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Abstract A new colorimetric chemosensor L, containing

electron-donating moieties attached to the thiazole-based

Schiff base was synthesized. The optical and colorimetric

sensing properties of L for anions and cations were investi-

gated using naked eye, UV–Vis and computational studies.

The receptor L displays visual changes towards anions like

F-, H2PO4
- and AcO- and also towards cation such as Zn2?

in DMSO. Other anions such as Cl -, Br-, I-, NO3
- and

HSO4
- did not cause any color change. On the addition of

other metal ions such as Cr3?, Mn2?, Fe3?, Co2?, Ni2?, Cu2?,

Cd2?, Hg2? and Pb2?, the receptor did not show any signifi-

cant change. The binding constant (Ka) and stoichiometry of

the host–guest complex formed were calculated by the Ben-

esi–Hildebrand (B–H) plot and Job’s plot method,

respectively. Computational studies and UV–Vis titration

were further used to emphasize the sensing behavior of the

receptor. Quantum chemical calculations and molecular

studies using Density Functional Theory and Molecular

Electrostatic Potential surface studies were carried out to

supplement the experimental results and gain deeper insights

about the structural as well as the spectral aspects of the

complex.

Graphical Abstract Receptor L proved to be a fluores-

cence and colorimetric Zn (II), fluoride (F-1), di-hydrogen

phosphate (H2PO4
-1) and acetate (AcO-1) sensor. This new

chromogenic receptor shows a highly selective coloration

for the above ions. The chemosensor showed a color

change upon addition of Zn (II), or fluoride or di-hydrogen

phosphate or acetate ions.
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Introduction

Highly selective receptors are strongly preferred for prac-

tical applications. In reality, only a few examples of sen-

sors capable of detecting particular ions both in organic and

aqueous media have been simultaneously reported. On the

other hand, the detection of multiple targets having a single

receptor would be more efficient and also cost effective

than a one-to-one analysis method, and so would attract

more attention (Liu et al. 2013). The design of molecular

probes, which is capable of recognizing metal ions and

anions, is a welcoming development in the biological

industry and environmental processes due its significant

potential applications (Li et al. 2011, 2013; Tomat and

Lippard 2010; Zyryanov et al. 2007; Kang et al. 2010; Hu

et al. 2010; Yoon et al. 2006; Buccella et al. 2011; Xu et al.

2009; Xue et al. 2012; Jiang and Guo 2004). Anions such

as H2PO4
-, F-and AcO- play vital role in the areas of

biology, environmental hazard, medicine, catalysis among

others; hence, its recognition and sensing have gained

considerable interest (Beer and Gale 2001; Lavigne and

Anslyn 2001; Martinez-Manez and Sancenón 2003, 2006;

Sessler and Seidel 2003; Gunnlaugsson et al. 2006; Gale

et al. 2008; Santos-Figueroa et al. 2013). As the second

most abundant transition metal in the human body after

iron, Zn2? is indispensable for mediating various enzyme-

catalyzed reactions and therefore plays a crucial role in a

wide variety of physiological and pathological processes

(Wang et al. 2011; Maret et al. 1999; Zalewski et al. 1993;

Falchuk 1998). The growing importance of Zn2? in neu-

rological signaling and some proposed functions in bio-

logical systems have generated an urgent demand for the

development of Zn2? specific molecular probes (Freder-

ickson et al. 2006; Berg and Shi 1996; Assaf and Chung

1984; Burdette and Lippard 2001, 2003). Moreover, the

paramount and most important limitations for zinc detec-

tion result from the interference of other transition metal

ions, especially cadmium (Safin et al. 2013). Therefore, it

is worthwhile to pay attention to the development of sen-

sors capable of detecting selectively zinc ions from

cadmium.

Schiff bases are common organic structures which can

be easily synthesized through a one-step synthetic proce-

dure (Borisova et al. 2007; Vigato et al. 2007; Li et al.

2009; Lee et al. 2010; Sarkar et al. 2009; Cozzi 2004).

Several heterocycles, especially thiazoles, occupy a key

position owing to their versatile bioactivities due to the

presence of multifunctional groups (Li et al.

2010, 2012, 2014; Venugopala and Jayashree 2003; Leung

and MacLachlan 2007; Borisenko et al. 2006; Vashi and

Naik 2004; Joseyphus et al. 2006; Chohan et al. 2004).

Schiff bases from thiazole derived from salicylaldehyde

derivatives are reported to have significant antibacterial,

antifungal and anticancer activities (Orojloo et al. 2017).

Based on these considerations in mind and our previous

work (Orojloo and Amani 2016), herein, we report a novel

colorimetric chemosensor L for recognition of Zn2? metal

ions and important biological anions. Receptor L can
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detect Zn2? by color change from yellow to orange via the

‘naked eye’ with high selectivity in DMSO environment. In

addition, chromogenic receptor L possessing two phenolic

and alcoholic OH, binds H2PO4
-, F-and AcO- via

hydrogen bonding by fast response and excellent color

change from yellow to red via naked-eye detection. The

most difficult fact in the anion sensing in aqueous envi-

ronment is that water is a highly competitive solvent and

interferes with the detection process of anions by inter-

vening in the interaction between associates (Orojloo and

Amani 2017). To the best of our knowledge, this receptor is

the first unsymmetrical thiazole-based colorimetric

chemosensor use in qualitative and quantitative detection

of biologically significant anions both in organic and

aqueous media. Quantum chemical calculations and

molecular studies using Density Functional Theory (DFT)

and molecular electrostatic potential results surface (MEP)

studies have been conducted to supplement the experi-

mental results.

Materials and methods

General information

All the solvents and reagents (analytical and spectro-

scopic grade) that were used in this research were pur-

chased from Sigma-Aldrich and Merck and used as

received. Electronic spectral measurements were per-

formed using Optizen 3220 UV spectrophotometer in the

range of 200–900 nm at room temperature. 1H-NMR

spectra were recorded on Bruker AV 300 MHz and

BrukerAvance III 400 MHz spectrometers, and chemical

shifts were recorded in ppm. FT-IR spectra were recor-

ded as pressed KBr discs, using Unicom Galaxy Series

FT-IR 5000 spectrophotometer in the region of

400–4000 cm-1. The matrix-assisted lasers desorption/

ionization time-of-flight (MALDI-TOF) mass spectrom-

etry was measured using a Bruker Reflex III

spectrometer.

Synthesis of Azo-coupled salicylaldehyde precursor

and receptor (L)

Azo-coupled salicylaldehyde precursor (2-hydroxy-5-(thia-

zol-2-yldiazenyl)benzaldehyde) and 2-((E)-(3-hydrox-

ypropylimino)methyl)-4-((E)-thiazol-2yldiazenyl)phenol

(receptorL), were synthesized and characterized according to

our last published paper (Scheme 1) (Orojloo et al. 2017).

Results and discussion

Chromogenic Zn(II) sensing

The selectivity of receptor L toward various metal cations,

viz., Cr3?, Mn2?, Fe3?, Co2?, Ni2?, Cu2?, Zn2?, Cd2?,

Hg2? and Pb2? was primarily studied by UV–Vis spec-

troscopy in DMSO. Initially, we used the naked-eye col-

orimetric experiments to investigate the recognition ability

of chemosensor L (4 9 10-5M) as chloride salt for the

above-mentioned cation in DMSO. Upon the addition of 20

equivalent of the afore-mentioned metal cations to the

solution of L, only Zn2? caused a remarkable color chan-

ged from yellow to orange, while other metals caused no

change in color in DMSO (Fig. 1a). The sensing behavior

of sensor L towards Zn2? was monitored by UV–Vis

spectrophotometric method in DMSO. A solution of

chemosensor L was titrated with increasing volume of

concentrated solution of given cation. On incremental

addition of Zn2? to L in DMSO, the intensity of absorption

band at 395 nm gradually decreased and a new absorption

band at 495 nm was progressively formed resulting an

isosbestic point at 410 nm (Fig. 1b). Notably, the large

bathochromic shift, resulting from the extended ICT pro-

cess, was responsible for a comprehensible color change

from yellow to orange (Modi et al. 1970; Gentili 2007).

The binding constant of complexation was calculated using

the Benesi–Hildebrand method (Fig. S1). (Benesi and

Hildebrand 1949) The resulting values are summarized in

Table 1. For practical purposes, the detection limit of

receptor L for the analysis of Zn?2 ion was also an

important parameter (Lin et al. 2012). The detection limit

of receptor L for the analysis of Zn2? was calculated to be

48.9 lM which is comparable to various salicylaldimine

Schiff base-type probes previously reported (Wang et al.

2015).

The conclusive stoichiometric ratio between (L) and

Zn2? was inferred to be 2:1 with the help of Job’s plot

(Fig. S2) and molar ratio plot (inset of Fig. 1b) experiments

(Likussar and Boltz 1971; Momoki et al. 1969). To validate

the stoichiometry between the chemosensor L and Zn2?

ions, a MALDI-TOF mass examination was carried out

(Fig. S3) (Orojloo et al. 2017). In this regard, the formation

of 2:1 complex between L and Zn2? was further confirmed

by the appearance of peaks at m/z 643.0 corresponding to

[2L ? Zn(II)-1H]? mononuclear complex (calcd. 643.1)

and 291.0 assignable to [L ? H]? (calcd. 291.3 for C13-

H14N4O2S formula), respectively. To illustrate more

detailed information on the nature of binding mode of

L with Zn2? ions, FT-IR spectra of the sensor L and its

Zn2? complex were also measured (Fig. S4). The FT-IR

spectrum of Zn2? complex compared with that of free
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sensor L demonstrates that the t(C=N) band at 1629 cm-1

was red when shifted to lower frequency (from

1659 cm-1). Reduction of the double bond character of the

C=N bond, which is caused by the coordination of nitrogen

into the metal center, is in accordance with the results

obtained from similar complexes (Shang et al. 2009; Prodi

et al. 2011). Furthermore, meaningful changes were

observed in the t(C–O) of phenolic band, expressing the

involvement of the hydroxyl on the phenyl in the com-

plexation of the receptor with the Zn2? ion. Based on data

from earlier reports, we could assign the bands at 482 and

542 cm-1 to Zn–N and Zn–O vibrations, respectively

(Canpolat and Kaya 2005; Shen et al. 2008).

Also, we achieved 1H-NMR experiment for more con-

crete evidence of the binding of the Zn2?. As presented in

Fig. S5a, the free ligand showed sharp peaks at 11.59, and

9.35 and within the range of 7.42–8.21 ppm corresponding

to the phenolic OH, imine proton and aromatic peaks,

respectively. Upon complexation with zinc ions, the adja-

cent peaks merged together, proving the structure of the

complex inflexible as compared to the free ligand. In close

insight, the phenolic proton signal at 11.59 ppm disap-

peared completely and the singlet associated with imine

proton (CH=N) showed a clear up field shift by Dd = -

0.8 ppm. Furthermore, a broad peak at 5.18 ppm assigned

to the alcoholic proton in aliphatic moiety exhibited an up

field shift by Dd = - 0.38 ppm in complex spectrum

(Fig. S5b). These findings proposed that the imine nitrogen

(CH=N) and OH groups of receptor L participated to

complex zinc ions. Hence, it is noticeable that Zn2? ions

coordinated to the receptor via deprotonation of the phenol

and the chelation with the imino nitrogen, and not from the

azo group chelated to the thiazole S atom (or N via an E/Z

isomerization). Hence, the recognition mechanism of sen-

sor L for Zn2? can be obtained by combining the Job’s

plot, molar ratio plot, MALDI-TOF mass and FT-IR

results. Consequently, we proposed the formation of 2:1

complex as shown in Scheme 2.

Reversibility is an important concept in chemistry which

has an aptitude to recover free receptor from the complex.

To inspect the reversible interaction of receptor L toward

Zn2? in DMSO, Ethylenediaminetetraaceticacid (EDTA)

solution (10 equivalent) was added to the complex solution

of receptor L (5 9 10-5 M) and Zn2? (10 equivalent)

(Sheng et al. 2008; Gupta et al. 2013). As expected, the

absorbance intensity almost decreased to the absorbance

intensity of free receptor as shown in Fig. S6. Also, the

primary color of the probe was recovered instantly. These
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Scheme 1 Synthesis of azo dye and receptor L
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findings may be attributed to the stronger complexation of

Zn2? with EDTA than with sensor L (Likussar and Boltz

1971). Hence, compound L was a reversible chemosensor

for Zn2? ions.

The most important limitations for zinc detection comes

from the interference of very pollutant cations such as

cadmium and lead. The selectivity towards Zn2? was fur-

ther clarified by the competitive binding experiment. To

perform this, the receptor L (4 9 10-5 mol L-1) was

treated with Zn2? in the presence of 10 equiv. of Cd2? and

Pb2? ions in DMSO. As illustrated in Fig. S7 Cd2? and

Pb2? ions had no interference with the detection of Zn2? at

495 nm. So, the chemosensor L has revealed a good

practical ability to recognize Zn2? in the presence of Cd2?

and Pb2? ions.

Fig. 1 a Color changes of L in

DMSO (4 9 10-5 M) before

and after the addition of 20

equiv. of respective metal ions.

b Absorption spectra of the

receptor L recorded in DMSO

after addition of 0–20 equiv. of

Zn2? ions, (Inset of malar ratio

plot)

Table 1 Data obtained from the UV–Vis spectra upon titration of receptor L (4 9 10-5 M) with Zn2? metal ions in DMSO

Receptor ? cation Receptor, kmax

(nm)

Complex, kmax

(nm)

e
(M-1 cm-1)

Bathochromic shift,

Dkmax (nm)

Isobestic point,

(nm)

Ka (M-1) LOD

(lM)

L–Zn12 395 495 233 100 410 1.07 9 109 48.9

N
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N
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Scheme 2 Proposed structure

of Zn2? Complex
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Electronic absorption studies of L toward different

anions

The anion recognition property of the probe L was initially

investigated on a qualitative basis by visual testing of the

anion-induced color changes and then absorption spectral

studies in DMSO (4 9 10-5 mol L-1) before and after the

addition of 2 equivalent of typical anions such as F-, Cl-,

Br-, I-, H2PO4
-, HSO4

-, AcO- and NO3
- as their

tetrabutylammonium (TBA) salts. As shown in Fig. 2a

only H2PO4
-, F- and AcO- ions could induce the sensor

to form a clear color change from yellow to red, suggesting

strong interaction between the receptors with relatively

basic anions, while other anions had no noticeable color

changes. Moreover, spectroscopic studies showed that the

basic anions like F-, H2PO4
-and AcO- ions had an

extreme effect on the electronic spectra of receptors.

However, there were no special changes in the absorption

spectra in the presence of other anions, Fig. 2b.

The change in optoelectronic properties of azo-linked

salicylaldimine Schiff base ligand in the presence of fluo-

ride, di-hydrogen-phosphate and acetate anions was

investigated by UV–Vis spectroscopic method. The titra-

tions were carried out in DMSO at 4.0 9 10-5 mol L-1

concentration of receptor L upon the addition of incre-

mental amounts of (5.0 9 10-4 mol L-1) tetrabutylam-

monium fluoride, di-hydrogen-phosphate and acetate. As

shown in Fig. 3 and Fig. S8, a new red shifted absorption

band at 510 nm was progressively enhanced when the

concentration of H2PO4
-, F- and AcO- was increased in

the receptor L, while the intensity of absorption at 395 nm

decreased correspondingly. A clear isosbestic point was

observed at 435 nm for complexation of L with H2PO4
-.

The appearance of a single isosbestic point in UV–Vis

spectra of L with incremental addition of H2PO4
- indicates

the presence of only two species, neutral host and its anion

in the solution (Arabahmadi et al. 2014). Also, the definite

stoichiometric ratio between L and H2PO4
- anion was

determined to be 1:1 from UV–Vis spectral changes with

the help of molar ratio plot and Job’s plot experiment (inset

of Fig. 3) which suggests that receptor L interacts with

H2PO4
- anion as a bidentate ligand. Moreover, noticeable

isosbestic points were observed at 435 and 433 nm for

complexation of L with F- and AcO-, respectively. The

molar ratio plot and Job’s plot analysis of the UV–Vis

titrations of L revealed a 1:2 binding stoichiometry for F-

and AcO- anions (inset of Fig. S8a, b). The 1:2 stoi-

chiometry ratio verify that L (1 equivalent) interacts with

F- or AcO- ions (2 equivalents) through both phenolic O–

H and alcoholic O–H. Deprotonation of phenolic hydroxyl

results in a noticeable isobestic point; however, the taking

of aliphatic hydroxyl proton is not captured in the UV–Vis

spectrum given the great isobestic point, because the

alcoholic proton is not in a conjugated system so would

potentially not lead to a spectroscopic change. Neverthe-

less, the obtained results demonstrated the Hydrogen bond

interactions between the host and the anionic guests

affecting the electronic properties of the chromophore

(Benesi and Hildebrand 1949).

Furthermore, the molar absorption coefficient (e) for

H2PO4
-, F- and AcO- complexes of L were obtained as

32,275, 16,378 and 21,891 (M-1 cm-1), respectively.

These results show that hydrogen bonding formed by

H2PO4
- is stronger than hydrogen bonding formed in F-

and AcO- complexes of L. It has been reported in previous

literatures that multiple hydrogen bonding interactions are

necessary in high-affinity anion binding sites. Charge and

shape complementarity between the host and anionic

guests are also extremely important (Arabahmadi et al.

Fig. 2 Color changes (a) and UV–Vis absorption spectra (b) of

receptor L (4 9 10-5 mol L-1 in DMSO) in the presence of 2 equiv.

of different anions as their TBA salts

Fig. 3 UV–Vis titration of L (4 9 10-5 mol L-1) in DMSO with

incremental addition of H2PO4
- anions as its TBA salt (0–2 equiv.).

Insets showing the molar ratio plot (top) and job plot (bottom) at

selected wavelength
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2014). The resulting values are summarized in Table 2.

The binding constant of complexation was calculated using

the Benesi–Hildebrand method. The Benesi–Hildebrand

plot of 1/[A–A0] versus 1/[ion] for titration of L with

H2PO4
-, F- and AcO- produced a straight line (Fig. S9).

Receptor L complexes binding constants for H2PO4
-, F-

and AcO- were obtained from the variation in the absor-

bance at 510 nm. Moreover, the binding constants and the

detection limits of the sensor L towards corresponding

anions were obtained from UV–Vis titration, as listed in

Table 2.

For practical applications, further UV–Vis spectropho-

tometric titrations in aqueous media were carried out for

the sensor L (4 9 10-5 mol L-1) in 9:1 DMSO/H2O

solutions upon addition of F-, H2PO4
- and AcO- as their

inorganic sodium salt in water. It is noticeable that titration

of L with NaH2PO4, NaF and NaAcO produced similar

color and spectral changes to that described in organic

media (Fig. S10a–c). Moreover, the job plots of L with

H2PO4
-, F- and AcO- were established to be 1:1, 1:2 and

1:2 stoichiometric ratios from UV–Vis spectral changes,

respectively, confirming that the interaction stoichiometry

between receptor and anion was not affected by the pres-

ence of competitive water molecules (Fig. S11).

The absorbance enhancement of sensor L with H2PO4
-

was investigated in the presence of other anions at 510 nm

to examine the selectivity for H2PO4
- in a complex

background of potentially competing species. To accom-

plish this, the sensor L (4 9 10-5 mol L-1) was treated

with 2 equivalent of H2PO4
- in the presence of other

competing anions in the same concentration. As illustrated

in Fig. 4 sensor L exhibited maximum absorbance for

H2PO4
- between other anions at 510 nm in DMSO (yellow

columns). Moreover, a background of other competing

anions did not interfere with the detection of H2PO4
- by

L in DMSO (red columns). These results indicate that

L exhibits good selectivity for H2PO4
- over competing

relevant anions. Since the receptor L senses both Zn2?

metal ions and F-, AcO- and H2PO4
- anions, we exam-

ined the effect of sensing ability in the presence of com-

peting ions. So, the receptor was treated with 2 equivalents

of anions in the presence of Zn2? ions (Fig. S12). It is

obvious that L has different manner of binding anions.

Upon addition of H2PO4
- into the mixture of L and Zn?2,

the primary color and absorption spectra of the probe were

recovered. These findings may be attributed to the stronger

complexation of Zn2? with H2PO4
- than with sensor

L. While, addition of F- and AcO- into the mixture of L–

Zn2? complex caused no clear change in color or their

absorption spectra.

On the other hand, as a probe for the assigned anion,

response time is of importance to practical detection of

analytes. The effect of the reaction time on the binding

process of F-, H2PO4
- and AcO- to receptor L was

investigated (Fig. S13). After 36 h, there was a slight or no

significant change in the absorption spectrum, which sug-

gests that the sensor L is very suitable probe for practical

purposes in a long time.

1H-NMR titration

To further clarify the binding interaction of receptor L with

F-, 1H-NMR titration experiments were carried out in

DMSO-d6 (Fig. 5). Before the addition of anion, in 1H-

NMR spectra of the receptor, the two singlet resonances in

the 11.61 and 9.36 ppm region could be attributed to

phenol and imine proton, respectively. After the addition of

two equivalents of fluoride ions, the resonance at

11.61 ppm corresponding to phenolic proton disappeared,

Table 2 Data obtained from the UV–Vis spectra upon titration of receptor L with TBAH2PO4, TBAF and TBAOAc in DMSO

Receptor ? ion Receptor, kmax

(nm)

Complex, kmax

(nm)

e (M-1

cm-1)

Bathochromic shift,

Dkmax (nm)

Isobestic point,

(nm)

Ka (M-1) LOD (M)

L–H2PO4
- 395 510 32,275 115 435 1.027 9 105 3.24 9 10-6

L–F- 395 510 16,378 115 435 3.710 9 104 2.91 9 10-7

L–AcO- 395 510 21,891 115 433 1.020 9 104 3.01 9 10-7

Fig. 4 Behavior of receptor L toward H2PO4
- and other anions as

measured by UV–Vis in DMSO at 510 nm
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which suggested that the O–H groups underwent a depro-

tonation process. The aromatic protons shifted up field,

which suggests that the negative charges developed from

deprotonation of L by F- were delocalized through the

whole receptor molecule (Park et al. 2012). In addition, a

broad peak at 5.18 ppm in the free receptor was attributed

to the disappearance of alcoholic OH due to deprotonation

with F-. As expected, several new resonances appeared in

the aliphatic region at 1–4 ppm upon the addition of TBAF

to the solution of receptor, which corresponds to the pro-

tons of tetrabutylammonium salt (see supplementary data,

Fig. S14). With continuous addition of fluoride ions, a new

signal appeared at d = 16.12 ppm, which indicated the

formation of HF2
- in the 1H-NMR spectra (Likussar and

Boltz 1971; Arabahmadi and Amani 2013, 2014). Hence,

we suggested that the F- recognition occurred due to the

initial hydrogen bonding of the anion to the receptor, fol-

lowed by deprotonation that brought electron density onto

the p-conjugated framework through bond propagation,

thereby causing a shielding effect and inducing up field

shift of aromatic protons (Orojloo and Amani 2016).

Moreover, to confirm the mechanism, we investigated

the interaction of receptor L in DMSO-d6 with acetate

anion as its sodium salt in D2O. To perform this, one

equivalent of AcO- anion was added to the solution of L,

and the spectrum underwent a considerable changes. The

peak at 11.61 ppm corresponding to the proton of phenolic

OH disappeared. This demonstrates the interaction of anion

through the phenolic OH is more effective than interaction

through the alcoholic OH groups present in the receptor.

Fig. 5 1H-NMR titration plot

of sensor (L) with F- in DMSO-

d6 (expand of aromatic region)

Fig. 6 Energy level diagrams of the HOMO and LUMO orbital of a
L and b L–H2PO4

- complex (using the DFT/B3LYP/6-311??G(d,p)

method)

Table 3 Computational optimized Energy (a.u.) of free receptor

L and [L–H2PO4
-] complex in gas phase and in DMSO solvent

Phase Receptor L [L–H2PO4
-] complex

Gas phase - 1271.6654 - 1915.4588

Solvent (DMSO) - 1271.6936 - 1915.5410
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The aromatic protons shifted up field, because negative

charges developed from deprotonation of L by AcO- ions

were delocalized via the whole receptor molecule (Park

et al. 2012). Also, deprotonation of the alcoholic hydroxyl

of the receptor can occur by addition of two equivalents of

AcO- ions, as is shown in Fig. S15.

Computational studies

In a bid to back up the experimental work, quantum

chemical calculations were carried out using Gaussian03

program package (Frisch et al. 2004). Molecular geometry

optimizations of the receptor L and [L–H2PO4
-] complex

were obtained by density functional theory (DFT) employ-

ing the 6-311??G(d,p) basis set. Quantum chemical cal-

culation and molecular studies helped to forecast the

electronic structure properties, energy of optimized struc-

tures and the probable mode of binding of Ligand L with

the guest ion H2PO4
-. To have a better understanding of the

response mechanism of receptor L, the representative tran-

sition energy diagram for the Highest Occupied Molecular

Orbital (HOMO) and the Lowest Unoccupied Molecular

Orbital (LUMO) of the receptor–Ligand [L–H2PO4
-]-

complex were obtained, which is shown in Fig. 6. The

complexation of L with H2PO4
- distorted the electron

density distribution of the receptor due to the formation of

hydrogen bonds. HOMO’s for L were localized mainly on

the O–H of phenolic moiety and nitrogen of imine group

whereas, LUMO was distributed only on the phenolic

moiety of the receptor L. As a result, hydrogen bond is

formed between phenolic O–H and imine group. Con-

versely, the electron density distribution changed for both

receptor moieties and H2PO4
- of the complex. One of the

hydrogen bond was formed between phenolic O–H and

oxygen atom of H2PO4
- group. The second hydrogen bond

was formed between alcoholic O–H and oxygen atom of

H2PO4
- anion. The total energy of the optimized complex

(- 1915.4588 a.u.) in the gas phase was lower compared to

the energy of the receptor (- 1271.6654 a.u.) thereby pro-

tecting the greater stability of the complex (Table 3). The-

oretical calculations also revealed the lowest orbital energy

gap of [L–H2PO4
-] complex (DE = 2.9453 eV) which is

lower than that of free receptor L (DE = 3.3137 eV). The

red-shift phenomenon of the UV–Vis absorption spectra

may result from the decrease in energy gap of HOMO and

LUMO on complexation with H2PO4
- (Fig. 3) (Orojloo and

Amani 2017). Calculation of optimized energy of the free

L and [L–H2PO4
-] complex in DMSO solvent was also

carried out. The results of the calculation in gas phase and

solution phase are in agreement with each other (Table 3).

Fig. 7 a optimized structure of L, b MEP map diagram of L, c optimized structure of L:H2PO4
- complex and d MEP map diagram of L:H2PO4

-

complex, by B3LYP/6-311??G(d.p)
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Molecular Electrostatic Potential (MEP) diagrams were

produced using the surface analysis of suite program.

Among the electronic properties of these molecules, the

molecular electrostatic potential (MEP) has been chosen to

discover those regions where electron rich moieties can

interact. The diagrams indicated the most positive regions

in deep blue color were located mainly around the OH

protons of receptor moieties (Fig. 7b). These blue-colored

positive regions around the OH protons stimulated H2PO4
-

to take part in Hydrogen bonding. The optimized complex

structure of L plus H2PO4
-showed that one H2PO4

- anion

was attached with two OH parts of L to form a stable 1:1

complex (Fig. 7c). At this point, each H2PO4
- anion

remained with L through two hydrogen bonding interac-

tions, where both phenolic and alcoholic hydroxyl groups

interacted with two different ‘O’ atoms of H2PO4
-. The

intermolecular distances found for the [L–H2PO4
-]-

complex are 1.447 Å and 1.830 Å, since hydrogen bonds of

phenolic and alcoholic O–H of L interacted with two

oxygen atoms of H2PO4
- fragment, respectively.

Conclusion

Conclusively, we have successfully designed and prepared

a simple receptor L for the detection of selected Zn2?

cation and F-, H2PO4
- and AcO-anions. The highly

selective recognition of Zn2? ions resulted in dramatic

color change from yellow to orange in the presence of other

competing metal ions that was clearly visible to the naked

eye. In addition, receptor L had higher sensitivity for basic

anions by inducing a rapid color change from yellow to

red, and is capable of recognizing F-, H2PO4
- and AcO-

anions both in organic and aqueous media. Consequen-

tially, the DFT calculations upheld the chemosensor

selectivity by the decrease in the energy gap between

HOMO and LUMO. On the basis of the experimental

results, we believe that receptor L will offer a qualified

chemosensor for recognizing both cations and anions and

can be used in environmental application which will be of

great importance for real-time and instrument-free

detection.
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