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Newhydrophilic fluorescent selective ion sensor based on phenazine and phthalazinemoieties, 1,1′-(phenazine-
2,3-diyl)-bis(3-(1,4-dihydroxyphthalazin-6-yl)urea) (1), has been designed, synthesized and characterized. In-
terestingly, sensor 1 exhibits prominent “turn-on” and “turn-off” fluorogenic signaling at 580 nm towards Fe2+

& AcO− and Sr2+ & Cu2+, respectively. The fluorescence titration experiments shed light on the nature of the in-
teraction between 1 and guest molecules (Fe2+, Sr2+, Cu2+ and AcO−), which divulge that 1 is flexible enough to
orient itself according to the size of the guest molecule. Water mediated excited-state intramolecular proton
transfer (ESIPT) and photo-induced electron transfer (PET) mechanisms are responsible for the dual behavior
of 1, which binds with guest molecules in 1:1 stoichiometry. Based on the significant duplex fluorescence re-
sponse of 1, a molecular logic gate keypad lock with sixteen “on” passwords for a storage system has been
developed.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

There is an upsurge in the field of sensing of alkaline-earth and tran-
sition metal ions by organic molecules [1]. Among the cations, special
deliberation is devoted to develop chemosensors for transition metal
ions, which usually raises environmental concerns when present in un-
restrained amount, but at the same time some of them are vital ele-
ments in biological system [2]. The recognition of anion has also
attracted growing attention because of its great potential in biological
and industrial applications [3]. Therefore, it is a great challenge for us
to design chemosensor [4] with two different binding sites for specific
ions (cation and anion) recognition in water.

The development of fluorescent receptors for sensing cation, neutral
and anionic species has attracted inquisitiveness in molecular recogni-
tion study and supramolecular chemistry [5,6]. In particular, the design
and synthesis of water soluble receptors capable of binding selective
ions is of crucial importance due to its potential applications in environ-
mental and biological processes [7]. Generally, amide,\\OH, pyrrole,
urea, thiourea,\\NH2, ammonium and guanidinium groups are often
exploited as binding sites for both anions and cations [8]. For the past
two decades, host/guest and supramolecular chemistry have become
extremely popular due to the realization of the many roles they play
in biology, medicine, catalysis and the environment [9].
rai).
Recently, the thought process of employing supramolecular systems
for information technology has fascinated and attracted much atten-
tion; [10] especially, devices such as molecular keypad can only be
accessed by suitable combination and series of chemical inputs [11].
Keypad lock at molecular level is an interesting mimic of electronic
logic device [12]. It is constructed to produce a specific output from a
combination unlocking sequence input [13]. Molecular keypad is used
to enter a passwordwhich in turn allows authenticated person to access
premises or open a vault [14]. In molecular level chemistry, it is demon-
strated by fluorescence enhancement and quenching. The host mole-
cule interacts with appropriate sequence of guest to form unique
fluorescence property [15]. The enhancement of fluorescence above a
threshold is ‘ON’ and fluorescence below the threshold is ‘OFF’. The
number of guests can bemodified in circuit, which is designed to under-
stand photonic password from the fluorescent material [13].

Based on the aforementioned insights and the continuation of our
research on colorimetric and fluorimetric probes for anions and cations
sensing [3,16], we now report a novel chemosensor probe (1) for the
recognition of alkaline earth metal and transition metal cations, and
anion of analytical, biological, environmental, and medicinal relevance.
In the currently reported probe, two different fluorophore signaling
subunits (phenazine and phthalazine moieties) were attached through
one of the binding sites (urea group) and the second binding site (hy-
droxyl group) was furnished by phthalazine moiety. Furthermore,
based on the dual fluorescence behavior of 1 upon recognition of cation
analytes, simple molecular logic gates with molecular keypad lock
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device have also been developed, which could impersonate the function
of a security keypad lock on chronological addition of cation analytes.

2. Experimental

2.1. Materials and Methods

All the reagents and solvents involved in synthesis were analytical
grade and used without any further purification. The chemicals 2-
aminobenzophenone, o-phenylenediamine, palladium acetate, p-
nitroaniline, trichloromethyl chloroformate, phthalimide and hydrazine
hydrate were purchased from Sigma Aldrich, India. The other chemical
dimethyl-2,3-dithiole-4,5-dicarboxylate was purchased from TCI
Chemicals, India. Reactions were carried out under an inert atmosphere
(N2 or Ar) and monitored by TLC. Column chromatography was per-
formed on silica gel (60–120mesh) to purify the compounds. The struc-
ture of all the synthesized compounds was confirmed by standard
physiochemical techniques. NMR (1H- and 13C-) spectra were recorded
in DMSO-d6 (Bruker) and chemical shifts (δ) are expressed in ppmwith
tetramethylsilane (TMS) as an internal standard and coupling constant
(J) values are given in Hz. Infrared spectra were recorded on Bruker
ATR-FTIR spectrometer (Bruker Alpha – T, Germany). UV–visible ab-
sorption was carried out on Analytik Jena spectrophotometer (Model
SZ-100, Germany). Fluorescence experiments were recorded on Agilent
Technologies spectrofluorophotometer (G9800A) at 298 K. Mass spec-
tra was recorded on Agilent 6330 Ion Trap LC/MS system.

2.2. Synthesis of 1, 1′-(Phenazine-2,3-diyl)bis(3-(1,4-
dihydroxyphthalazin-6-yl)urea) (1)

To a boiling acetonitrile solution (5 mL) of 4 (2, 3-
diisocynatophenazine; 0.04 mmol, 10 mg) was added drop-wise solu-
tion of 8 (HCl salt of 6-amino-2, 3-dihydrophthalazine-1, 4-dione;
0.08 mmol, 14 mg). The reaction mixture was refluxed at 85 °C for
8–10 h. After completion of the reaction, the reaction mixture was
cooled to room temperature; the precipitate was collected and dried.
(Color: pale yellow solid; Yield: 50 mg (74%)). FTIR-ATR (ν, cm−1):
3113 (N\\H), 2992 (OH), 1702 (C_O), 1041 (C\\N), and 642 (C\\H);
UV–Visible (H2O, λmax, nm): 229, 257, and 395; Fluorescence emission
(H2O, λex 395 nm): λem 580 nm; 1H NMR (DMSO‑d6, 500 MHz, ppm):
δ 7.36 (m, 2H, ArH), 7.49 (m, 4H, ArH), 7.61 (m, 6H, ArH), 8.72 (s, 2H,
\\NH), 9.14 (s, 2H,\\NH), 11.11 (s, 4H,\\OH); 13C NMR (DMSO-d6,
100 MHz, ppm): δ 168.9, 161.3, 160.4, 151.8, 143.3, 136.7, 133.7,
133.4, 133.1, 131.8, 130.2, 128.4, 127.3, 122.2, 116.0, 112. 7, 111.4; MS
(m/z) = 616.6.

3. Results and Discussion

3.1. Design and Synthesis

In themidst of optical sensors,fluorescent systems offermany advan-
tages. Fluorescence measurement has become increasingly interesting
Scheme 1. Synthesis of 1, 1′-(phenazine-2,3-diyl)b
for chemical trace detection due to its simplicity and high sensitivity
[17]. Receptors undergoingfluorescence changes, even at low concentra-
tion of analyte, are particularly attractive because of their high degree of
specificity and low detection limit, especially for real-time and on-line
analysis of analytes [18]. Designed chemosensor 1 was prepared by the
reaction between 2, 3-diisocynatophenazine (4) and HCl salt of 6-
amino-2, 3-dihydrophthalazine-1, 4-dione (8) (1:2 M ratio) in dry
CH3CN as pale yellow microcrystals (Scheme 1).

3.2. Detection of Cations and Anions

The cation and anion sensing ability of 1was studied by its changes
in fluorescence emission intensity in the presence of various guests
(1:50 equiv. ratio) in water (Fig. 1). Fascinatingly, 1 showed dual fluo-
rescence behavior at 580 nm (enhancement for Fe2+ and AcO− ions;
quenching for Sr2+ and Cu2+ ions) upon addition of chloride salt of cat-
ions and tetrabutylammonium (TBA) salt of anions. On the other hand,
exposure of receptor 1 to other cationic and anionic solutions, did not
lead to any conspicuous change in fluorescence intensity, i.e., there
was no evidence of either exciplex or excimer emission upon addition
of other entities, suggesting no binding or very weak binding for these
ionic species to the receptor 1.

3.3. Selectivity and Sensitivity Studies

To study the selectivity and sensitivity of the receptor 1 towards Fe2
+, Sr2+, Cu2+ and AcO− ions, we performed series of fluorescence titra-
tions using chloride salt of cations and TBA salt of acetate anion (Fig. 2).
Addition of chloride salt of Fe2+ and TBA salt of AcO− to 1 induces fluo-
rescence intensity enhancement (switch on) at 580 nm (Fig. 2a and d).
To our surprise, we found that fluorescence intensity was steadily de-
creased (switch off) at 580 nmas the concentration of Sr2+ and Cu2+ in-
creased (Fig. 2b and c) [19]. Noteworthy to mention, upon increasing
the concentration of guest molecules, the emission intensity peak of 1
at 580 nm showed slight blue shift and red shift (~2 nm) when under-
going enhancement and quenching, respectively. This indicates that
the entire π-system of 1 was perturbed due to an increase in rigidity,
which confirms the involvement of the phenol oxygen atom and urea-
NH protons in binding [16c,20]. The manifestation of distinct isosbestic
point at 563 nmclearly reveals that only one guestmolecule can (i) bind
through the deprotonation of two\\OH protons of phthalazine moiety
(guest: Fe2+ or Cu2+ or Sr2+) and (ii) form hydrogen bonds with\\NH
protons of urea moiety (guest: AcO−) during the titration (Fig. SI 19)
[21].

3.4. Plausible Sensing Mechanisms

Water mediated excited-state intramolecular proton transfer
(ESIPT) mechanism is accountable for the dual behavior of 1 at particu-
larfluorescence emission intensity wavelength (580 nm) upon addition
of cations such as Fe2+, Sr2+ and Cu2+. The proton transfer takes place
from the acidic (hydroxyl proton) to the basic site (aromatic nitrogen)
is(3-(1,4-dihydroxyphthalazin-6-yl)urea) (1).

Image of Scheme 1


Fig. 1. Fluorescence emission intensity changes of 1 (2 μM) upon the addition of metal cation salts (a) and TBA salts of anions (b) at 1:50 equivalent ratio (100 μM) in H2O (slit width =
5 nm; λex 395 nm). Corresponding bar diagram implies the ‘on’ or ‘off’ nature of fluorescence intensity.
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which inhibit (in case of Fe2+) and influence (in case of Cu2+ and Sr2+)
the ESIPT resulting in fluorescence emission enhancement and
quenching, respectively [22]. In the ground state, receptor 1 exists in
the most stable enol form. On the other hand, in the first excited singlet
state, due to the presence of more acidic hydroxyl group andmore basic
nitrogen than in the ground state, keto form is themost stable structure
[23]. Consequently, ESIPT process occurs through the excitation of the
enol form of 1 inclined to be followed by transformation towards the
keto form in the excited state which makes this photo-induced
tautomerization process usually ultrafast at the moment of excitation
(Scheme 2) [24].

The enhancement in fluorescence intensity upon addition of AcO− is
due to two possible mechanisms: (i) inhibition of photoinduced elec-
tronic transfer (PET) and (ii) guest binding-induced rigidity of the
host molecule. Prior to the receptor-anion interactions, the excited
state of the fluorophore was not quenched or quenched only to a mini-
mal extent by electron transfer (ET) from the receptor to the
fluorophore; however, the ET process was feeble upon formation of
host-guest complex and as a result the PET was inhibited and intensity
of the fluorescence spectrum increased [25] (Fig. SI 20). In addition, be-
fore the coordination of receptor 1 with AcO−, the configuration of 1
was flexible and free to rotate. The binding of receptor 1with AcO− in-
hibits the vibrational and rotational relaxation modes of nonradiative
decay resulting in the fluorescent enhancement [26].

Both the abovementioned mechanisms are in good agreement with
the deprotonation of two –OHprotons (upon Fe2+, Sr2+ and Cu2+ bind-
ing) and formation of hydrogen bonds with urea moiety (upon AcO−

binding) which leads to 1:1 stoichiometry ratio. From the fluorescence
titration experiments, the association constant of 1 with guest mole-
cules, stoichiometry ratio (host:guest) through Job's plot analysis and
LoD were calculated (Fig. 2; Table 1; Fig. SI 21). We ruled out the 1H
NMR titrations and fluorescence titrations in other solvents to calculate
the association constant of 1 with Fe2+, Sr2+, Cu2+ and AcO− ions due
to the disappearance of binding protons signal (\\OH and\\NH), for-
mation of precipitate even at the lowworking concentration and the in-
tricacy in solubility.

3.5. Interference of Other Metal Ions, Effect of Time and Solvent Polarity and
Reversibility Test

The current sensor system consists of two different binding sites;
therefore, to explore 1 as a selective sensor, competitive ion experi-
ments were executed. The competitive studies of 1 were performed
by recording the fluorescence spectra of 1 before and after the addition
of guest molecules (Fe2+or Sr2+ or Cu2+) in the absence and presence
of other M1+/2+/3+ ions (Fig. SI 22). The ratio between final fluores-
cence emission response (IF) and initial fluorescence emission response
(I0) at 580 nm indicate that Fe2+and Sr2+ are competing each other and
retained their fluorescence intensity. Additionally, the other metal ions
do not have any interference on the binding of these guest molecules
with 1.

Furthermore, the changes in fluorescence emission intensities of 1
with respect to time were also evaluated. The fluorescence emission in-
tensity was either enhanced or quenched and attained N99% of their ut-
most level of saturation in only b3 min upon the addition of Fe2+/Sr2+/
Cu2+/AcO− ion (Fig. 3). This effect of time results revealed that 1 favor-
ably detects Fe2+/Sr2+/Cu2+/AcO− ion within a short duration of time
and can be an effective tool for several practical applications.

The effect of solvent and the role of the polarity of the medium on
absorption and fluorescence emission of 1 was examined in non-polar
(hexane and chloroform (CHCl3)), polar aprotic (acetonitrile (CH3CN),
dimethyl formamide (DMF); dimethyl sulfoxide (DMSO)), and polar
protic (methanol (CH3OH);water (H2O)) solvents [27]. Upon increasing
the solvent polarity, compound 1 showed bathochromic shifts both in

Image of Fig. 1
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absorption (390 → 433 nm) and in emission wavelength (446
→ 554 nm) which confirms that 1wasmore stabilized in polar solvents
than in nonpolar solvents [27b,d]. The corresponding experimental re-
sults were discussed in detail in supporting information (Section 4;
Fig. SI 24 and 25; Table SI3 and 4).

The reversibility of the binding between 1 and Fe2+, Sr2+, and Cu2+

ions were examined with the assistance of EDTA (50 eq.) in water. Ad-
dition of EDTA (50 eq.) to the solution of 1 containing Fe2+/Sr2+/Cu2+

ion led to diminish the fluorescence signals of 1-Fe2+/Sr2+/Cu2+ and
attained the original intensity of free chemosensor 1, which indicates
that the chelation process between Fe2+/Sr2+/Cu2+ with EDTA is re-
versible (Fig. 4).

3.6. Excited State Fluorescence Life Time Measurement

The formation of complex between guest molecule and 1was inves-
tigated by the time-resolved fluorescence technique. The fluorescence
decay profile of 1 (10 μM) upon the addition of different concentration
of Fe2+, Sr2+, Cu2+ and AcO− are displayed in Fig. 5 and the relevant
decay parameters are summarized in Table SI1. The time-resolved fluo-
rescence decay profile of 1 (ca. 0.18 ns) in the presence of Fe2+, Sr2+,
Cu2+ and AcO− were fitted to a triple exponential function yielding
the average lifetime value of ca. 0.09, 0.45, 0.28, and 0.55 ns, respec-
tively. It has been documented in the literature that the fluorescence
lifetime tends to be shorter in a more polar environment due to larger
dipolemoments of surroundingmoleculeswhich increase the efficiency
of energy transfer [28]. The time-resolved fluorescence results corrobo-
rate the formation of complex between 1 and Fe2+, Sr2+, Cu2+ and
Fig. 2. Fluorescence emission intensity changes of 1 (2 μM) upon the addition of (a) chloride sa
(0–100 eq.) in H2O (slit width for Fe2+ and AcO− = 2.5 nm; slit width for Sr2+ and Cu2+ = 5
AcO− [29] and competitive binding study results divulge that 1 could
be an effectual tool in modern analytical methods.

3.7. Development of Logic Gates

The entrancing dual fluorescence behavior of 1 towards transition
metal cations and alkaline earth metal ion motivated us to develop a
molecular keypad lock system. The logic gates were constructed in har-
mony with the fluorescence changes of 1 after several studies on selec-
tivity, competitiveness, time response and reversibility. Among the
cationic analytes, Fe2+ and Sr2+ possess high fluorescence enhance-
ment and drastic fluorescence quenching, respectively, compared to
rest of the metal ions. In general, fluorescence enhancement attains
maximum degree of priority over fluorescence quenching when moni-
toring an analyte. Hence, based on the duplex fluorescence behavior of
1, a simple three way input logic gate circuit is proposed to integrate
molecular logic to electronic circuit (Fig. 6) [30]. i.e. ‘ON’ state for Fe2+

and ‘OFF’ state for Sr2+.
Basic logic gates and fundamental electronic devices were circuited

to a molecular keypad lock system [31]. Molecular keypad gave high
output (Boolean 1 = ON) for specified sequence of inputs. Two-digit
password with host and Fe2+ was demonstrated using simple AND
gate (Fig. SI 23); its output will be high only with two high (1) inputs
(host and Fe2+ of any order, green LED). The two-digit password does
not provide an appreciable level of security. To improve the security
level, three-digit password was developed (Table SI 2). Three digits
have host, Fe2+ and other guestmetals except Sr2+ as the password en-
tities. The Sr2+ in the keypad is not involved in password due to its
lts of Fe2+ (0–50 eq.), (b) Sr2+ (0–500 eq.), (c) Cu2+ (0–100 eq.) and (d) TBA salt of AcO−

.0 nm; λex 395 nm). Corresponding Job's plots provide the order of stoichiometry ratio.

Image of Fig. 2


Fig. 2 (continued).

Scheme 2. Respresentation of excited-state intramolecular proton transfer (ESIPT)
mechanism upon 1 sensing the guest molecule in H2O.

136 T. Daniel Thangadurai et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 211 (2019) 132–140
fluorescence quenching property. Each switch in the keypad pushes its
respective switch in the circuit (Fig. 6). The pushed switch allows the
current to flow in the circuit represented as logic 1 (high voltage). The
high output comes from the circuit only if Sr2+ is low (0), NOT gate
inverted the Sr2+ input. In the circuit, high input Fe2+ and host give
high output in AND gate; OR gate works even without high metal ion
input, where as high Fe2+ is essential, but vice versa is not possible
without Fe2+. The Fe2+ switch is to be compulsively high to allow cur-
rent to OR gate throughmetal ion switch. Thuswithout Fe2+,metal ions
have no power to work on their own. Sr2+ going high (1) give low
(0) output. On the whole, system goes high with green LED only with
high input from host, Fe2+ and metal ion (except Sr2+). Despite the
input sequence and input material, Sr2+ can change the fluorescence
to low level drastically. Sr2+ and Fe2+ are two important factors to
Table 1
Association constant (Ka, M−1) and limit of detection for the interaction of 1with cations
and anion in water.

S. no. Cationa/anionb Stoichiometry (1:guest) Ka (M−1)c LOD (μM)d

1 Fe2+ 1:1 7.98 × 104 0.25
2 Cu2+ 1:1 5.92 × 104 0.23
3 Sr2+ 1:1 1.49 × 105 0.35
4 CH3COO− 1:1 2.48 × 104 0.22

a Cations were added in the form of chloride salts.
b Anion was added in the form of tetra-n-butylammonium (TBA) salt.
c Association constant was calculated from fluorescence titrations.
d Average value. All the fluorescence titrations were repeated two or three times.

Image of Fig. 2
Image of Scheme 2


Fig. 3. Effect of time on fluorescence emission intensity changes of 1 (2 μM) upon the addition of chloride salts of Fe2+ (a), Sr2+ (b), Cu2+ (c) and TBA salt of AcO− (d) (50 eq.) in H2O (slit
width = 2.5 nm for Fe2+; slit width = 5.0 nm for Sr2+ and Cu2+; λex 395 nm).
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determine the output of the system (Table 2). Therefore, we strongly
recommend that the above described supramolecular keypad lock sys-
tem could be a useful molecular tool to store information.

4. Conclusion

In summary, we have designed and developed a novel water soluble
fluoroionophore (1) by combining two fluorogenic signaling subunits
such as phenazine and phthalazine. The fluorescence titration studies
supported that 1 had strong affinity (Ka N 104) to alkaline earth metal
Fig. 4. Changes in emission spectra upon addition of EDTA solution (50 eq.) and chloride salts of
slit width = 5.0 nm for Sr2+ and Cu2+; λex 395 nm).
(Sr2+), transition metals (Fe2+ and Cu2+) and an anion (AcO−) in 1:1
stoichiometry. The fluorescence life time measurement, reversibility
test, competitive complexation experiments, effect of time on fluores-
cence emission intensity results and very low LoD values corroborate
that 1 is highly selective towards environmentally and biologically
abundant ions. In addition, the strong fluorescence and long emission
wavelength in the visible region of 1 make it smart and low-cost on-
site tool for the detection of Fe2+, Cu2+, Sr2+ and AcO− ions. The
ESIPT and PET mechanisms are in good accordance with the “turn–on”
and “trun–off” dual fluorescence behavior of 1. Though there are many
Fe2+ (a), Sr2+ (b) and Cu2+ (c) (50 eq.) to 1+M2+ solution (slit width=2.5 nm for Fe2+;

Image of Fig. 3
Image of Fig. 4


Fig. 5. Time resolved fluorescence decay of 1 (10 μM) in the absence and presence of (a) Fe2+, (b) Sr2+, (c) Cu2+, and (d) AcO− ions (1.0, 2.5, 5.0 and 10.0 eq.) (λex 395 nm).
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reports are available in the literature for detection of cations and anions,
to best of our knowledge, this is the first report on a chemosensor bear-
ing two different binding sites (\\OH and\\NH(CO)NH\\) shown dual
fluorescence behavior upon selectively detect analytical, biological, en-
vironmental, and medicinal significance cations and anion in water.
Moreover, we proved that 1 can serve as an information storage system
in molecular level with sixteen possible ‘on’ key passwords from two
hundred and twenty possible combination keys.
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Table 2
Truth table for the developed securitymolecular key padlock systemwith three input gate
circuit.

Host Fe2+ Other metals O/P of metals O/P of Sr2+

0 0 0 0 0
0 0 1 0 0
0 1 0 0 0
0 1 1 0 0
1 0 0 0 0
1 0 1 0 0
1 1 0 1 1
1 1 1 1 0
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polarity studies. Supplementary data associated with this article can be
found in the online version doi: https://doi.org/10.1016/j.saa.2018.12.
006.

References

[1] (a) M. Deng, D. Gong, S.–.C. Han, X. Zhu, A. Iqbal, W. Liu, W. Qin, H. Guo, BODIPY
based phenylthiourea derivatives as highly selective MeHg+ and Hg2+ ions
fluorescent chemodosimeter and its application to bioimaging, Sensors Actua-
tors B 243 (2017) 195–202;

(b) W. Qin, W. Dou, V. Leen, W. Dehaen, M. Van der Auweraer, N. Boens, A
ratiometric, fluorescent BODIPY-based probe for transition and heavy metal
ions, RSC Adv. 6 (2016) 7806–7816;

(c) T.G. Jo, K.H. Bok, J. Han,M.H. Lim, C. Kim, Colorimetric detection of Fe3+ and Fe2+

and sequential fluorescent detection of Al3+ and pyrophosphate by an
imidazole-based chemosensor in a near-perfect aqueous solution, Dyes Pig-
ments 139 (2017) 136–147.

[2] (a) D. Fu, D. Yuan, Spectrophotometric determination of trace copper in water
samples with thiomichlersketone, Spectrochim. Acta A 66 (2007) 434–437;

(b) M. Zhang, W. Lu, J. Zhou, G. Du, L. Jiang, J. Ling, Z. Shen, A simple and effective
fluorescent chemosensor for the cascade recognition of Zn2+ and H2PO4

− ions
in protic media, Tetrahedron 70 (2014) 1011–1015.

[3] T. Daniel Thangadurai, N.J. Singh, I.-C. Hwang, J.W. Lee, R.P. Chandran, K.S. Kim, 2-
Dimensional analytic approach for anion differentiation with chromofluorogenic re-
ceptors, J. Organomet. Chem. 72 (2007) 5461–5464.

[4] (a) L. Long, D. Zhang, X. Li, J. Zhang, C. Zhang, L. Zhou, A fluorescence ratiometric
sensor for hypochlorite based on a novel dual-fluorophore response approach,
Anal. Chim. Acta 775 (2013) 100–105;

(b) Q. Zhang, C. Li, F. Yang, J. Li, Y. Wu, Palladium-catalyzed ortho-acylation of 2-
arylbenzoxazoles, Tetrahedron 69 (2013) 320–326;

(c) T. Daniel Thangadurai, G. Chung, O. Kwon, Y.-I. Lee, Differentiation of cis- and
trans-isomers of the novel napthalene-aza receptor by naked-eye colorimetric
anion sensing, Tetrahedron Lett. 52 (2011) 6465–6469;

(d) Q. Li, Y. Yuea, Y. Guo, S. Shao, Fluoride anions triggered “OFF–ON” fluorescent
sensor for hydrogen sulfate anions based on a BODIPY scaffold that works as a
molecular keypad lock, Sensors Actuators B 173 (2012) 797–801.

[5] (a) V.S. Ajay Piriya, P. Joseph, S.C.G. Kiruba Daniel, S. Lakshmanan, T. Kinoshita, S.
Muthusamy, Colorimetric sensors for rapid detection of various analytes,
Mater. Sci. Eng. C 78 (2017) 1231–1245;

(b) A. Aldrey, V. García, C. Lodeiro, A.Macías, P. Perez-Lourido, L. Valencia, R. Bastida,
C. Nunez, Colorimetric macrocyclic anion probes bearing nitrophenylurea and
nitrophenylthiourea binding groups, Tetrahedron 69 (2013) 4578–4585;

(c) M. Orojloo, S. Amani, Synthesis and studies of selective chemosensor for naked-
eye detection of anions and cations based on a new Schiff-base derivative,
Talanta 159 (2016) 292–299;

(d) N.J. Singh, E.J. Jun, C. Kavitha, T. Daniel Thangadurai, R.P. Chandran, I.-C. Hwang,
J. Yoon, K.S. Kim, Quinoxaline−imidazolium receptors for unique sensing of py-
rophosphate and acetate by charge transfer, Org. Lett. 9 (2007) 485–488.

[6] (a) X. Shang, X. Li, J. Han, S. Jia, J. Zhang, X. Xu, Colorimetric and fluorescence turn-
on sensor for biologically important anions based on carbazole derivative,
Inorg. Chem. Commun. 16 (2012) 37–42;

(b) S. Rivadehi, E.F. Reid, C.F. Hogan, S.V. Bhosale, S.J. Langford, Fluoride-selective
optical sensor based on the dipyrrolyl-tetrathiafulvalene chromophore, Org.
Biomol. Chem. 10 (2012) 705–709;

(c) B. Zhao, T. Liu, Y. Fang, L. Wang, W. Kan, Q. Deng, B. Song, A new selective
chemosensor based on phenanthro[9,10-d] imidazole-coumarin with sequen-
tial “on-off-on” fluorescence response to Fe3+ and phosphate anions and its ap-
plication in live cell, Sensors Actuators B Chem. 246 (2017) 370–379;

(d) L. Wang,W. Li, W. Zhi, Y. Wang, J. Han, Z. Cao, L. Ni, H. Li, J. Jing, A water-soluble
Fe3+ selective fluorescent turn-on chemosensor: preparation, theoretical study
and its optical vitro imaging, J. Lumines. 196 (2018) 379–386.

[7] (a) P.C.A. Swamy, S. Mukherjee, P. Thilagar, Dual binding site assisted chromogenic
and fluorogenic recognition and discrimination of fluoride and cyanide by a pe-
ripherally borylated metalloporphyrin: overcoming anion interference in
organoboron based sensors, Anal. Chem. 86 (2014) 3616–3624;

(b) G. Sathyaraj, D.Muthamilselvan,M.Kiruthika, T.Weyhermüller, B.U.Nair, Ferro-
cene conjugated imidazolephenols as multichannel ditopic chemosensor for bi-
ologically active cations and anions, J. Organomet. Chem. 716 (2012) 150–158.
[8] (a) R.M. Duke, T. Gunnlaugsson, Selective fluorescent PET sensing of fluoride (F−)
using naphthalimide–thiourea and–urea conjugates, Tetrahedron Lett. 48
(2007) 8043–8047;

(b) M.C. Basheer, S. Alex, K.G. Thomas, C.H. Suresh, S. Das, A squaraine-based
chemosensor for Hg2+ and Pb2+, Tetrahedron 62 (2006) 605–610;

c P. Kaur, S. Kaur, K. Singh, A selective and sensitive ‘naked eye’ anion detector based
on an imine-π-TCNQ assembly, Tetrahedron Lett. 48 (2007) 7191–7193.

[9] (a) S. Devaraj, D. Saravanakumar, M. Kandaswamy, Dual responsive chemosensors
for anion and cation: synthesis and studies of selective chemosensor for F− and
Cu(II) ions, Sensors Actuators B 136 (2009) 13–19;

(b) N. Busschaert, C. Caltagirone, W.V. Rossom, P.A. Gale, Applications of supramo-
lecular anion recognition, Chem. Rev. 115 (2015) 8038–8155.

[10] (a) S.M. Basheer, N.S.P. Bhuvanesh, A. Sreekanth, Experimental and theoretical
studies of novel hydroxynaphthalene based chemosensor, and construction
of molecular logic gates, J. Fluor. Chem. 191 (2016) 129–142;

(b) J. Andréasson, U. Pischel, Molecules with a sense of logic: a progress report,
Chem. Soc. Rev. 44 (2015) 1053–1069;

(c) M.F. Budyka, Molecular switches and logic gates for information processing, the
bottom-up strategy: from silicon to carbon, from molecules to supermolecules,
Russ. Chem. Rev. 86 (2017) 181–210;

(d) S. Dey, S. Sarkar, D. Maity, P. Roy, Rhodamine based chemosensor for trivalent
cations: synthesis, spectral properties, secondary complex as sensor for arsenate
and molecular logic gates, Sensors Actuators B 246 (2017) 518–534.

[11] (a) J. Wang, C.S. Ha, Azobenzene-based system for fluorimetric sensing of H2PO4
−

(Pi) that works as a molecular keypad lock, Analyst 135 (2010) 1214–1218;
(b) Q. Zou, X. Li, J.J. Zhang, J. Zhou, B.B. Sun, H. Tian, Unsymmetrical diarylethenes as

molecular keypad lockswith tunable photochromismandfluorescence viaCu2+

and CN− coordinations, Chem. Commun. 48 (2012) 2095–2097;
(c) V. Bhalla, M. Kumar, Fluoride triggered fluorescence “turn on” sensor for Zn2+

ions based on pentaquinone scaffold that works as a molecular keypad lock,
Org. Lett. 14 (2012) 2802–2805.

[12] (a) A.P. de Silva, H.Q.N. Gunaratne, C.P. McCoy, A molecular photoionic AND gate
based on fluorescent signaling, Nature 364 (1993) 42–44;

(b) D.C. Magri, G.J. Brown, G.D. McClean, A.P. de Silva, Communicating chemical
congregation: a molecular and logic gate with three chemical inputs as a “lab-
on-a-molecule” prototype, J. Am. Chem. Soc. 128 (2006) 4950–4951;

(c) M.P.Madhuprasad, H.-Y. Bhat, D. Jung, M.D. Kurkuri Losic, Anion sensors as logic
gates: a close encounter? Chem. Eur. J. 22 (2016) 6148–6178.

[13] (a) S. Cui, Z. Tian, S. Pu, Y. Dai, Highly sensitive fluorescent sensor for Mg2+ and Ca2
+ based on amulti-addressable diarylethene, RSC Adv. 6 (2016) 19957–19963;

(b) V. García, A. Fernández-Lodeiro, R. Lamelas, A. Macías, R. Bastida, E. Bértolo, C.
Núñez, Novel chromogenic macrocyclic molecular probes with logic gate func-
tion using anion/cation inputs, Dyes Pigments 110 (2014) 143–151;

(c) Y.-H. Lai, S.-C. Sun, M.-C. Chuang, Biosensors with built-in biomolecular logic
gates for practical applications, Biosensors 4 (2014) 273–300.

[14] (a) S.M. Basheer, S.L. Ashok Kumar, M. Saravana Kumar, A. Sreekanth, Spectro-
scopic and TDDFT investigation on highly selective fluorogenic chemosensor
and construction of molecular logic gates, Mater. Sci. Eng. C 72 (2017)
667–675;

(b) B. Schneier, Secrets and Lies: Digital Security in a NetworkedWorld, JohnWiley
& Sons, Inc, New York, 2000;

(c) C.P. Carvalho, Z. Domínguez, J.P. Da Silva, U. Pischel, A supramolecular keypad
lock, Chem. Commun. 51 (2015) 2698–2701.

[15] A. Misra, P. Srivastava, M. Shahid, Fluorescent probe mimicking multiple logic gates
and a molecular keypad lock upon interaction with Hg2+ and bovine serum albu-
min, Analyst 137 (2012) 3470–3478.

[16] (a) T. Daniel Thangadurai, C.J. Lee, S.H. Jeong, S. Yoon, Y.G. Seo, Y.-I. Lee, A novel col-
orimetric and fluorescent sensor for fluoride and pyrophosphate based on fluo-
renone signaling units, Microchem. J. 106 (2013) 27–33;

(b) H. Song, R. Senkuttuvan, N. Kim, S.K. Jeong, E. Koo, G. Park, T. Daniel
Thangadurai, S. Yoon, A tailor designedfluorescent ‘turn-on’ sensor of formalde-
hyde based on the BODIPY motif, Tetrahedron Lett. 53 (2012) 4913–4916;

(c) H. Song, R. Senkuttuvan, E.H. Koo, B.K.Min, S.K. Jeong, T. Daniel Thangadurai, S.H.
Yoon, Fluorescence enhancement of N2O2-type dipyrrin ligand in two step
responding to zinc(II) ion, J. Lumines. 132 (2012) 3089–3092;

(d) N. Bhuvanesh, K. Velmurugan, S. Suresh, P. Prakash, Neetu John, S. Murugan, T.
Daniel Thangadurai, R. Nandhakumar, Naphthalene based fluorescent
chemosensor for Fe2+-ion detection in microbes and real water samples, J.
Lumines. 188 (2017) 218–222;

(e) T. Daniel Thangadurai, I. Nithya, N. Manjubaashini, N. Bhuvanesh, G. Bharathi, R.
Nandhakumar, D. Nataraj, Fluorenone based fluorescent probe for selective
“turn-on” detection of pyrophosphate and alanine, Spectrochim. Acta A 199
(2018) 465–471;

(f) N. Manjubaashini, T. Daniel Thangadurai, G. Bharathi, D. Nataraj, Rhodamine
capped gold nanoparticles for the detection of Cr3+ ion in living cells and water
samples, J. Lumines. 202 (2018) 282–288.

[17] (a) L. Tang, J. Park, H.J. Kim, Y. Kim, S.J. Kim, J. Chin, K.M. Kim, Tight binding and
fluorescent sensing of oxalate in water, J. Am. Chem. Soc. 130 (2008)
12606–12607;

(b) A. Wada, S. Tamaru, M. Ikeda, I. Hamachi, MCM−enzyme−supramolecular hy-
drogel hybrid as a fluorescence sensingmaterial for polyanions of biological sig-
nificance, J. Am. Chem. Soc. 131 (2009) 5321–5330;

(c) L. Fabbrizzi, N. Marcotte, F. Stomeo, A. Taglietti, Pyrophosphate detection in wa-
ter by fluorescence competition assays: inducing selectivity through the choice
of the indicator, Angew. Chem. Int. Ed. 41 (2002) 3811–3814.

https://doi.org/10.1016/j.saa.2018.12.006
https://doi.org/10.1016/j.saa.2018.12.006
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0005
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0010
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0010
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0010
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0015
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0020
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0020
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0025
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0030
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0030
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0030
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0035
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0035
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0035
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0040
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0040
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0045
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0045
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0045
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0050
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0050
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0050
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0055
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0055
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0055
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0060
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0060
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0060
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0065
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0065
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0065
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0070
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0070
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0070
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0075
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0075
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0075
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0080
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0080
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0080
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0085
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0085
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0085
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0085
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0085
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0090
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0090
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0090
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0090
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0095
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0095
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0095
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0095
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0100
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0100
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0100
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0105
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0105
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0105
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0105
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0110
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0110
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0110
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0110
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0115
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0115
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0120
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0120
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0120
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0120
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0125
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0125
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0130
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0130
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0130
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0135
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0135
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0140
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0140
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0140
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0145
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0145
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0145
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0150
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0150
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0150
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0150
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0150
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0155
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0155
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0155
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0155
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0160
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0160
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0160
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0165
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0165
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0170
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0170
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0170
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0175
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0175
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0180
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0180
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0180
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0180
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0185
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0185
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0185
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0190
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0190
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0195
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0195
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0195
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0195
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0200
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0200
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0205
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0205
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0210
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0210
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0210
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0210
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0215
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0215
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0215
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0220
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0220
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0220
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0225
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0225
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0225
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0225
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0225
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0230
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0230
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0230
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0230
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0230
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0235
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0235
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0235
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0235
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0240
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0240
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0240
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0240
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0245
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0245
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0245
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0250
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0250
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0250
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0255
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0255
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0255


140 T. Daniel Thangadurai et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 211 (2019) 132–140
[18] P.A. Gale, C. Caltagirone, B. Wang, E.V. Anslyn (Eds.), Anion Sensors in
Chemosensors, 2nd edn.John Wiley, New Jersey, 2011.

[19] K. Ghosh, S. Adhikari, Colorimetric and fluorescence sensing of anions using thio-
urea based coumarin receptors, Tetrahedron Lett. 47 (2006) 8165–8169.

[20] I.V. Sazanovich, C. Kirmaier, E. Hindin, L. Yu, D.F. Bocian, J.S. Lindsey, D. Holten, Struc-
tural control of the excited-state dynamics of bis(dipyrrinato)zinc complexes: self-
assembling chromophores for light-harvesting architectures, J. Am. Chem. Soc. 126
(2004) 2664–2665.

[21] A. Helal, H.-S. Kim, Thiazole-based chemosensor III: synthesis and fluorescence
sensing of CH3CO2

− based on inhibition of ESIPT, Tetrahedron 66 (2010) 7097–7103.
[22] D. Yang, R. Zheng, Y. Wang, J. Lv, Theoretical investigation on ESIPT mechanism of a

new fluorescent sensor in different solvents, Spectrochim. Acta A 159 (2016) 30–34.
[23] C. Yang, Y. Chen, K. Wu, T. Wei, J. Wang, S. Zhang, Y. Han, A reactive probe for Cu2+

based on the ESIPT mechanism and its application in live-cell imaging, Anal.
Methods 7 (2015) 3327–3330.

[24] (a) W.-R. Wu, Theoretical investigation on the excited-state intramolecular proton
transfer mechanism of 2-(2′-benzofuryl)-3-hydroxychromone, J. Phys. Org.
Chem. 28 (2015) 596–601;

(b) X.-F. Yang, H. Qi, L. Wang, Z. Su, G. Wang, A ratiometric fluorescent probe for
fluoride ion employing the excited-state intramolecular proton transfer, Talanta
80 (2009) 92–97;

(c) M. Kasha, Proton-transfer spectroscopy. Perturbation of the tautomerization po-
tential, J. Chem. Soc. Faraday Trans. 82 (1986) 2379–2392;

(d) B. Chen, J. Huang, H. Geng, L. Xuan, T. Xu, X. Li, Y. Han, A new ESIPT-based fluo-
rescent probe for highly selective and sensitive detection of hydrogen sulfide
and its application in live-cell imaging, New J. Chem. 41 (2017) 1119–1123.

[25] (a) T. Gunnlaugsson, A.P. Davis, J.E. O'Brien, M. Glynn, Fluorescent sensing of pyro-
phosphate and bis-carboxylates with charge neutral PET chemosensors, Org.
Lett. 4 (2002) 2449–2452;

(b) J. Shao, Y.-H. Qiao, H. Lin, H.-K. Lin, A turn-on fluorescent anion receptor based
on N,N′-di-β-naphthyl-1,10-phenanthroline-2,9-diamide, J. Lumines. 128
(2008) 1985–1988.
[26] (a) D.H. Lee, J.H. Im, J.H. Lee, J.I. Hong, A new fluorescent fluoride chemosensor
based on conformational restriction of a biaryl fluorophore, Tetrahedron Lett.
43 (2002) 9637–9640;

(b) Y. Li, J. Li, H. Lin, J. Shao, Z.–.S. Cai, H. Lin, A novel colorimetric receptor
responding AcO− anions based on an azo derivative in DMSO and DMSO/water
solution, J. Lumines. 130 (2010) 466–472.

[27] (a) V.S. Pavlovich, Solvatochromism and nonradiative decay of intramolecular
charge-transfer excited states: bands-of-energy model, thermodynamics, and
self-organization, ChemPhysChem 13 (2012) 4081–4093;

(b) C. Reichardt, Solvatochromic dyes as solvent polarity indicators, Chem. Rev. 94
(1994) 2319–2358;

(c) K. Aggarwal, J.M. Khurana, Synthesis and application of an indenoquinoline
dione conjugate as a dual fluorescent and colorimetric pH sensor, J. Lumines.
187 (2017) 457–465;

(d) R. Papadakis, A. Tsolomitis, Study of the correlations of the MLCT vis absorption
maxima of 4-pentacyanoferrate-4′-arylsubstituted bispyridinium complexes
with the Hammett substituent parameters and the solvent polarity parameters
ETN and AN, J. Phys. Org. Chem. 22 (2009) 515–521;

(e) R. Papadakis, The solvatochromic behavior and degree of ionicity of a synthe-
sized pentacyano (N-substituted-4,4′-bipyridinium) ferrate(II) complex in dif-
ferent media. Tuning the solvatochromic intensity in aqueous glucose
solutions, Chem. Phys. 430 (2014) 29–39.

[28] S. Lin, W.S. Struve, Time-resolved fluorescence of nitrobenzoxadiazole-
aminohexanoic acid: effect of intermolecular hydrogen-bonding on non-radiative
decay, Photochem. Photobiol. 54 (1991) 361–365.

[29] J.R. Lakowicz, Principles of Fluorescence Spectroscopy, 3rd edn Springer, US, 2006.
[30] D. Margulies, C.E. Felder, G. Melman, A. Shanzer, A molecular keypad lock: a photo-

chemical device capable of authorizing password entries, J. Am. Chem. Soc. 129
(2007) 347–354.

[31] D. Margulies, G. Melman, A. Shanzer, A molecular full-adder and full-subtractor, an
additional step toward a moleculator, J. Am. Chem. Soc. 128 (2006) 4865–4871.

http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0260
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0260
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0265
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0265
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0270
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0270
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0270
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0270
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0275
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0280
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0280
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0285
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0285
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0285
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0290
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0290
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0290
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0295
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0295
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0295
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0300
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0300
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0305
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0305
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0305
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0310
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0310
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0310
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0315
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0315
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0315
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0320
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0320
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0320
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0325
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0325
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0325
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0325
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0330
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0330
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0330
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0335
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0335
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0340
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0340
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0340
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0345
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0350
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0350
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0350
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0350
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0355
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0355
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0355
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0360
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0365
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0365
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0365
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0370
http://refhub.elsevier.com/S1386-1425(18)31068-0/rf0370

	Development of three ways molecular logic gate based on water soluble phenazine fluorescent ‘selective ion’ sensor
	1. Introduction
	2. Experimental
	2.1. Materials and Methods
	2.2. Synthesis of 1, 1′-(Phenazine-2,3-diyl)bis(3-(1,4-dihydroxyphthalazin-6-yl)urea) (1)

	3. Results and Discussion
	3.1. Design and Synthesis
	3.2. Detection of Cations and Anions
	3.3. Selectivity and Sensitivity Studies
	3.4. Plausible Sensing Mechanisms
	3.5. Interference of Other Metal Ions, Effect of Time and Solvent Polarity and Reversibility Test
	3.6. Excited State Fluorescence Life Time Measurement
	3.7. Development of Logic Gates

	4. Conclusion
	Conflicts of Interest
	Acknowledgements
	Appendix A. Supplementary data
	References


