] turned 

colorless with the addition of H2PO4
- ions only (Fig. 9). The UV-Vis absorption response of 

[ZnL] towards H2PO4
- is shown in Fig. 10 and it is observed that the band at 447 nm 

characteristics to the complex, [ZnL], is decreased, while the band at 375 nm is recovered 

gradually upon addition of H2PO4
- which is the characteristic to free ligand, H2L. In the 

fluorescence spectrum, the band intensity at 530 nm corresponds to [ZnL] is decreased upon 

addition of H2PO4
- (Fig. 11). Fluorescence titrimetric measurement shows that 2 equivalent of 

H2PO4
- per [ZnL] (Fig. 11) has been required for completion of the reaction which could 

suggest the formation of [Zn(H2PO4)2]. This spectral observation may infer that H2PO4
- 
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insists selective dechelation of the sensor from [ZnL]. It is interesting to note that PO4
3-, 

HPO4
2-, AMP, ATP, P2O7

4- do not affect the emission characteristics of [ZnL] (Fig. 8). 

H2PO4
- may assist hydrogen bonding interaction with pendant –CHO group of the sensor and 

may come closer to the Zn2+ in the complex, [ZnL], which may help exclusion of metal ion, 

and hence the recovery of free ligand emission characteristics is observed.55,56 Subsequent, 

ESI-MS measurement of the mixture ([ZnL] + KH2PO4) shows the presence of strong mass 

peak corresponds to KH2L+ (m/z, 607) and may support above proposal (Supplementary 

Material; Fig. S13). 

Lifetime data are obtained upon excitation at 370 nm and the fluorescence decay 

curve was deconvoluted with respect to the lamp profile. The observed florescence decay fits 

nicely with bi-exponential decay profile for the complexes (Fig. 12) which is supported by 

goodness-of-fit (χ2) data in the regression analyses.  Radiative and non-radiative rate  

 

 

 

 

 

 

 

 

 

Fig. 8  Fluorescence emission spectra of the of [ZnL] upon addition of different anions (5 

equivalent of PO4
3-, AMP, ATP, P2O7

4-, H2PO4
-, C6H5O7

3-, AsO4
3-, AsO3

3-, AsO2
-, CH3COO-, 

F-, Cl-, Br-, I-, SCN-, S2O3
2-, ClO4

-, SO4
2-, NO2

-, N3
- ) 

Page 17 of 31 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



18 

 

 

 

 

 

 

(a) 

 
(b) 

Fig. 9. (a) Naked eye absorption change and (b) fluorescence change of [ZnL] (50 µM in 

aqueous-MeOH (v/v, 1/2) upon the addition of 2 eq. of various anions (1.5 mM in H2O). 

 

 

 

 

 

 

 

 

 

 

Fig. 10 (A) Change in absorption spectra of H2L-Zn2+ system upon addition of H2PO4
- in 

MeOH/water (v/v, 2:1); (B) Non linear plot of absorbance (at 447 nm) vs. [H2PO4
-] for the 

corresponding UV-Visible titration 
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Fig. 11   Fluorescence titration spectra of the [ZnL] complex with gradual addition of 

H2PO4
-; non-linear plot of fluorescence intensity (at 530 nm) vs. [Zn2+] for the 

corresponding fluorescence titration (inset). 

 

 

 

 

 

 

 

 

 

Fig. 12   Fluorescence life time decay of  H2L and the [ZnL] complex 
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constants (kr and knr; Supplementary Material, Table S8)  are calculated and data show 

usual higher knr than kr value. The average lifetime value of [ZnL] (0.255 ns) is longer than 

H2L (0.162 ns) data. The metal-ligand orbital mixing in [ZnL] may be the reason for passing 

longer time at excited state.   

 

3.5. Application as logic function 

Following the principle of binary logic operation, the truth table is constructed using 

the three basic logic operations (AND, NOT, and OR) and more complex logic functions 

(EOR, INH, NOR, XNOR, and XOR) have been reproduced at the molecular level. Light 

sensitive single molecules are very useful to assemble integrated logic gates such as 

INHIBIT, half-subtractor, half-adder, full-adder, and full-subtractor.57 INHIBIT logic 

deserves some attention because it demonstrates a noncommutative behaviour.58  This means 

that one input has the power to disable the whole system, that is, it holds a veto. The 

fluorescence properties of H2L can be applied to construct INHIBIT logic gate. With two 

inputs as Zn2+ and H2PO4
-, H2L has the ability to exhibit INHIBIT function via both 

absorption as well as emission output (Scheme 2). When Zn2+ is present in the solution the 

absorption as well as emission at 447 nm and 530 nm respectively is 1 while the values of all 

other functions are 0. Thus the absorption change at 447 nm and emission change at 530 nm 

with Zn2+ as well as H2PO4
- as inputs can be described as a monomolecular circuit showing 

an INHIBIT 

 

3.6. Cell Imaging Studies  

Vero cells (African green monkey kidney cells) are used to explore the effect of 

probe, H2L towards the recognition of ions in biological systems. The fluorescence imaging 

of intracellular Zn2+ in living cells is shown in Fig.13. Vero cells fixed in paraformaldehyde 
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(4%) and blocked with BSA in PBS-triton X100 solution. Then, the cells were observed 

under epifluorescence microscope. Then, the cells were treated with Zn2+ solution (30 mM) 

for 45 min in buffer for incubation, washed again with buffer at pH (7.2) and mounted on a 

grease free glass slide. Cells were observed under a fluorescence microscope equipped with a 

UV filter after adding H2L (2 mM). Cells incubated only with Zn2+ were used as a control.  

 

(a) (b) (c) (d) 

 

(e) 

 

. 

     

 

 

  Scheme  2  Logic gate and truth table. 

 

 

 

Fig. 13   Fluorescence microscopic images of Vero cells: (a) Untreated Cell control; (b) Cell 

under fluorescence microscope; (c) Cells treated with H2L in bright field; (d) Cell treated 

with Zn2+ (10 µM for 1 h at 37°C) and exposed to H2L for 10 min; (e) Cell treated with Zn2+ 

(10 µM for 1 h at 37°C) and NaH2PO4 (20 µM) and exposed to H2L for 10 min. 

H2PO4
- Zn2+ OUTPUT 

(Emission Intensity) 

0 0 0 (Low) 

1 0 0 (Low) 

0 1 1 (High) 

1 1 0 (Low) 
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Fig. 14  Cell viability data (MTT assay) of H2L 

 

H2L can permeate easily through tested living cells without any harm (as the cells remain 

alive even after 30 min of exposure to H2L at 2 mM). The MTT assay has been applied for 

labelling dead cells to evaluate cytotoxicity of the probe (Fig. 14). The study shows that H2L 

has no cytotoxicity towards cells upto 75 µg/ml (approx). These results indicate that the 

probe has a huge potential in both in vitro and in vivo applications as a Zn2+ sensor and in live 

cell imaging. 

 

4. Conclusion 

Thioether Schiff base with appended –CHO group (H2L), a N2O2S2 hexadentate probe 

exhibits red-shifting of absorption band 375 nm to 447 nm upon Zn2+ addition. Fluorescence 

emission has been enhanced by 240 times in presence of Zn2+ at 530 nm and the limit of 

detection (LOD) is 0.050 µM. Formation of 1:1 metal-to-ligand complex, [ZnL], has been 

ascertained by X-ray crystallography, Mass, Job’s composition study.  The complex, [ZnL] 
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has shown selective INHIBIT logic gate towards H2PO4
-. The practical applicability of H2L 

has been examined in the identification of Zn2+ and H2PO4
- in intracellular fluid in living 

cells (African Monkey Vero Cells). 

 

Supplementary materials 

The synthesis (Scheme S1); the spectral data of H2L (1H NMR, Fig. S1; Mass, Fig. S2; FT-

IR, Fig. S3); the spectral data of ZnL ( Mass, Fig. S4; FT-IR, Fig. S5), comparison of 

emission of [H2L] and [ZnL] under illumination in UV chamber (Fig. S6);  Job’s plot (Fig. 

S7), Effect of pH on the fluorescence activity of H2L and H2L with Zn2+ in MeOH-Water 

(v/v, 2:1) at 530 nm (Fig. S8), Fluorescence spectrum of H2L(Fig. S9), fluorescence intensity 

comparison plot of different metal ions (Fig. S10), Benesi-Hildebrand plot (Fig. S11), Limit 

of optical detection (LOD) (Fig. S12), Mass spectra of ZnL with H2PO4
- (Fig. S13), Proposed 

Chelation Enhancement of Fluorescence (CHEF) and restricted PET upon coordination of 

probe to Zn2+  (Scheme S2); Crystallographic data of [ZnL] (Table S1),  calculated bond 

parameters of H2L (Table S2) and [ZnL] (Table S3), composition of frontier molecular 

orbitals of H2L (Table S4) and [ZnL] (Tables S5, S6, S7), Life time data of H2L and ZnL 

complex (Table S8). Crystallographic data for the structure has been deposited with the 

Cambridge Crystallographic Data center, CCDC No.1425924. Copies of this information 

may be obtained free of charge from the Director, CCDC, 12 Union Road, Cambridge CB2 

1EZ, UK (e-mail: deposit@ccdc.cam.ac.ukorwww:htpp://www.ccdc.cam.ac.uk). 
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Thioether Schiff base (H2L), a nontoxic Zn
2+

-sensor (LOD, 0.050 µM) has shown selective ON – 

OFF emission following INHIBIT logic circuit with H2PO4
-
 and useful agent for the 

identification of Zn
2+

 and H2PO4
-
 in intracellular fluid in living cells.  
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