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Abstract Herein, a novel supramolecular probe 4-(2-phenyldiazenyl)-2-(benzothiazol-2-yl) phenol

(1) has been described, where assimilation of benzothiazole unit with azo functionality led to inno-

vative electrochemical and optical response towards anions. The successful formation was con-

firmed using 1HNMR, 13C NMR and HRMS. This rationally planned receptor 1 exhibits multi

recognition modes in showing selectivity towards AcO- and F- anions by both visual and absorption

processes; while I- is sensed selectively via redox mechanism. The multi recognition mechanisms

were thoroughly documented by DFT giving an insight picture of the mode of interaction of the

anions in HOMO-LUMO energy levels ultimately affecting the activity of the designed benzothia-

zole moiety. Optimization of various parameters related to redox response was also analyzed by

Taguchi method to minimize the effect of uncontrollable variables. Lower detection limit for the

anions by different response mechanisms in a single moiety enhances the future possibility of an

economic and time saving multichannel chemosensor.
� 2020 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anions play a significant role in various biomolecules such as

haemoglobin, chlorophyll, vitamin B12 along with a domineer-
ing role in the arena of environmental, biochemical as well as
industrial sectors (Chowdhury et al., 2018; Ni et al., 2017;
Xiong et al., 2011). However, apart from their uses, their
excessive intake can lead to serious health problems with an

increased risk of immune/geno/neurotoxic defects, that ulti-
mately put stress on the design and synthesis of probes capable
of selective binding and sensing of these anions (Kumar et al.,
2017). These characteristics tend to direct them towards the

dome of supramolecular chemistry, which inherits the capabil-
ity of interaction with these anions (Ghaemi et al., 2014). Ben-
zothiazole (N-containing heterocycle intermediates) based

electrochromic scaffolds are most extensively studied groups
of supramolecular chemistry as they surrogate for anthraqui-
none analogues with improved stability, shading the range of

their limitations (Maradiya, 2012). Also, benzothiazole con-
taining motifs, exhibit large molecular hyperpolarizability
making them imminent competitor as chemosensor for anion
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sensing (Manuela et al., 2011; Sharma et al., 2015). They pos-
sess endocyclic heteroatoms which can lead to excellent ligand
properties with distinct donor abilities (Zeng et al., 2019). The

use of aryl and heteroaryl diazenes in conjugation with ben-
zothiazole has sought their use as a second harmonic genera-
tion chromophores (Hrobarikova et al., 2010; Su et al., 2014).

Introduction of diverse functionalities in benzothiazole,
have been reported earlier, for screening of anions via deep
absorption modes (Keshav et al., 2017; Padghan et al., 2016;

Vidya et al., 2017). Li et al. have designed benzothiazole based
fluorescent probe for Zn2+ and Cd2+ ions, where modification
of surface of benzothiazole with auxiliary ligand cysteine, has
led to their discrimination by shift in peak positions (Li et al.,

2018). Kaur et al. 2018 have synthesized 2-(4-amino-2-hydroxy
phenyl)benzothiazole based Schiff base which exhibit selective
response towards HSO4

- and I- (Kaur et al., 2018). In view of

advancing sensor technology, considerable attention has also
been paid in the synthesis of redox active receptors, that
enclose redox center in the vicinity of guest binding site (Shu

and Tang, 2020; Lv et al., 2020). The benzothiazole unit con-
sists of fused rings structure with p-type orbital arrangement in
molecules, resulting in lower band gaps which pose excellent

electronic conductance in such molecules (Chen et al., 2014).
The binding of anion, prompts a positive or negative shift in
the redox potential of probe and the magnitude of the electro-
chemical shift epitomizes a quantitative analysis of agitation of

redox center prompted by complexation to the receptor unit.
Sharma et al. have exploited this attribute in benzimidazole/
benzothiazole based electrochemical sensor for nanomolar

detection of guanine (Sharma et al., 2015).
Using this keystone as the basis of such precedents, a suit-

able multisignalling chemical probe can be designed by com-

bining redox activity of benzothiazole unit with optical
recognition properties of its derivatives. Considering the
demand of latest technology, multiple analyte sensing offered

by a single probe is economical and time saving. Although,
few reports based on this kind of multirecognition modes are
available in literature (Ebaston et al., 2016; Manna et al.,
2019; Gupta et al., 2016), but to the best of our knowledge,

the multirecognition mode analysis for benzothiazole scaffolds
have not been explored yet. The benzothiazole moiety is an
interesting electrochromic moiety possessing multisignalling

behavior of all visual, optical and redox sensing in a single
moiety. Therefore here, to extend it further we have antici-
pated that assimilation of benzothiazole unit with diazo com-

pounds will lead to innovative multisignalling sensing
attributes comprising of both electrochemical and optical ones.
The designed sensor has been thoroughly evaluated for multi-
channel modes experimentally as well as theoretically with

detailed optimizations showing sensing for different anions
with different physical outputs incorporated into a single
moiety.

2. Experimental

2.1. Materials & instrumentation

All the chemicals and solvents were purchased from Sigma-

Aldrich Chemical Co. and were used without further purifica-
tion. Deionized water was used throughout the experiments.
Acetonitrile (CH3CN) used in the experiments was of high per-
formance liquid chromatography (HPLC) grade. 1H and 13C
nuclear magnetic resonance (NMR) spectra were achieved on
a BRUKER AVANCE II FT NMR (400 MHz) spectropho-

tometer and BRUKER AVANCE II FT NMR (100 MHz)
spectrophotometer using tetramethylsilane (TMS) as an inter-
nal standard and dimethyl sulphoxide (DMSO d6) as a solvent.

The chemical shifts are reported in d (ppm). Purification and
separations by column chromatography were performed on sil-
ica gel, using normal or flash chromatography. The ultravio-

let–visible (UV–VIS) spectra were recorded in a JASCO V–
530 UV–VIS spectrophotometer from 200 to 900 nm range.
All the anions (F-, Cl-, Br-, I-, AcO- and HSO4

- ) were prepared
in distilled CH3CN as their tetrabutylammonium salts. All the

electrochemical measurements were performed using Autolab/
PGSTAT204N at room temperature in three electrode setup
with Au electrode as working electrode, Ag/AgCl as reference

electrode can be utilized as the long term exposures are
avoided in this case while platinum as counter to eliminate
extra currents in the system. The square wave anodic stripping

voltammograms (SWASV) were carried out at deposition
potential of + 0.8 V and deposition time of 25 s and thereafter
stripping was carried out in the region of + 0.3 V to + 1.2 V

with amplitude 50 mV and frequency 25 Hz.

2.2. Synthesis of 4-(2-phenyldiazenyl)-2-(benzothiazol-2-yl)
phenol (chemosensor 1)

In a round bottom flask (RBF, 100 mL), aniline (0.094 g,
1 mmol) was suspended in 30.0 mL of distilled water at the
temperature of 0–5 �C. Then 1.0 mL of HCl solution was

added to the mixture. After 15 min, aqueous solution of
sodium nitrite (0.076 g, 1.1 mmol) was added, followed by
THF solution of 2-(20-hydroxyphenyl)benzothiazole (0.227 g,

1 mmol), then pH was adjusted to 8–9 with NaOH solution.
After stirring for 4 h, the solution was neutralized with HCl
solution. The produced precipitate was filtered and washed

several times with water and dried at vacuum. Column chro-
matography, in hexane–ethyl acetate solvent system, was per-
formed to obtain pure azo compound 1 in a yield of 60%.
Solid, Mp (oC) 140, Yield (%) 68; 1H NMR (CDCl3,

400 MHz) d (ppm): 7.24 (t, 1H, J1,J2 = 8.0 Hz, Ar-H), 7.44
(d, 1H, J= 8.0 Hz, Ar-H), 7.48 (d,1H, J= 8.0 Hz, Ar-H),
7.53 (t, 3H, J1, J2 = 8.0 Hz, Ar-H), 7.94 (t,3H, J1,

J2 = 8.0 Hz, Ar-H), 8.04 (d, 2H, J = 8.0 Hz, Ar-H), 8.34 (s,
1H,Ar-H), 13.0 (s, 1H, Phenolic –OH); 13C NMR (CDCl3,
100 MHz) d (ppm): 168.9, 160.6, 152.6, 151.6, 145.8, 132.8,

130.7, 129.1, 126.9, 125.9, 124.9, 122.7, 122.3, 121.7, 118.7,
116.8; ESI-MS: m/z (relative abundance (%), assignment)
= 332.0338 [100, (M + 1)+].

2.3. Anion recognition experiments

For titrimetric experiments, stock solutions of the chemosen-
sor 1 (10-2 M) and different ions (10-1 M) were prepared in

DMSO and were diluted accordingly to carry out spectropho-
tometric and electrochemical analysis. The sensing analysis
was performed in distilled CH3CN with 10 mM solution of

chemosensor 1 by adding 100 equivalents of different anions.
The complete coordination was ensured by keeping anion-
chemosensor 1 solutions for some time. The differences among

the spectral behavior of various anions were monitored using
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UV–VIS spectroscopy and also limits of detection were calcu-
lated by standard analytical procedure. Also, the electrochem-
ical response was analyzed in similar way using chemosensor 1

(0.1 mM) and 100 equivalents of different anions with square
wave anodic stripping voltammetry (SWASV). The deposition
of anions was obtained by applying fixed reduction potentials.

The stripping curve was noticed in the region of +0.3 V to
+1.2 V wherein Au-electrode serving as working electrode.

2.4. Titration measurements

Titration experiments were performed in similar way using dis-
tilled CH3CN with chemosensor 1 (10 mM). The different ana-

lytical curves like Job’s plot and binding isotherms were
obtained by adding different aliquots of (0–30 equivalent) of
anions. Similarly, electrochemical measurements were also per-
formed in distilled CH3CN solution containing lithium trifluo-

romethanesulfonate as an electrolyte. The titration
experiments for redox analysis were done in 0.1 mM of chem-
sensor 1, containing different concentrations of I- ion (stock

10-1 M) and corresponding current was noted down using
SWASV. Prior to each analytical curve measurement, working
electrode (Au electrode) was polished with alumina slurry and

subsequently washed with deionized water.

2.5. Quantum mechanical calculations

The density functional theory (DFT) calculations and struc-

ture optimizations were carried out using DFT/B3LYP-6-
31G and 3–21 G basis set. The geometry of synthesized probe
was optimized using above said basis set for proper assignment

of all the energy states involved during the whole process. All
of the calculations were performed on Gaussian 09 package.

2.6. Optimization using TAGUCHI method

In order to account for the behavior of deposition potential
and deposition time along with effect of changing anion, anal-

ysis of current response by Taguchi method was done. For
this, L25 orthogonal array was selected using MINITAB18
and the design of experiment (DOE) was prepared. The respec-
tive values of responses were written according to the DOE in

MINITAB18 and the main effect plot for S/N ratios of each
factor at the each level were plotted with the help of MINI-
TAB18 software. The optimized parameters obtained for max-

imum current response were then compared with experimental
studies and are then utilized for further studies.

3. Results and discussion

3.1. Synthesis of chemosensor 1

Scheme 1. outlines the synthesis of the azo derivative
chemosensor 1, where azo coupling reaction of 2-(20-hydroxy
phenyl) benzothiazole with aniline resulted in formation of
chemosensor 1(Pan et al., 2017). 1H NMR, 13C NMR and
ESI-MS spectra of chemosensor 1 are shown in Fig. S1 to S3
in the Supporting Information (SI).
3.2. Spectrophotometric analysis and visual recognition of
chemosensor 1 with anions and their density functional theory
(DFT) studies

As phenolic –OH is well known for its interaction with anions,

so the optical responses of chemosensor 1 towards various
anions viz. AcO-, F-, Cl-, Br-, I-and HSO4

- ions using tetrabutyl
ammonium as the counter cation, were explored by monitoring
the color changes. The colorimetric monitoring was primarily

done by adding 100 equivalents of various anions viz. AcO-,
F-, Cl-, Br-, I- and HSO4

- ions to 10 mM solution of chemosen-
sor 1 in CH3CN. With addition of AcO- and F-ions to CH3CN

solution of chemosensor 1, conspicuous color change from col-
orless to respective orange and yellow color was observed (in-
set Fig. 1). These studies indicated that chemosensor 1 could

be employed as an efficient receptor for colorimetric sensing
of AcO-, and F- ions.

The UV–VIS. absorption spectra of chemosensor 1

(10 mM), in CH3CN, exhibited dual absorption bands; one at
lower wavelength at 318 nm (in chemosensor 1) due to coupled
thiazole and fused phenyl ring and another band at a longer
wavelength of 343 nm corresponded to the coupled benzothia-

zole and the hydroxylphenyl ring. The anion binding abilities
of chemosensor 1 have been evaluated in CH3CN solution,
by adding 100 equiv. of the tetrabutylammonium salts of var-

ious anions such as F-, Cl-, Br-, I-, HSO4
- and AcO- (Fig. 1).

Here, addition of AcO- and F- ions caused absorption changes
i.e. emergence of a new absorption band at longer wavelength

(470 nm); while absorption spectra of chemosensor 1 changed
negligibly with addition of rest of anions.

To enumerate the cause for visible color change, the UV–
VIS. absorption spectral titrations of chemosensor 1 were car-

ried out by progressive addition of AcO-/F- ions in CH3CN
solution (Fig. 2(a,b)). The receptor peak of chemosensor 1

was characterized by the appearance of two bands centered

at 318 and 343 nm. As shown in Fig. 2(a), upon gradual
increase of the AcO- ion (0–30 equiv.), the bands at 318 and
343 nm decreased in intensity and a new band appeared at

470 nm with an isosbestic point at 375 nm. The ratiometric
curve of the absorption spectra with isosbestic point indicated
the formation of a new intermolecular charge transfer complex

between the receptor (chemosensor 1) and AcO- ion, which
was responsible for the visible color change from colorless to
orange inset (Fig. 1).

The deprotonation of phenolic –OH ascribed to strong

hydrogen bonding interaction between chemosensor 1 and
AcO- has enhanced < pi > delocalization, which decreases
the energy of the p ? p* transition. This has been accounted

with the help of appearance of a new absorption band near
470 nm resulting in the formation of naked eye orange color
(Fig. 3). As a consequence, the electronic properties of

chemosensor will result in the visible color changes and
appearance of new band at longer wavelength.

Similar UV–VIS. spectral observations were obtained when
F- (Fig. 2(b)) ions were added separately in CH3CN solution of

chemosensor 1 (10 mM). Here also, the ratiometric curve of the
absorption spectra was observed for F- ions, indicating the for-
mation of a new intermolecular charge transfer complexes

between the chemosensor 1 and F- ions (Fig. 4(b)).



Scheme 1 Synthetic protocol to generate target chemosensor 1.

Fig. 1 UV–VIS. absorption spectra of chemosensor 1 (10 mM)

upon addition of 100 equiv. of various anions as their tetrabutyl

ammonium salts in CH3CN, with inset showing the colorimetric

analysis of chemosensor 1 (10 mM) with 100 equiv. of diverse

anions in CH3CN.
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The binding stoichiometry of chemosensor 1 and AcO-/F-

were supported by Job’s plot according to the continuous vari-
ations method that indicated the 1:1 interaction between
Fig. 2 UV–VIS. spectra of chemosensor 1 (10 mM) upon addition
sensed anions (AcO-/F-) and chemosensor 1 (Fig. S(4)). The
association constant of chemosensor 1 with AcO- was calcu-
lated based on the UV–VIS titration through the Benesi-

Hildebrand equation which is given as follows(Vashisht
et al., 2019):

1

A� A0

¼ 1

Amax � A0

þ 1

½Amax � A0�K½C� ð1Þ

here, Ao, A, and Amax is the absorbance of free chemosensor 1,

measured with AcO-and measured with excess amount of AcO-

at 470 nm, respectively and K is the association constant and
[C] is the concentration of AcO- ion added. Plotting of 1/(A-

A0) versus 1/[AcO-] showed a linear relationship, which indi-
cates that chemosensor 1 associates with AcO- in a 1:1 stoi-
chiometry, as earlier indicated by Job’s plot. The binding

constant (K) between chemosensor 1 and AcO- is determined
from the ratio of intercept/slope to be 2.8 � 105 M�1. The
binding constants of chemosensor 1 with F- ions were found

to be 1.3 � 105 M�1 which is far more than already reported
methods.

The limit of detection of chemsensor 1 was calculated from
the linear part of the curve plotted between the concentration

of analyte vs. corresponding absorption and emission intensity
(Dhaka et al., 2017). From this, the limits of detection for var-
ious anions as AcO- and F- ions were estimated to be 84 mM
and 53 mM respectively, via UV–VIS absorbance studies for
chemosensor 1 which is comparable to already reported meth-
ods (Panitsiri et al., 2016). The selectivity of chemosensor 1
of (a) AcO- from 0.1 to 30 equiv. (b) F-; 0.1 to 20 equivalent.



Fig. 3 Possible sensing mechanism for sensing of anions.
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was also endorsed towards AcO- and F- ions in the presence of
various interfering ions (Cl-, Br-, I- and HSO4

- ) and in each

other’s presence, by using UV–VIS absorption spectroscopy.
100 equiv. of aforementioned ions were added to 1. AcO-/F-

(10 mM of 1 with 10 added equiv. of AcO-/F-) acetonitrile solu-

tion. The bar graphs (Fig. 5(a,b)) clearly represent the non-
interference of various anions in the recognition process. The
least interference was observed in both cases leading to anti-

intefering ability of prepared chemosensor.
To check the structural features and account for the pro-

posed mechanism, computational analysis of the chemosensor
1 was carried out with AcO- ions. The optimization of struc-

ture of chemosensor The chemosensor 1 and the 1:1 species
with AcO- ions were optimized by DFT method and in order
to further recognize the behavior of AcO- ions with the
Fig. 4 Binding isotherms of (a) AcO- and (b) F-
chemosensor 1, the DFT calculations have been carried out.
The structures of the chemosensor 1 and its chemosensor
1�AcO- complex were optimized using the Gaussian 09 pack-

age using the exchange correlation function B3LYP and the
basis sets 6–31G (d,p) for C, H, N and O atoms.

The energy comparison diagram (Fig. 6) depicted that on

complexation of chemosensor 1 with AcO- ions, the calculated
energy gap of HOMO and LUMO decreased with respect to
free chemosensor indicating the formation of stable complex

and corroborating for the red shift in the UV–vis spectrum.
In chemosensor 1, only one AcO- ion binds to the –OH with
simultaneous longer distance overlap between the orbitals of
the metal ion justifying the experimental 1:1 stoichiometric

ratio. The electron density of the HOMO and LUMO of
chemosensor 1 lies on the electron withdrawing part of the
respective ligands. The contour plots of the HOMO after the

addition of AcO- ions showed that the electron density is over
the acetate ion itself. However, the electron density of the
LUMO was situated on the electron withdrawing part.

3.3. Electrochemical studies of chemosensor 1 with anions and

their density functional theory (DFT) studies:

The square wave anodic stripping voltammetry (SWASV) was
done in chemosensor 1 by adding 100 equivalents of various
anions i.e. I-, F-, Cl-, Br-, AcO-, HSO4

- to distilled CH3CN
on the surface of Au electrode in the potential range of

+ 0.3 V to + 1.2 V at amplitude of 50 mV and frequency
25 Hz. After noting down the stripping response, it was
observed that in the applied potential range appreciable elec-

trochemical change was observed only for I- in contrary to
the optical results where complete specificity was absent
(Fig. 7). The appearance of new oxidation peak after the addi-

tion of I- ion indicates the electron transfer between the recep-
tor and the analyte (Fig. S5).

In the absence of I- (Fig. 8), chemosensor 1 exhibits oxida-

tion peak at + 1.5 V that is attributed to the presence of ben-
zothiazole moiety with perceptible cathodic peaks at + 0.9 V
and at + 0.2 V. The first reduction peak corresponds to the
formation of amine group, as most of the azo dyes get reduced
ions at wavelengths of 470, 318 and 343 nm.



Fig. 5 The effect of various anions on absorption apectra of (a) F- ion (b) AcO-

Fig. 6 DFT computed energy level diagrams of HOMO and LUMO of (a) chemosensor 1 (b) chemosensor 1 with AcO-
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within the potential range of + 0.45 to �1.0 V whereas the
second reduction peak is due to formation of hydrazone
derivatives (Fierro et al., 2013; Özkütük et al., 2016). After

addition of I-, it is the I- ion which undergoes oxidation as also
inferred from its density functional theory (DFT) studies
described later in this section.

These compounds absorbs electrons of energy equal to or
higher than the band gap resulting in excitation of electron
from HOMO to LUMO level which is helpful in designing

the redox sensing system. As oxidation involves the loss of
electrons, onset oxidation potential (Eox) corresponds to ion-
ization potential whereas onset reduction potential (Ered) rela-
tive to an Ag reference electrode, corresponds to electron
affinity thus correlated with LUMO. The band gap is deduced
from the energy of conduction and valence band using the

equation 6 that comes out to be 3.6 eV while after the addition
of iodide ion the band gap value lowers down to approxi-
mately 1.59 eV(Leonat et al., 2013).

EHOMO ¼ � Eox þ 4:4ð ÞeV and ELUMO ¼ � Ered þ 4:4ð ÞeV ð2Þ
Molecular orbital study can also be used to understand the

mode of interaction and contribution of I- ion in HOMO-
LUMO energy level that will affect the redox potentials and

chemical activity of benzothiazole moiety. For this, DFT cal-



Fig. 7 Changes in SWASV response after the addition of 100

equivalents of anions in distilled CH3CN (0.1 mM chemosensor 1).

Fig. 8 Cyclic voltammograms of chemosensor 1 in CH3CN

(0.1 mM) using lithium trifluoromethanesulfonate as an electrolyte

at scan rate of 100 mV/s in presence and absence of I-.
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culations were carried out using DFT/B3LYP-6-31G and 3–21
G basis set. The geometry of synthesized probe was optimized
using above said basis set for proper assignment of all the

energy states involved during the whole process. It is clear that
in the ground state optimized geometry, the phenyl ring is
twisted w.r.t. benzothiazole unit. The calculated HOMO-

LUMO gaps for optimized structure are 3.6 eV and 1.59 eV
respectively which decrease in the presence of I-, owing to easy
electron availability of iodide due to which it gets excited first

and undergoes oxidation after acquiring sufficient potential. In
the absence of I- ion, the electronic density in HOMO and
LUMO of probe are mainly located on azo group indicating

it to be most chemically active during the whole electrochem-
ical process as shown in Fig. 9. The electrochemical oxidations
and reductions are assigned to that part of moiety which
undergoes exchange of electron between HOMO-LUMO

under the effect of applied potential as also perceptible in their
cyclic voltammograms. Also, the energy gap between the
HOMO-LUMO of molecule is quite large so, the excitation
of electron occur at the higher potential and oxidation starts
followed by two reductions. After approach of I- molecule,

the whole energy density of HOMO of system under investiga-
tion is on I- molecule. The I- molecule on oxidation generates
electrochemical signals as shown in cyclic voltammograms of

system under investigation (Vidya et al., 2017). Also, the pre-
sent results depicts that the oxidation of I- will precede oxida-
tion of chemosensor 1 and reduction of chemosensor will

precede the reduction of iodide ions.

3.4. Taguchi array analysis of the SWASV optimization studies:

The effect of metal ions I-, F-, Cl-, Br-, HSO4
- are investigated

in Taguchi analysis and it was found that I- imparts maximum
changes in amperometric response of chemosensor 1.In redox
studies, optimization of deposition potential and deposition

time are the key parameters to eliminate the factors causing
analytical errors. During optimization using SWASV, it was
found that the present method works better at potential of

+ 0.8 V which is attributed to inadequate oxidation at less
positive potentials (Fig. 10a) and oxidation interference from
other anions at towards more positive side. After this, deposi-

tion time was optimized and it was found that maximum
amperometric response is at the time of 25 s (Fig. 10b). The
same experiments have been run on MINITAB18 using Tagu-
chi method to evaluate the effect of changing anions, deposi-

tion potential and deposition time in order to attain the
desired optimal response value for reducing the negative effect
of uncontrollable variables (Davis and Pretesh, 2018).

From the plots for S/N ratio the effect of various parame-
ters on changing the above conditions is depicted in the Fig. 10
(c). The current response here in the experiment is ‘‘larger-the

better” type quality characteristic giving a mixed scenario for
various anions whereas the value of S/N ratio is maximum
for iodide.

Also, it can be inferred from S/N ratio plot for current
response that as the deposition potential increases from
(+0.4 to + 1.2 V), there is a very small impact on the current
response. From the main effects plot for S/N ratio, the third

level (I-) of anions, first level (+0.4 V) of potential, second
level (25 s) of the deposition time results in maximum value
of current response. Consequently, the optimal factor/level

combinations for anions, deposition potential & deposition
time respectively were approved for maximum current
response. Table S1 shows the analysis of variance for S/N ratio

of current response in which the P value and percentage con-
tribution (Pc) are shown.

The following conclusions can be drawn from the ANOVA
table of S/N ratio:

� The percentage contribution of anions, potential and depo-
sition time for current responses were 99.93, 0.008 and

0.042%.
� As it can be seen from the ANOVA table that the anions
and deposition time are significant parameters instead of

having the less percentage contribution of deposition time.

Table S2 shows the response table for S/N ratio for current
response which is based on the delta value (difference between
the maximum of minimum value of S/N ratio) for that partic-
ular parameter. Hence on the behalf of delta value the ranking



Fig. 9 Electron density mapping and corresponding band gaps of (a) chemosensor 1 (b)chemosensor 1 + I
- using DFT/B3LYP-6-31G

and 3–21 G basis set.
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will start from metal ion followed by deposition time and
deposition potential. Here in the experiment the anions are
qualitative factors so the conditional/individual regression

equation has been drawn for each metal ion as shown in
Table 1.

Therefore, based on SWASV and Taguchi analysis the best

optimized parameters for response studies are + 0.8 V and
25 s.

3.5. Analytical response towards I-

To check the authenticity and account for the interaction
behavior of chemosensor 1 with analyte, titration studies were

performed between chemosensor 1 and I- using SWASV. The
SWASV sensing involves the following mechanism under con-
sideration during accumulation and stripping (Guanghan
et al., 1995; Souza et al., 2013):

3I� ! I3
� þ 2e� ð3Þ

After successful deposition of I-, the stripping was carried
out and oxidation peak was observed that is attributed to oxi-
dation of I3

- .

2I3
� ! 3I2 þ 2e� ð4Þ
To test the validity of described method for assay of I- ion,

evaluation was done by analyzing the peak current values
against concentration of I- (5 � 10-4 mM to 1 mM) that exhi-

bits a linear variation Fig. 11 (a). The designed matrix for elec-
trochemical detection of I- is shown to exhibit two linear
ranges between 5 � 10-4 mM to 0.075 mM and 0.1 M to

1 mM with the limit of detection of 12.84 mM and 179.8 mM.
The limit of detection attained using this method is compara-
ble to those already reported chemical sensor with least stan-
dard deviations in measurements as compared to already

reported methods (Dielacher et al., 2015; Fierro et al, 2013;
Rastegarzadeh et al., 2009) showing the better sensitivity of
the method. Besides these, the quantitative values of sensitivity
are of the order of 2.16 and 0.203 mA/mM in the linear range
of 5 � 10-4 mM to 0.075 mM and 0.1 M to 1 mM showing

wide linear range in different concentrations. This shows the
applicability of chemosensor 1 over wide linear ranges. The
characteristics of the calibration plot are shown in the Table 2

below:
The reproducibility of chemosensor 1 was checked for seven

different solutions (0.1 mM) and corresponding current

response were evaluated for same concentrations of I-

(10 mM) under the optimized conditions. Satisfactory relative
standard deviations (RSD) for these measurements of about

0.15% indicate acceptable reproducibility of chemosensor 1.
The optimized method was tested for interference from var-

ious anions (F-, Cl-, Br-, AcO-, HSO4
- ) and the comparative

analysis was done using the equation:

Interference %ð Þ ¼ I0 ��Ið Þ=I0 ð5Þ
where, I0 refers to the peak current for I- ion and I refers to
the peak current for I- and the interferents. There is no signif-
icant interference from F- whereas upto 50% inference was

observed from Br- and Cl- as these ions form complex anion
with iodine as I2Br, I2Cl. Therefore, it is inferred that this
method poses the limitation of interference from these anions

(Table 3).

4. Conclusions

A novel electrochromic chemosensor 4-(2-phenyldiazenyl)-2-(
benzothiazol-2-yl) phenol (1), offering the benefit of multi-
recognition modes for different anions in a single moiety has

been successfully synthesized. The computational analysis cor-
roborating with the optical and electrochemical data gives an
insight view of the sensing mechanism which is quite significant
in the development of technology. The chemosensor 1 exhib-

ited multifaceted analysis of AcO- and F- with lower limit of



Fig. 10 Optimization of (a) deposition potential (b) deposition time using 100 equivalent of iodide at amplitude of 50 mV and frequency

of 25 Hz (c) Main effects plot for S/N ratio of current response.

Table 1 The regression equations correponding to different anions at different deposition potentials and deposition time.

Cl- Current (in e-5) = 6.724–0.389 deposition potential + 0.00245 Deposition Time

Br- Current (in e-5) = 2.784–0.389 deposition potential + 0.00245 Deposition Time

I- Current (in e-5) = 45.110–0.389 deposition potential + 0.00245 Deposition Time

F- Current (in e-5) = 0.611–0.389 deposition potential + 0.00245 Deposition Time

HSO4
- Current (in e-5) = 0.489–0.389 deposition potential + 0.00245 Deposition Time
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detections (84 mM and 53 mM respectively), via visual recogni-
tion and absorbance studies as well as selective response

towards I- with limit of detection of 12.84 mM as measured
by SWASV. The analytical response in all the signaling
approaches is significantly better than the already reported

multisignalling chemosensors showing an example of good
synergy in output response. Apart from sensitivity, the
chemosensor also exhibits the benefits of high ion selectivity
in the coexistence of other anions, has wide working range

and good reproducibility making it a pertinent candidate for
multisignal based ion sensing electrode material. This inexpen-
sive and time saving technology has the immense potential for

future practical device applications if coupled with solid state
matrices.



Fig. 11 (a) Linear relationship between stripping current and concentration of I-obtained SWASV for the detection of I- for

concentrations 5 � 10-4mM to 1 mM of iodide solution at 50 mV amplitude and frequency of 25 Hz in CH3CN using lithium

trifluoromethanesulfonate as an electrolyte and (b) Current response after the addition of 100 equivalents of interfering anions in distilled

CH3CN (0.1 mM chemosensor 1) and (10 mM) of I-.

Table 2 Different parameters obtained from calibration plot

of peak current vs. concentration of I-.

Parameters Lower range Upper range

Slope 2.16 0.203

Intercept 0.0172 0.195

Standard deviation (S.D.) 0.00925 0.01217

Correlation coefficient (R) 0.99 0.99

Limit of Quantification (LOQ) 42.8 mM 599 mM
Sensitivity (mA/mM) 2.16 0.203

Limit of detection (LOD) 12.84 mM 179.8 mM

Table 3 Interference study of various anions towards SWASV

of 100 equivalent of iodide ion.

S.

No.

Metal

ion

Concentration of interfering

ion

Interference

(%)

1. F- 1:1 4.13

2. Cl- 1:1 59.34

3. Br- 1:1 56.14

4. AcO- 1:1 44.73

6. HSO4
- 1:1 25.27
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