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A reusable multichannel anthraimidazoledione-
based receptor for Hg2+ and Cu2+ ions:
ultrasensitive, economical and facile detection
of Hg2+ in real water sources through
fluorescence readout†

Manzoor Ahmad Wani, Neha Thakur, Mrituanjay D. Pandey* and
Rampal Pandey *

A reusable multichannel anthraimidazoledione-based receptor 1 has been developed for the highly

selective detection of Cu2+ and Hg2+ in aqueous media. Based on its high fluorescence sensitivity for

Hg2+, 1 was probed for the practical detection of Hg2+ in various drinking water sources wherein the

trace amount of Hg2+ was detected through fluorescence ‘turn-off’ signalling. Hence, 1 revealed

qualitative and quantitative practical detection of HTMs (especially Hg2+) in a competitive environment

through a multichannel signaling response.

Introduction

The development of multichannel chemosensors for the detec-
tion of heavy and transition-metal ions (HTMs) of biological and
environmental importance has been an aim of practical research
in the recent past.1 Multichannel chemosensors, signifying
a guest binding event through two or more signalling events,
such as chromogenic, fluorogenic and electrochemical, are of
great importance; however, such receptors are generally scarce.2

Among various heavy and transition-metal ions (HTM), Cu2+ and
Hg2+ are being widely explored due to their vast influence on the
ecosystem and human life. Even at low concentration, mercury
(Hg) can cause grave threats to human health, such as loss of
vision, renal system failure, prenatal brain injury, DNA impairment
and various cognitive and motion disorders.3 Concerning its
toxicity to the environment4 and fatal effects on health character-
ized as Minimata disease,5 the development of Hg2+-selective
chemosensors functioning in aqueous medium is essentially
important. The World Health Organization (WHO) recom-
mended a limit for inorganic Hg concentration in drinking water
of 0.002–0.006 mg L�1 (2–6 ppb),6a whereas the U.S. Environ-
mental Protection Agency (EPA)-approved Hg limit in drinking
water is 2.0 ppb.6b Furthermore, 0.5 ppb concentration of Hg can

destroy neurite membrane structures.6c Therefore, enormous
recent interest has arisen toward the practical determination
of Hg2+ in various real water sources, and there is a continuous
need to establish facile, economic and ultrasensitive chemo-
sensors for such practical applications.7

Copper (Cu) is an essential trace element involved in metabolic
functions performed by the brain, liver, muscles and bones.8 In
coordination with several enzymes, copper, as a cofactor, plays a
role in biological electron transport, oxygen transport and neuro-
transmitter synthesis.9 Deficiency of Cu in the body can cause
impaired immune function, weakened vasculature, abnormal
cartilage growth, brain dysfunction and Menkes disease,10–12

whereas excessive Cu leads to Wilson’s disease, Alzheimer’s
disease, prion disease, kidney failure, gastrointestinal dysfunction
and oxidative stress.13 Therefore, simple and precise methodology
for the qualitative and quantitative determination of Hg and Cu
in environmental and biological samples is highly sought.14,15

In this context, designing chemosensors appended with both a
fluorophore and a redox-active group has gained attention in
the field of molecular recognition because such systems screen
out the analyte binding through multichannel signaling.16 In
this context, appending the phenyl-benzimidazole fluorophore
with the quinone redox-active group can produce a promising
fluorophore–redox conjugate chemosensor.

Through the above perceptions and our continuous work on
developing chemosensors,17 we report herein the synthesis,
characterization, crystal structure and multichannel chemosensing
behavior of a highly planar redox-active anthraimidazoledione
receptor 1 for Cu2+ and Hg2+. It is comprised of a benzimidazole
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fluorophore and redox-active benzoquinone group to serve as a
multichannel chemosensor (Fig. 1). Receptor 1 is function-
alized with a couple of N^O chelating sites, thereby involving
proficient interaction with metal ions. Besides, 1 contains highly
extended p-conjugation; consequently, the overall structure is
highly planar, which enables it to exhibit good photophysical
properties as well as to act as a fluorescent sensor.18 Receptor 1
showed naked-eye-visible calorimetric changes for Cu2+ and Hg2+,
highly sensitive and selective fluorogenic response towards Hg2+

ion in aqueous conditions, and electrochemical sensing for Cu2+

and Hg2+.19

Experimental section
Reagents

To perform the experiment, we used analytical grade reagents,
which were first dried and then distilled by usual procedures
prior to use.20 Solvents such as distilled water, absolute ethanol,
diethyl ether, and dichloromethane were obtained from HiMedia
Chemicals Ltd. The reagents 1,2-diaminoanthraquinone and
4-diethylaminosalicylaldehyde were procured from Sigma-Aldrich
Pvt. Ltd. Metal nitrates such as NaNO3, Ca(NO3)2�4H2O, KNO3,
Mg(NO3)2�6H2O, Mn(NO3)2�4H2O, Fe(NO3)2�9H2O, Co(NO3)2�6H2O,
Cu(NO3)2�3H2O, Ni(NO3)2�6H2O, Cd(NO3)2�4H2O, Zn(NO3)2�6H2O,
AgNO3, Pb(NO3)2 and Hg(NO3)2�H2O were used as a source of
metal ions and were obtained from Sigma-Aldrich.

General methods

The elemental analysis of receptor 1 was acquired on the Exeter
Analytical Inc. model CE-440 CHN analyzer. FT-IR spectral
analysis was obtained from a Shimadzu FT-IR spectrometer
using KBr pallets (4000–400 cm�1), and electronic absorption
spectra were procured from a Systronics double-beam UV-vis
spectrophotometer (2201). 1H (500 MHz) and 13C (500 MHz)
were obtained from Bruker and Jeol Delta-2 spectrometers,
respectively, using DMSO-d6 as solvent and tetramethylsilane
(TMS) as internal reference material. NMR chemical shift
values are mentioned in parts per million (ppm). Fluorescence
spectra were recorded on the fluorescence spectrophotometer
RF-5301. Electrospray ionization-high-resolution mass spectra
(ESI-HRMS) were obtained from a MICROMASS QUATTRO II
triple quadrupole mass spectrometer. The ESI capillary was set
at 3.5 kV, and the cone voltage was 40 V. Electrochemical

measurements were recorded on NOVA version 1.10.1.9
Metrohm Autolab PGSTAT128 comprising glassy carbon elec-
trode (GCE) as working electrode, Ag/AgCl (saturated KCl) as
reference electrode and a platinum wire as counter electrode.

Synthesis of 2-(4-(diethylamino)-2-hydroxyphenyl)-1H-
anthra[1,2-d]imidazole-6,11-dione (1)

To a stirring solution of 1,2-diaminoanthraquinone (0.23 g,
1.0 mmol) in nitrobenzene (5 mL) was added 4-diethylamino-
salicylaldehyde (0.20 g, 1.0 mmol) in nitrobenzene (5 mL). The
resulting solution was refluxed at 140 1C for 16 h as the progress
of reaction was monitored by TLC. The reaction mixture was
then cooled to rt, and the product was precipitated by slow
addition of diethyl ether (25 mL) to the reaction mixture. Dark
pink precipitate of the desired compound thus obtained was
washed with diethyl ether (3 � 8 mL) and dried in vacuo. The
product nature was completely non-crystalline, and various types
of attempts (solvent combinations) were made to get single
crystals. Finally, crystals suitable for single-crystal X-ray diffrac-
tion analysis were obtained by vapor diffusion method by filing
the inner tube with a dichloromethane solution of 1, and the
outer tube with 1 : 1 (v/v) diethyl ether/PET ether (40–60). Yield =
84% (0.346 g). Analytical data: anal. calc. for C25H21N3O3 (411.16):
C, 72.98; H, 5.14; N, 10.21; O, 11.67; found: C, 72.94; H, 5.14;
N, 10.18. FT-IR (KBr; cm�1): 3435(m), 2955 (m), 2925 (w), 1664 (vs),
1632 (s), 1585 (m), 1489 (vs), 1325 (s), 1291 (vs), 1140 (m), 842 (m),
718 (vs). 1H NMR (CDCl3, 500 MHz, dH, ppm): 12.47 (s, 1H), 11.82
(s, 1H), 8.23 (m, 2H), 8.02 (d, 1H, J = 11.0 Hz), 7.96 (m, 2H), 6.79
(d, 2H, J = 7.5), 6.41 (d, 1H, J = 7.0 Hz), 6.34 (s, 1H), 3.41 (q, 4H),
1.16 (t, 3H). 13C NMR (CDCl3, 125 MHz, dC, ppm): 182.1, 156.1,
153.0, 150.9, 142.2, 133.7, 133.5, 132.0, 129.5, 129.0, 126.5, 126.2,
125.1, 118.5, 107.6, 105.0, 99.2, 47.2, 12.9. ESI-MS (m/z) for
C25H21N3O3: [M + H]+ calcd. 412.1583; found 412.1662 (Scheme 1).

UV-vis and fluorescence studies

To perform the absorption and emission spectral studies,
10 mM stock solution of 1 was prepared in H2O/EtOH (7 : 3, v/v)
media. Solutions of metal ions, namely, Li+, Na+, K+, Mg2+, Ca2+,
Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Ag+ and Pb2+,
of concentration 100 mM (for individual addition) and 10 mM
(for titration experiments) were prepared from their nitrate salts
in double distilled water, and their stock solutions were used as
a source of metal ions. A 2.5 mL solution of 1 was taken in a
quartz cell with 1 cm optical path length. The fluorescence
experiments at rt were recorded with excitation (lex) of 1 at
480 nm. In a typical titration, metal ions in fixed fractions were
gradually added with the help of micropipette to a solution of 1,
followed by thorough mixing.

Fig. 1 Chemical structure showing the presence of H-bonding interac-
tions in receptor 1.

Scheme 1 Synthesis of receptor 1.
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Electrochemical studies

Redox properties of 1 were investigated on a software-aided
NOVA version 1.10.1.9 Metrohm Autolab PGSTAT128N equipped
with a conventional three-electrode assembly comprising glassy
carbon electrode (GCE) as working electrode, Ag/AgCl (saturated
KCl) as reference electrode and a platinum wire as counter
electrode. Cyclic voltammetric (CV) studies were performed in
H2O/EtOH (7 : 3, v/v, 100 mM) containing 0.1 M KCl (supporting
electrolyte) in the potential range of +2.0 to �2.0 V. A suitable
aliquot of 1 (5 mL) was placed in an electrochemical cell, and
voltammograms were recorded. To investigate the changes in
ligand voltammogram, 100 mM metal ions (Li+, Na+, K+, Mg2+,
Ca2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Ag+ and Pb2+)
were gradually added in fixed amounts using a micropipette.
After a break period of 2.0 minutes, the voltammograms were
recorded in the same potential range.

Preparation of water samples for Hg2+ detection

Water samples from Sagar Lake (LW), bore well (BW) from Sagar
civil lines, and tap/drinking water (TW/DW) from Sagar univer-
sity campus were collected and processed prior to their mercury
content analysis using receptor 1. All the water samples were
filtered to separate out the insoluble material. To remove the
chlorine content from tap/drinking water, it was boiled for half
an hour, then cooled to rt for direct mercury analysis.

1H NMR titration analysis

Receptor 1 (10 mM) was dissolved in DMSO-d6, and firstly, a
blank spectrum was recorded without metal ion addition. Then,
high concentrations of the metal ions (Hg2+ and Cu2+; 100 mM)
were dissolved in D2O, and these were added to the solution of 1
for analysis.

Results and discussion

Receptor 1 was synthesized through condensation reaction between
1,2-diaminoanthraquinone and 4-diethylaminosalicylaldehyde (1 : 1)
at elevated temperature under refluxing conditions using high-
boiling-point nitrobenzene as solvent. The reaction required a long
timescale, but the product was obtained in reasonably good yield.
Receptor 1 has been characterized by satisfactory elemental analyses
and spectroscopic techniques such as FT-IR, 1H, 13C NMR and
ESI-MS. The two low-field singlets at 12.47 and 11.82 ppm in the
1H NMR spectrum of 1 were assignable to anthraimidazolyl –NH
and phenolic –OH protons, respectively (Fig. S1, ESI†). Further,
ESI-MS of 1 exhibited a molecular ion peak at m/z 412.1664,
which is also a base peak (100% abundance) of the spectrum
(Fig. S3, ESI†). Eventually, the structure of 1 has been authenti-
cated from the single-crystal X-ray diffraction analysis.

Crystal structure of 1

The single crystals were obtained using vapor diffusion method
by putting a dichloromethane solution of 1 in the inner tube
and diethyl ether in the outer tube. Single-crystal structure of
analogous anthraimidazoledione derivatives are quite scarce,

particularly in free form (without complexation with metals).21

The structure of 1 was verified using single-crystal X-ray diffrac-
tion data, which revealed that 1 crystallized in monoclinic crystal
system with P21/n space group (Fig. 2). The crystallographic
parameters of 1 are given in Table 1. It comprises a couple of
chelating N^O donor sites [N(3)–O(2) and N(2)–O(1)] suitable for
metal ion binding. Investigation of crystal structure depicted a
highly planar structure of 1, where the anthraquinone ring and
phenylimidazole rings lie in the same plane (a maximum devia-
tion of 0.136 Å) (Fig. S4, ESI†). The clear-cut driving force causing
the extremely planar structure is a couple of intramole-
cular H� � �bonding interactions between N(3)–H(3)� � �O(2) and
O(1)–H(1)� � �N(2) atoms. It is essential to elaborate here the role
of H� � �bonding interactions in the planarity of 1. One can see
that both H� � �bonding interactions function at opposite sides;
therefore, the hydroxyphenyl ring cannot tilt at its preferred
H� � �bonded nitrogen site. It is further evidenced by the torsion
angle involving N(2)–C(11)–C(8)–C(7), 178.21, which is very
close to 1801, thereby suggesting hindered rotation about the
C–C single bond and thus the highly planar structure of 1.
The H� � �bond distances are comparable with the N–H� � �O and
O–H� � �N distances of 2.81 and 2.60 Å, respectively (Fig. 2).
Obviously, the N–H� � �O distance is longer than that of O–H� � �N,
which lies with D–A distance of 2.9 Å and minimum O� � �N
distance of 2.60 Å. However, both H� � �bonds can be functional
in controlling the planarity of 1.

Fig. 2 Crystal structure of 1 with 50% ellipsoid probability (hydrogen
atoms have been omitted for clarity).

Table 1 Crystallographic parameters of receptor 1

Parameters Receptor 1

Empirical formula C25H21N3O3

Crystal structure Monoclinic
Space group P21/n
A (Å) 7.9770(12)
B (Å) 27.642(4)
C (Å) 9.1543(13)
a (1) 90
b (1) 107.212(3)
g (1) 90
Crystal Size (h, k, l max) 10 � 37 � 12
Temperature (K) 255
Volume (Å3) 1928.1(5)
Density (g cm�3) 1.417
Z 4
Color and Habit Dark pink and block
Theta(max) 28.600
F000 864.0
F0000 864.37
Absorption coefficient, m (mm�1) 0.095
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Our finding through the crystal structure of 1 is related to
the similar anthraimidazole derivative, which was theoretically
claimed to assume two conformational states.22 Theoretical results
suggested that conformer II, which has dual side H� � �bonding
possibility, is less stable by 4.0 kcal than conformer I, with
H� � �bonding at one end only. However, our results evidenced
the formation of specific conformer 1, which is structurally
like the theoretically reported conformer II, having dual side
H� � �bonding. Edge-to-edge intermolecular p–p interactions are
present in 1 from both anthraquinone and hydroxyphenyl
moieties (Fig. S5, ESI†). Notably, 1 extends through p–p inter-
actions by its alternative head-to-tail and head-to-head arrange-
ment. The bond distances and bond angles lie within the range
of known analogous compounds.23

Absorption spectral studies

The electronic absorption spectrum of 1 displays absorption
bands at 530, 335 and 266 nm (black line in Fig. 3a and Fig. S6,
ESI†). The low-energy (LE) band may be ascribed to the n–p*
transition, whereas the high-energy bands may be assigned to
the p–p* transitions.24 A deep pink solution of 1 motivated us to
examine its colorimetric response in the presence of various metal
ions under ordinary conditions (pH of 1 = 7.2 in H2O : EtOH, 7 : 3,
v/v, at rt). In this context, to a set of solutions of 1 (100 mM; 3 mL),
various metal ions (10 mM) were added. Notably, clear-cut, naked-
eye-visible color changes were observed from dark pink to sky blue
(with Cu2+) and dark yellow (with Hg2+), while the rest of the tested
metal ions (Na+, K+, Mg2+, Ca2+, Mn2+, Fe2+, Fe3+, Co2+, Ni2+, Zn2+,
Ag+, Cd2+ and Pb2+) did not cause any colorimetric change in 1
(Fig. 3a; inset). These results reveal that 1 can be used as a naked-
eye-detectable colorimetric sensor both for Cu2+ and Hg2+.
Further, electronic absorption spectra were recorded in the
presence of the abovementioned cations to observe the changes.
As anticipated, only Cu2+ and Hg2+ induced considerable change
in the UV/vis spectra of 1 (Fig. S6, ESI†). The addition of Cu2+

leads to the complete disappearance of LE band at 530 nm, and a
new red-shifted band appeared at 617 nm (DE, 2661 cm�1).

Likewise, HE band (lmax, 335 nm) is red shifted (DE, 1522 cm�1)
to appear at 353 nm, along with a poorly structured band at
303 nm. A significant hypochromic shift was also noted in both
LE (De, 7247 M�1 cm�1) and HE (De, 8824 M�1 cm�1) bands. The
colorimetric response of 1 toward Cu2+ is ascribed to the red shift
in LE band. In contrast, Hg2+ addition causes almost complete
disappearance of both LE and HE bands, and the overall spectrum
of 1 upon Hg2+ addition becomes less structured. However,
after Hg2+ addition, the LE maximum of 1 is blue shifted (DE,
663 cm�1) to appear at 512 nm, which may be responsible for
the colorimetric change.

To have more precise insight on cation binding, UV/vis
titration experiments were performed with Cu2+ and Hg2+ ions.
The addition of a small aliquot of Cu2+ (2.0 mL, 0.2 equiv.) leads
to a significant change in the absorption spectral feature,
wherein the LE band fully disappears, along with appearance
of a new red-shifted band at 617 nm, whereas the HE band
(lmax, 335 nm) was bathochromically shifted to appear at 353 nm
(Fig. 3a and inset). Further additions of Cu2+ (4–20 mL) induced
only subtle changes at the LE and HE bands, apart from a
hyperchromic shift in the band centered at 266 nm. Notably, a
new band shoulder appeared at 303 nm, whose optical density
increases proportionally to the amount of added Cu2+. In con-
trast, the addition of Hg2+ (2.0 mL, 0.2 equiv.) led to considerable
hypochromic shift as well as blue shift (DE, 663 cm�1) in the LE
band to appear at 512 nm, while the HE band showed only a
decrease in optical density (De, 7471 M�1 cm�1) (Fig. 3b and
inset). Further, gradual additions of Hg2+ (4.0–6.0 mL) induced
concomitant hypochromic shift at 335 nm, which eventually
disappeared with increased amounts of Hg2+ (8–20 mL). However,
changes in the LE band were subtle during the increasing
addition of Hg2+ (4–20 mL). To have better insight into the
colorimetric response of 1 in the presence of Cu2+ and Hg2+

ions, the absorption spectra were carefully examined from
450–800 nm, which strongly suggested that shifts in the LE band
of 1 (red shift for Cu2+, blue shift for Hg2+ ions) are responsible
for the change in color (Fig. 3, insets).

Fig. 3 UV/vis titration plots of 1 in the presence of (a) Cu2+ and (b) Hg2+ ions in H2O/EtOH (7 : 3 v/v 10 mM) solution. Insets show the colorimetric
response of 1 towards Cu2+ and Hg2+ (left, bottom), the titration plot of 1 in the presence of Cu2+ (left, top), and the titration plot of 1 in the presence
of Hg2+ (right).
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Furthermore, selectivity toward these cations was also investi-
gated by the addition of Cu2+ (20 mL) to the solution of 1 followed
by gradual addition of Hg2+ (2–20 mL) to the resultant 1 + Cu2+

solution after one hour (Fig. S6b, ESI†). Notably, the spectral
pattern completely changed from 1 + Cu2+ to 1 + Hg2+, which
strongly suggested displacement of Cu2+ by Hg2+ and, thus, higher
selectivity of 1 for Hg2+. Job’s plot analysis based on UV/vis
analysis suggested a 1 : 2 binding stoichiometry between 1 and
Cu2+ (Fig. S7, ESI†). Overall, UV/vis studies indicated the highly
selective colorimetric response for Cu2+ and Hg2+ ions.

Fluorescence spectral studies

The fluorescence behavior of 1 was examined upon excitation
both at its LE (530 nm) and HE (335 nm) bands, which exhibited
a weak broad emission band at B561 nm. After optimization at
various wavelengths, the best-suited excitation wavelength (lex)
observed was 480 nm, which comes under the area of the broad
LE absorption band. Upon excitation at 480 nm, 1 exhibited
stronger emission maximum (lmax) at 561 nm, and the quantum
yield (FF) was determined to be 0.48. The moderate FF for 1 may
be attributed to the high intensity of the LE absorption band. It
is worth mentioning here that despite the presence of redox-
active groups and extended conjugation in anthraimidazole-
dione derivatives, mostly their colorimetric behavior has been
explored,21,24 but redox and fluorescence response toward
cations are rarely investigated.25 Therefore, metal-ion interaction
behavior of 1 was also investigated by fluorescence spectral
technique, wherein different metal ions (10 equiv.; 100 mM)
were separately added to the solution of 1. Notably, none of the
metal ions could cause significant fluorescence change except
Hg2+, which led to the large fluorescence quenching (B82%)
without any wavelength shift (Fig. 4a). This suggests that the
extended conjugation and planarity are not affected enough to
cause any wavelength shift; thus, Hg2+ most probably binds with
the open N^O donor site(s) of 1. Notably, the addition of Cu2+

also induced a small fluorescence quenching (25.66%) without
any considerable wavelength shift. This observed change has
been, however, ignored for any further studies, since the changes
are very similar to that of Hg2+ but less prominent in terms of the
extent of quenching (Fig. 4a).

The fluorescence titration experiments were performed only
with Hg2+ to gain deeper insight into the binding between 1
and Hg2+. The first aliquot addition of Hg2+ (2.0 mL) induced
a small fluorescence ‘turn-off’ response (8.0%) without any
wavelength shift. Further addition of Hg2+ (5.0 mL) caused
B31% quenching with small blue-shifted fluorescence maxima
(lmax) at 558 nm (Fig. 4b). Increasing the concentration of Hg2+

(12.0 mL) added to the solution of 1 leads to large fluorescence
quenching (50.0%) with a small, red-shifted maxima (lmax) at
564 nm. This blue-shifted, followed by red-shifted, emission
maxima with increasing amounts of Hg2+ (2.0–12.0 mL) added
to 1, attracted us to examine further changes by adding more
Hg2+. Interestingly, additions of Hg2+ (12–20 mL) to the solution
of 1 caused great fluorescence quenching (83.0%) and the
emission maxima at this stage is exactly the same as for free
receptor 1. Therefore, it is assumed that slightly blue-shifted
quenched fluorescence may be attributed to the binding of
Hg2+ through one binding site of 1, which can cause partial loss
of planarity of the receptor. In contrast, subtle red-shifted
quenched maxima may be ascribed to the competitive binding
of Hg2+ through both binding sites of 1. This is eventually
established by the revival of emission wavelength maxima (but
not intensity) upon complete binding of Hg2+ with 1 through
both binding sites, which reinstates a planar structure.

To have a better idea on the probe–metal ion binding
stoichiometry, Job’s plot analysis was performed, which revealed
1 : 2 stoichiometry between 1 and Hg2+ (Fig. S7b, ESI†). The
quenching constant (Ksv) has been found to be 1.27 � 104 M�1,
derived from the Stern–Volmer plot (Fig. S8, ESI†). The associa-
tion constants (Ka) for 1 + Hg2+ were calculated using the Benesi–
Hildebrand method and found to be 1.67 � 107 M�1 (Fig. S9,
ESI†). Furthermore, the fluorescent detection of HTM cannot be
claimed unless interference of other competitors are investi-
gated. In this context, two types of interference sequences were
adopted: first, various metal cations were sequentially added to
the solution containing 1 + Hg2+ saturated complex; second,
Hg2+ was added separately into the solution containing 1 + Mn+

(M = various tested cations; Fig. S10, ESI†). Notably, none of the
metal ions interfere significantly with the 1 + Hg2+ complex,
which suggests the high selectivity of 1 toward Hg2+.

Fig. 4 (a) Fluorescence spectra of 1 (10 mM) in the presence of 10 equiv. of various metal ions in H2O/EtOH (7 : 3 v/v); (b) fluorescence titration plots of 1
in the presence of Hg2+ ions in H2O/EtOH (7 : 3, v/v; 10 mM) solution.
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To measure the sensitivity of the receptor toward Hg2+,
varying concentrations of Hg2+ (10�15–10�6 M) were added to
the solutions containing 1 (1.0 mM) (Fig. S11, ESI†). A plot of
fluorescence intensity vs. concentration displayed significant
change at very low concentration (10�15 M) for Hg2+, which
indicated the femtomolar-level sensitivity of 1 toward Hg2+

(Fig. S11a, ESI†). However, the addition of 1.0 � 10�15 to
9.0 � 10�15 M concentrations could not give a linear quenching
response. Therefore, to g better accuracy, 10�12 M solutions of
Hg2+ (1.0 � 10�12 to 9.0 � 10�12 M) were added to the solution
of 1 (1.0 mM). A plot between fluorescence intensity (F0/F) and
Hg2+ concentration showed a linear relationship (R2 = 0.99) and
indicated a limit of detection (LOD) of 1.0 � 10�12 M (Fig. S11b,
ESI†). It strongly suggested that receptor 1 can be potentially
used for the practical detection of Hg2+. The reversibility of the
receptor was verified by adding excess EDTA (5.0 equivalent with
respect to 1), which almost completely restored the fluorescence
due to 1. Further, the pure receptor 1 was extracted with
dichloromethane, then air dried and reused for Hg2+ detection.
To our delight, when used for the second time, receptor 1’s
performance is identical to that of pure 1, which suggests its
reusability without decrease in the Hg2+ detection performance.
However, its reusability was not tested more than twice, but it is
worth mentioning that 1 is highly stable at elevated temperature,
as it was synthesized at 130 1C, and it is unaffected by any solvent
system, as evident from performing experiments in aqueous
medium and NMR spectrum in DMSO.

Practical identification of Hg2+ in various real water samples

The highly sensitive and selective fluorescent detection of Hg2+

using receptor 1 without interference from other competitive
cations encouraged us to apply 1 for the practical determina-
tion of trace Hg2+ in real water samples from various sources.
As mentioned earlier, stock solutions of the collected water
samples were well prepared before analysis. Initially, the fluores-
cence spectrum was recorded after taking 2.5 mL of distilled
water in a quartz cuvette and adding 250 mL of 1 (100 mM;
H2O–EtOH, 7 : 3, v/v) into it. Likewise, pretreated water samples
from tap water (TW), bore well water (BW) and lake water (LW)
sources were separately taken in a quartz cuvette, and 250 mL of

1 (100 mM) was added to them. Notably, small fluorescence
quenching (13–20%) was observed in these drinking water
samples; however, the lake water showed optimum quenching
of fluorescence (B20%) (Fig. 5a). Further, we manually added
20 mL of Hg2+ (10�9 M) to the 1 + LW solution (250 mL + 2.5 mL),
which led to a large fluorescence quenching (B42.0%).

To check the linearity of the response of 1 toward real water
samples, we added 100–500 mL of real water samples to the
solution of 1 (2.5 mL; 10 mM), which led to a very small
quenching of the fluorescence, but in good linearity (Fig. 5b).
The mixture of real water samples and 1 were kept for 24 h and
thereafter analyzed again by fluorescence spectroscopy, which
showed an exact overlapping with the spectra obtained just
after two minutes, strongly suggesting the ultra-sensitivity of 1
toward Hg2+ ion. The results obtained from analyzing real water
samples strongly recommended 1 to be used as a potential
fluorescent receptor for the practical detection of Hg2+ in
competitive environment as well as its possible uses for other
environmental and biomedical applications. Based on the
significant quenching in 1 upon addition of 20 mL ppb concen-
tration (B0.2 ppb), it is evident that the lake water contains Hg2+

(o0.2 ppb) at the present stage. However, lake water comprises
the maximum concentration compared with university drinking
tap water and city bore well water. Overall, this sensor works well
and is synthesized through an easy single step; the chemicals
required are easily available, and the detection of Hg2+ through
fluorescence technique is facile.

Electrochemical studies

The presence of the redox-active anthraquinone group in 1
prompted us to explore the electrochemical behavior of receptor
1 (100 mM) in the potential range of �2.0 to +2.0 V. Therefore,
cyclic voltammetry (CV) experiments were performed in H2O–
EtOH (7 : 3, v/v) media using 0.1 M KCl as a supporting electro-
lyte at a scan rate of 0.1 V s�1. The cyclic voltammogram of 1
exhibits an irreversible single reductive wave, �0.59 V, assign-
able to the reduction of anthraquinone moiety (Fig. 6 and
Fig. S12, ESI†).26 However, 1 does not show any oxidative wave,
which may be attributed to the presence of the ketonic form of
the anthraimidazole moiety.

Fig. 5 (a) Fluorescence response of 1 towards Hg2+ determination in real water samples from different sources and upon manual ppb level addition of
Hg2+ (20 mL) to the lake water. (b) Linear fluorescence quenching response of 1 towards real water samples.
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The metal ion binding properties of 1 were also probed
through electrochemical responses under analogous condi-
tions. As KCl was used as a supporting electrolyte and con-
sidering negligible changes caused by alkali and alkaline earth
metal ions in UV/vis and fluorescence studies, we have omitted
these cations from electrochemical studies for better clarity.
The addition of 100 mM other cations (Mn2+, Fe2+, Fe3+, Co2+,
Ni2+, Cu2+, Zn2+, Cd2+, Hg2+, Ag+ and Pb2+) to the solution of 1
(100 mM) induced insignificant changes to the electrochemical
features of 1, except for Cu2+ (causes significant changes only in
current intensity) and Hg2+ (leads to the appearance of a new
reversible oxidative wave) (Fig. S12, ESI†). Therefore, electro-
chemical (CV) titration experiments were performed in the
presence of Cu2+ and Hg2+. Gradual addition of Cu2+ (0–50 mL)
causes significant change in the current intensity (DI, 2.62 �
10�6) however, no potential shift was observed (Fig. 6a).

Notably, the initial addition of Cu2+ (10 mL) leads to a small
current intensity change (DI, 0.66 � 10�6) without altering
the cyclic voltammogram features, but increasing amounts
(20–50 mL) changed the electrochemical features along with
considerable current intensity changes (Fig. 6a). In contrast,
initial Hg2+ addition (10 mL) induces a small current intensity
change (DI, 0.34 � 10�6) without any potential shift in the
reductive wave (Fig. 6b). However, a new reversible oxidative
wave (DV, 0.09) appeared at +0.11 V. Further, additions of
Hg2+ (20–40 mL) led to an increase in the current intensities
of both the reductive (DI, 1.17 � 10�6) and oxidative waves
(DI, 2.84 � 10�6) without any additional potential shift. The
appearance of a new oxidative wave at +0.11 V may be attributed
to the complexation-induced chalcogen (phenolic –OH group)
oxidation. It is worth mentioning that the sensitivity and
selectivity of 1 has been found to be much better for Hg2+

relative to Cu2+. Overall, the electrochemical studies suggested
the detection of both Cu2+ and Hg2+, but selectivity is best
suited for Hg2+, which induced the appearance of a new signal
in the oxidation window (Fig. 6a).

The multichannel detection of Cu2+ and Hg2+ by 1 requires a
better understanding of the binding mode of the receptor.
However, in examining the structure of 1, it is clear that both
open N^O donor sites are capable of binding to these metal

ions. In fact, such imidazolyl and phenolic protons generally
require a base or higher temperature, and the resulting depro-
tonated species binds well with all the cations. Using this
approach, we have successfully synthesized a series of M2(1)
complexes (M = Co2+, Ni2+, Zn2+ and Cd2+), which are not
discussed in the present work. To have better insight, 1H NMR
titration experiments on 1 were carried out in the presence of
Hg2+ and Cu2+ in DMSO-d6 (Fig. 7). Since NMR titration with
paramagnetic Cu2+ (d9) causes large broadening of spectra,
we focused on NMR titration using Hg2+. The addition of Hg2+

(0.5 equiv.) led to the quick disappearance of both the –NH
and –OH protons along with a slight upfield shift in all the protons
of 1. Further addition of Hg2+ (1.0 equiv.) caused broadening of the
signals as well as greater upfield shift in both aromatic and
aliphatic protons. Eventually, 2.0 equiv. of Hg2+ was added to the
solution of 1, which induced further shielding of protons, both
associated to the aromatic (Dd, 0.032–0.219 ppm) and aliphatic
parts (Dd: 0.13 ppm, –CH2; 0.06 ppm, –CH3) of 1. In general, the
protons neighboring the binding site are deshielded, but in our
case, shielding in all the protons resulted. This may be attributed
to the binding of Hg2+ ions at both sides of receptor 1 (Fig. 8),
which may cause additional shielding to the protons of 1.

Fig. 6 Titration cyclic voltammograms of 1 (100 mM) with Cu2+ (a) and Hg2+ (b) in H2O–EtOH (7 : 3, v/v) media using 0.1 M KCl as a supporting
electrolyte.

Fig. 7 1H NMR titration spectra of 1 (10 mM) in the presence of Hg2+

(0.5–2.0 equiv.) in DMSO-d6.
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Likewise, the addition of just 0.5 equiv. of Cu2+ to the solution
of 1 induced a large broadening, where the exact positions of
protons were hard to assign; therefore, further Cu2+ addition
was stopped (Fig. S13, ESI†). The broadening is associated with
the presence of paramagnetic Cu2+ ions interacting with 1.
However, the 1H NMR spectral feature in the presence of Cu2+

was like that observed for Hg2+.
To further strengthen the structural insights, ESI-MS spectra

were acquired on complexes obtained by the reactions of
Hg(NO3)2�H2O and Cu(NO3)2�3H2O with 1 at rt in H2O–EtOH
medium. The ESI-MS spectrum of the 1 + Hg2+ complex
displayed a clear-cut molecular ion peak at m/z 972.0778
[M + H]+ corresponding to [Hg2(1)(NO3)2(H2O)2]+ (Fig. 8a and
Fig. S14a, ESI†), along with a base peak at 412.1640 assignable
to 1. Likewise, 1 + Cu2+ exhibited [M + H]+ peak at m/z 714.5823,
which may be attributed to the [Cu2(1)(NO3)2(H2O)2]+�H2O
entity (Fig. 8b and Fig. S14b, ESI†), along with a base peak at
m/z 412.1653 corresponding to 1. Overall, based on the UV/vis,
fluorescence, Job’s plot analysis, 1H NMR titration and ESI-MS
spectral techniques, it has been proposed that both Cu2+ and
Hg2+ bind in 1 : 2 (probe : metal) stoichiometry with 1, as shown
in Fig. 8. The binding of metal ions through doubly bonded
quinone oxygen is also known.24c

Conclusion

In summary, we have developed a highly reusable, simplistic,
selective and sensitive anthraimidazoledione-based multichan-
nel receptor 1 for the recognition of biologically and environ-
mentally important Cu2+ and Hg2+ ions. The crystal structure of 1
has been developed, which is rarely known for non-complexed
anthraimidazoledione derivatives. The receptor detects Cu2+

through a naked-eye-detectable colorimetric change and quanti-
tatively recognizes Hg2+ through colorimetric change as well as
large fluorescence quenching as a detection response in the
background presence of other competing HTMs, including Cu2+.
Furthermore, interactions of 1 with Cu2+ and Hg2+ were also
detected through electrochemical changes, both in potential
shift and current intensity. Receptor 1 displays efficiency in

detecting both Cu2+ and Hg2+ through colorimetric, fluorimetric
and electrochemical responses. The probe–metal ion binding
has been examined and supported by UV/vis, fluorescence,
1H NMR titration and ESI-MS spectral techniques. Eventually,
1 was successfully used as a highly selective and ultrasensitive
receptor for the practical detection of trace-level Hg2+ in real water
samples, where lake water contained the maximum concentration
of Hg2+ detected but was o0.2 ppb.
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