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ABSTRACT: A new rhodamine-based receptor, derivatized
with an additional fluorophore (quinoline), was synthesized
for selective recognition of Hg2+ and Cr3+ in an acetonitrile/
HEPES buffer medium of pH 7.3. This reagent could be used
as a dual probe and allowed detection of these two ions by
monitoring changes in absorption and the fluorescence
spectral pattern. In both instances, the extent of the changes
was significant enough to allow visual detection. More
importantly, the receptor molecule could be used as an
imaging reagent for detection of Hg2+ and Cr3+ uptake in live
human cancer cells (MCF7) using laser confocal microscopic studies. Unlike Hg(ClO4)2 or Hg(NO3)2 salts, HgCl2 or HgI2 failed
to induce any visually detectable change in color or fluorescence upon interaction with L1 under identical experimental
conditions. Presumably, the higher covalent nature of HgII in HgCl2 or HgI2 accounts for its lower acidity and its inability to open
up the spirolactam ring of the reagent L1. The issue has been addressed on the basis of the single-crystal X-ray structures of
L1·HgX2 (X

− = Cl− or I−) and results from other spectral studies.

■ INTRODUCTION
The design of optical sensors for selective recognition and
sensing of desired metal ions is an important and contemporary
research area. In this regard, metal ions that are known to have
detrimental effects on living organisms or the environment are
generally more common as target metal ions for such studies.1

Apart from this, other critical aspects like signal transduction
and the possibility of using these reagents in physiological
conditions generally influence the receptor design.2 The Hg2+

ion is considered to be one of the most toxic metal ions and
thus one of the most common among different metal ions that
are being studied for recognition studies. The extreme toxicity
of mercury and its derivatives results from their affinities toward
thiol groups in proteins and enzymes.3 This leads to the
malfunctioning of the living cells and eventually leads to serious
health hazards. More importantly, the Hg2+ ion present in soil
or in effluent water is assimilated by the lower aquatic
organisms, which are known to convert it to methylmercury,
one of the most potent neurotoxins for human race.4 Reports
also reveal that this methylmercury moves upward in the food
chain through the marine predator animals and bioaccumulates
in human beings with manifestation of different neurological
disorders.5 Bioaccumulation of Hg2+ from atmospheric
deposition is also known to happen in certain mosses and
tree leaves, and this adversely affects photosynthesis and
transpiration in plants; the former is believed to have an impact

on the global carbon cycle.6 Unlike Hg2+, Cr3+ is less harmful to
human life, though chromium present in other higher oxidation
states (4+ and 6+) has a grave consequence on human health.
Cr3+ is an effective nutrient and gives immunity power to the
human body to prevent various diseases like diabetes,
cardiovascular disease, etc.7 Further, its deficiency is known
to influence the metabolism of glucose and lipids adversely and
causes maturity-onset diabetes, cardiovascular diseases, and
nervous system disorders.8 However, exposure to higher
concentrations of Cr3+ is known to inflict a negative effect on
normal enzymatic activities. A recent study reveals that soluble
Cr3+ at pH 6−8 can be found transiently in significant
concentrations and has an adverse influence on micro-
organisms, like Shewanella sp. MR-4.9 The Cr3+ ion, present
in the cytoplasm, is known to bind nonspecifically to DNA and
other cellular components, and these processes become
important when the concentration of Cr3+ exceeds a certain
threshold value. These are known to inhibit DNA transcription
and possibly replication.10 All of these have made it almost
obligatory to develop efficient sensor molecules, which can be
used for the efficient and selective detection of these two ions
present in trace quantities. These reagents may become even
more versatile if these are found to work in an aqueous
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environment and at physiological pH because this opens up the
possibility for their in vivo application. Both of these metal ions
are known to be extensively solvated in an aqueous medium,
and the unfavorably high enthalpy of solvation poses a
challenge to chemists in developing a suitable receptor for
sensing of these ions in an aqueous environment; to date,
methods for monitoring the actual concentration of Hg2+ or
Cr3+ in vivo are rather limited.7c,8a,11

Current approaches for environmental and clinical samples
rely on costly, time-consuming methods like atomic absorp-
tion/emission spectroscopy or inductively coupled plasma mass
spectrometry,12 which are not very convenient and handy for
“in-field” detection. These limitations have actually set off an
enormous interest among chemists for the development of
efficient, cost-effective, and reversible chemosensors for Hg2+

and Cr3+. Although a number of selective sensors for Hg2+ have
been devised using various modes of signal transduction
processes through detectable changes in either redox13 or
spectral (electronic and fluorescence)14,15 properties, such
examples are uncommon for Cr3+ in the literature. In this
regard, a receptor molecule that could be used as a dual probe
for the detection and sensing of the desired metal ions by
probing the metal-ion binding induced changes in the
electronic as well as fluorescence spectral properties because
the output signal has a distinct edge over other receptors
because these receptors could be used either as colorimetric or
fluorogenic sensors. Colorimetric sensors allow easy in-field
detection, while fluorescence-based sensors provide an edge in
imaging studies. Hg2+ and Cr3+ are known to quench effectively
the excited state of the fluorophore through an efficient spin−
orbit coupling and paramagnetic effect, respectively.16 Thus,
examples of fluorescence-based reversible sensor molecules for
these two ions for sensing and imaging applications are not
common, except the reagents that were designed based on the
spirolactam to open ring amide equilibrium process of
rhodamine derivatives.17 Appropriately functionalized rhod-
amine derivatives belong to a class of receptors that allow
detection of Hg2+ present in an aqueous solution through
visually detectable changes in color, as well as through a switch-
on fluorescence response. This dual detection mode has made
various rhodamine derivatives an attractive choice for the
design of receptors for Hg2+. However, examples for the use of
rhodamine derivatives for the recognition of Cr3+ in the
aqueous environment are limited.18 In this article, we report a
new rhodamine derivative that binds specifically to Hg2+ and
Cr3+ in the presence of a large excess of other common alkali,
alkaline earth, and all common transition-metal ions. All
previous references on Hg2+ recognition using rhodamine
derivatives describe the use of Hg(NO3)2 or Hg(ClO4)2 salts,
which induce a spirolactam ring-opening reaction upon
coordination to the Hg2+ ion with associated switch-on
responses at ∼530 nm for the electronic spectra and at ∼560
nm for the fluorescence spectra.17 These allow a visual
detection, as well as usage as an imaging agent for the in
vitro and in vivo detection of Hg2+ in physiological conditions.19

However, literature reports on the use of HgCl2 for recognition
studies are very limited. Two independent reports reveal that
HgCl2 initiates an irreversible and stoichiometric reaction
between adjacent thiourea and cyclic amide functionalities to
yield an oxadiazole derivative with an associated spirolactam
ring-opening reaction that leads to the generation of a strongly
luminescent xanthene form.20 The only other two references
that described the use of HgCl2 for sensing studies reported the

use of the same thiospiro derivative of rhodamine B. On the
basis of mass spectral evidence, it was proposed that, in both
studies, the Hg2+ ion was initially coordinated to a
thiocarboxylate derivative of the xanthene form of rhodamine
B, which subsequently underwent a hydrolysis reaction to
generate the corresponding carboxylate derivative.21 In one of
these four examples, a mechanistic pathway involving HgCl2
was proposed in an intermediate. However, X-ray structural
evidence for such a proposition remained elusive. Literature
reports reveal that HgCl2 and HgI2, two commonly available
halide salts, are more covalent in nature. HgCl2 possesses only
23% ionic character, while HgI2 has even less ionic character.22

Interaction of such a nonionic HgII center with a spirolactam
derivative is not well understood, and this is discussed in this
manuscript with single-crystal structural evidence using a new
reagent, L1. This new reagent, L1, could be used as a reversible
and selective fluorogenic, as well as colorometric sensor for
Hg2+ and Cr3+ in a mixed aqueous medium [CH3CN/aqueous
HEPES buffer (1 mM; 3:2, v/v)] at a physiological pH (pH
7.3). We have also shown that this receptor could be used for
detecting uptake of the Hg2+ ion by living cells from an aqueous
solution containing Hg2+ at pH 7.3 through cell imaging
studies. In the present study, we have incorporated a quinoline
unit with the aim of having another fluorescent fragment, along
with the Rhodamine 6G derivative, to enable us to probe the
metal-ion recognition processes at two different monitoring
wavelengths of the fluorescence spectrum to avoid the
possibility of any interference at any particular wavelength.
However, no quinoline-based fluorescence was observed for
either free L1 or L1 bound to Hg2+ or Cr3+. The reasons for
such an observation are also discussed.

■ EXPERIMENTAL SECTION
Rhodamine 6G hydrochloride, quinoline-2-aldehyde, LiClO4 NaClO4,
KClO4, CsClO4, Mg(ClO4)2, Ca(ClO4)2, Ba(ClO4)2, Sr(ClO4)2,
Cu(ClO4)2, Zn(ClO4)2, Co(ClO4)2, Ni(ClO4)2, Cr(ClO4)3, Fe-
(ClO4)2, Fe(ClO4)3, Cd(ClO4)2, Hg(ClO4)2, and Pb(ClO4)2 were
obtained from Sigma-Aldrich and used as received. All of the other
reagents used were procured from S. D. Fine Chemicals, India.
Hydrazine hydrates, glacial acetic acid, acetonitrile, methanol (AR;
Merck), and ethanol (Spectrosol; Spectrochem, India) were used as
solvents. HPLC-grade water (Merck, India) was used for experiments
and spectral studies. The Rhodamine 6G hydrazine derivative (L) was
synthesized following the reported procedure.23 Electrospray ioniza-
tion mass spectrometry (ESI-MS) measurements were carried out on a
Waters QTof-Micro instrument. Microanalysis (C, H, and N) was
performed using a Perkin-Elmer 4100 elemental analyzer. Fourier
transform infrared (FTIR) spectra were recorded as KBr pellets using
a Perkin-Elmer Spectra GX 2000 spectrometer. 1H and 13C NMR
spectra were recorded on a Bruker 500 MHz FT NMR (model
Avance-DPX 500). Electronic spectra were recorded with a Shimadzu
UV-3101 PC/Varian Cary 500 Scan UV−vis−near-IR spectropho-
tometer. Emission spectra were recorded using an Edinburgh
Instruments model Xe-900. Time-resolved fluorescence measurements
were carried out using a time-correlated single-photon-counting
(TCSPC) technique using an Edinburgh Instruments model OB920.
A 360 nm light-emitting diode (LED) was used as the excitation
source for the present studies.

Crystals of suitable size were selected from the mother liquor,
immersed in paratone oil, then mounted on the tip of a glass fiber, and
cemented using epoxy resin. Intensity data for both crystals were
collected using Mo Kα (λ = 0.710 73 Å) radiation on a Bruker
SMART APEX diffractometer equipped with a CCD area detector at
110 K. The data integration and reduction were processed with SAINT
software.24a An empirical absorption correction was applied to the
collected reflections with SADABS.24b The structures were solved by
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direct methods using SHELXTL24c and were refined on F2 by the full-
matrix least-squares technique using the SHELXL-97 program.24d All
non-hydrogen atoms were refined anisotropically until convergence
was reached. Hydrogen atoms attached to the ligand moieties and
solvents of crystallization were stereochemically fixed in both
complexes. The diagrams of the crystal structures were generated
using Mercury 2.3. A summary of the crystallographic data and details
of data collection for all three compounds are given in Table 1.

MCF7 cells were grown in Dulbecco's Modified Eagle Medium
supplemented with 10% fetal bovine serum at 37 °C were trypsinized,
and 1 × 104 cells were added in each well in a 24-well culture plate.
After 48 h of growth, the cells were treated with different
concentrations (0−4.0 μM) of Cr(ClO4)3 and Hg(ClO4)2 dissolved
in 1X phosphate-buffered saline for 1 h. MCF7 cells were then stained
with a 4 μM solution of L1 dissolved in acetonitrile/aqueous HEPES
(3:2, v/v) for 60 min at 37 °C. Cells were viewed under a laser
scanning confocal microscope (FV100, Olympus) at an excitation
wavelength of 543 nm.
Synthesis of L1. Rhodamine 6G hydrazine (L) (300 mg, 0.646

mmol) and quinoline-2-aldehyde (101 mg, 0.646 mmol) were
dissolved in 20 mL of methanol. To this was added approximately 2
drops of acetic acid, and the resulting solution was refluxed for 10 h.
An off-white precipitate was found. The reaction mixture was allowed
to attain room temperature, and then the precipitate was collected
through filtration. The residue was washed thoroughly with methanol
to isolate L1 in pure form with 76% yield (the yield was calculated
based on the starting reagents). 1H NMR [500 MHz, CDCl3, SiMe4, J
(Hz), δ (ppm)]: 8.530 (1H, s, −CH10N−), 8.117 (1H, d, J = 9,
ArH7), 8.056−8.013 (1H, m, ArH14), 7.975 (1H, d, J = 9, ArH13),
7.719 (1H, d, J = 8, ArH16), 7.618 (1H, t, J = 8, ArH15), 7.513−7.443
(4H, m, ArH2, H3, H4, H5), 7.08 (1H, d, J = 7, ArH8), 6.453 (2H, s,

ArH20, H29), 6.382 (2H, s, ArH23, H26), 3.477 (2H, s, −NH−), 3.21
(4H, q, H32, H34), 1.860 (6H, s, H31, H36), 1.306 (6H, t, H33, H35).

13C
NMR [125 MHz, CDCl3, SiMe4, δ (ppm)]: 165.804, 155.049,
152.894, 151.458, 147.949, 147.815, 146.433, 135.965, 134.072,
129.525, 129.463, 128.492, 128.406, 128.075, 127.717, 127.544,
126.960, 123.902, 118.242, 106.206, 97.304, 66.209, 38.555, 16.885,
14.948. ESI-MS (positive mode, m/z). Calcd for C36H33N5O2: 567.58.
Found: 568.34 (40%; M + H+), 590.33 (100%; M + Na+). Elem Anal.
Calcd: C, 76.17; H, 5.86; N, 12.34; O, 5.64. Exptl: C, 75.8; H, 5.9; N,
12.3.

General Methodology Adopted for Spectroscopic Studies.
A solution of the perchlorate salts of the respective ions (Li+, K+, Na+,
Cs+, Ca2+, Mg2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, Ba2+,
Sr2+, Cr3+, and Hg2+) was used for the studies. For checking the
relative, but qualitative, binding affinity of individual metal ions toward
the reagent L1, the effective metal-ion concentration in acetonitrile/
aqueous HEPES buffer (1 mM; 3:2, v/v) was maintained at 1.0 × 10−4

M, while that for the receptor L1 was maintained at 7.0 × 10−6 M. The
solution pH was found to be 7.3.

Evaluation of the Association Constant for the Formation of
L1·Hg

2+ and L1·Cr
3+. Receptor L1 was dissolved in acetonitrile/

aqueous HEPES buffer (1 mM; 3:2, v/v; pH 7.3) and stored in dark
conditions. This solution composition was maintained for all
spectrophotometric titration studies. A stock solution of Hg(ClO4)2,
having a concentration of 1.18 × 10−3 M, was prepared in the same
solvent composition. A solution of L1 having an effective concentration
of 7.05 × 10−6 M was used for spectroscopic titrations, while final
concentrations for the Hg2+ ion were varied between 0 and 7.13 ×
10−4 M. All solutions were stored at 25 °C. The solution pH was
adjusted to 7.3 using an aqueous HEPES buffer solution having an
effective concentration of 1 mM.

An effective concentration of 7.76 × 10−6 M for L1 in acetonitrile/
aqueous HEPES buffer (1 mM; 3:2, v/v; pH 7.3) was used for titration
studies with a Cr3+ solution. A 1.46 × 10−3 M stock solution of
Cr(ClO4)3 was prepared in the same solvent composition and was
used for spectrophotometric titration studies, while effective
concentrations of Cr3+ were varied between 0 and 1.02 × 10−3 M.
The solution pH was maintained at 7.3 using an aqueous HEPES
buffer solution with an effective concentration of 1 mM.

General Methodology Adopted for Fluorescence Studies. A
solution of the perchlorate salts of the respective ions (Li+, Na+, K+,
Cs+, Mg2+, Ca2+, Ba2+, Sr2+, Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+,
Pb2+, Ba2+, Sr2+, Cr3+, and Hg2+) in a spectroscopic-grade acetonitrile/
aqueous HEPES buffer (1 mM; 3:2, v/v; pH 7.3) solvent mixture was
used for the studies, while maintaining an effective concentration of
the respective metal ion at 2.0 × 10−4 M. A solution of the receptor L1
with an effective concentration of 10.0 × 10−6 M was prepared in the
same mixed-solvent medium and was used for checking the relative
binding affinity with different metal ions.

Evaluation of the Association Constant for the Formation of
L1·Hg

2+ and L1·Cr
3+. Receptor L1 with an effective concentration of

7.0 × 10−6 M in an acetonitrile/aqueous HEPES buffer (1 mM; 3:2, v/
v; pH 7.3) was used for the emission titration studies with a Hg2+

solution. A stock solution of Hg(ClO4)2, having a concentration of
8.41 × 10−3 M in an acetonitrile/aqueous HEPES buffer (3:2, v/v; pH
7.3) solution was used.

The formation constant for L1·Cr
3+ was also evaluated from

fluorescence titration data. For this, the effective concentration of L1
was maintained at 7.76 × 10−6 M in acetonitrile/aqueous HEPES
buffer (3:2, v/v; pH 7.3), while a stock solution of Cr3+ having a
concentration of 2.54 × 10−3 M in an acetonitrile/aqueous HEPES
buffer (3:2, v/v) medium of pH 7.3 was used for this study. The
effective Cr3+ concentration was varied between 0 and 7.93 × 10−4 M
for this titration. In both cases, the solution pH was adjusted to 7.3
using an aqueous HEPES buffer solution having an effective
concentration of 1 mM.

Calculations for the Binding Constants Using Spectropho-
tometric Titration Data. The association constant and stoichiom-
etry for the formation of the respective complexes were evaluated
using the Benesi−Hildebrand (B−H) plot (eq 1).25

Table 1. Crystallographic Data for L1·[HgCl2] and L1·[HgI2]

identification code L1·[HgCl2] L1·[HgI2]
CCDC number CCDC 832870 CCDC 832871
empirical formula C75 H72 Cl10 Hg2 N10

O5

C36 H33 Hg 1I2N5O2

fw 1949.11 1022.06
temperature (K) 110(2) 110(2)
wavelength (Å) 0.710 73 0.710 73
cryst syst monoclinic monoclinic
space group C2/c C2/c
a (Å) 32.831 38.4292(17)
b (Å) 17.1862(11) 9.4617(4)
c (Å) 29.3246(18) 19.7407(9)
β (deg) 110.4270(10) 105.3580(10)
volume (Å3) 15505.8(17) 6921.5(5)
Z 8 8
density (calcd) (Mg m−3) 1.670 1.962
abs coeff (mm−1) 4.357 6.271
F(000) 7696 3888
crystal size (mm3) 0.64 × 0.43 × 0.38 0.35 × 0.14 × 0.11
reflections 45 481 20 208
independent 17 947 [R(int) =

0.0297]
8038 [R(int) = 0.0234]

refinement method full-matrix least squares
on F2

full-matrix least squares
on F2

data/restraints/no. of
parameters

17 947/0/945 8038/0/427

GOF on F2 1.018 1.145
final R indices [I > 2σ(I)] R1 = 0.0380, wR2 =

0.0996
R1 = 0.0289, wR2 =
0.0813

R indices (all data) R1 = 0.0469, wR2 =
0.1035

R1 = 0.0340, wR2 =
0.0991

largest diff peak and hole
(e Å−3)

1.804 and −1.314 1.323 and −0.656
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0 max 0

max 0 (1)

A0 is the absorbance of L1 at absorbance maxima (λ = 527 nm for Hg2+

and 531 nm for Cr3+), A is the observed absorbance at that particular
wavelength in the presence of a certain concentration of the metal ion
(Mn+), Amax is the maximum absorbance value that was obtained at λ =
527 nm (Hg2+) or 531 nm (Cr3+) during titration with varying [Mn+],
K is the association constant (M−1) and was determined from the
slope of the linear plot, and [Mn+] is the concentration of the Hg2+ or
Cr3+ ion added during titration studies. The goodness of the linear fit
of the B−H plot of 1/(A − A0) vs 1/[Hg2+] or 1/[Cr3+] for 1:1
complex formation confirms the binding stoichiometry between L1
and Hg2+ or Cr3+.

− = − + −+I I K I I I I1/( ) 1/ ( )[M ] 1/( )n
0 max 0 max 0 (2)

Binding stoichiometries for the respective complex formations were
also confirmed from Job’s plot. In the case of evaluation of the binding
constant from the results of fluorescence titration, a modified B−H
equation (eq 2) was used, where I0, Imax, and I represent the emission
intensity of free L1, the maximum emission intensity observed in the
presence of added metal ion at 555 nm for Hg2+ (λext = 500 nm) or
557 nm for Cr3+ (λext = 500 nm), and the emission intensity at a
certain concentration of the metal ion added, respectively.

■ RESULTS AND DISCUSSION

An intermediate spirolactam form of the rhodamine derivative
(L) was synthesized following a reported procedure by reacting
(E)-ethyl-2-[6-(ethylamino)-3-(ethylimino)-3H-xanthen-9-yl]-
benzoate with hydrazine hydrate.23 The purity of this
intermediate was checked by standard analytical and spectro-
scopic techniques (Supporting Information). Receptor L1 was
synthesized following a Schiff base type reaction between the
intermediate spirolactam derivative (L) and quinoline-2-
aldehyde in methanol as the solvent (Scheme 1). A small
amount (2 or 3 drops) of CH3COOH was added in the
reaction medium as a catalyst. A white precipitate appeared and
was isolated through filtration. This white residue was
thoroughly washed with methanol and air-dried. The results
of the various analytical and spectroscopic data (elemental
analysis, 1H and 13C NMR, FTIR, and ESI-MS) confirmed the
desired purity of the reagent L1, and this was used further for
recognition studies. This newly synthesized compound L1 was
found to have a limited solubility in water, and thus an
acetonitrile/aqueous HEPES buffer (3:2, v/v) solution was
used for our studies. The solution of L1 in an acetonitrile/
aqueous HEPES buffer (3:2, v/v) medium was colorless, which
revealed that L1 was present almost exclusively in the
spirolactam form under the experimental conditions. The 13C
NMR spectrum was recorded for L1. A characteristic peak for

the tertiary C11 atom appeared near 66 ppm, which further
corroborated this proposition.26,27

Single crystals of L1 could not be obtained for X-ray
structural analysis; however, the crystal X-ray structures for
L1·[HgCl2] (1a) and L1·[HgI2] (1b) were obtained and are
shown in Figure 1. X-ray-quality single crystals for 1a and 1b

were grown from a CHCl3/CH3OH solution (1:1, v/v) of L1
and 1.2 mol equiv of HgCl2 or HgI2 at room temperature by a
slow evaporation method.
Mercury diagrams of 1a and 1b are depicted in Figure 1, and

the structural parameters for both complexes are given in Table
1. Both complexes crystallized in a monoclinic system with
space group C2/c. In the case of 1a, two molecules of the metal
complex are present in the asymmetric unit along with two
CHCl3 and one CH3OH as solvents of crystallization. As
depicted in Figure 1, for both compounds, the coordination
environment around the central HgII showed a highly distorted
trigonal-bipyramidal geometry in which the triangular base is
constituted by the coordinated halide ions and the central azine
nitrogen N2 of the rhodamine receptor. The axial positions are
occupied by N1 of the quinoline ring and exocyclic ketonic
oxygen O1 of the fused bicyclic ring. Interestingly, the second
molecule of L1·[HgCl2] in the asymmetric unit of 1a also
showed almost identical coordination geometry. Thus, the
rhodamine-based receptor acts as a tridendate chelating ligand
in the formation of neutral complexes with weak coordination
involving the ketonic oxygen O1 with mercury [Hg1···O1 =
2.709(4)/2.650(3) Å for 1a and Hg···O1 = 2.809(4) Å for 1b].
The average Hg···Cl distance, considering both molecules

present in the asymmetric unit, is 2.3726(5) Å for 1a, and the
Hg···I distance for 1b is 2.6435(4) Å. The Hg···N distance is in
the range 2.441(4)−2.450(3) Å for 1a and 2.507(3)−2.566(4)
Å for 1b. The crystal lattices are constructed from different
types of hydrogen-bonding interactions involving the metal
complex and the lattice CHCl3 and CH3OH (via N−H···Cl,
O−H···Cl, N−H···O, and C−H···O hydrogen bonding) for 1b,

Scheme 1. Methodology Adopted for the Synthesis of L1

Figure 1. Single-crystal X-ray structures for 1a and 1b. Hydrogen
atoms, lattice chloroform, and methanol molecules are omitted for
clarity.
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thus stabilizing the molecule. Thus, N-ethyl hydrogen atoms of
the rhodamine unit form intermolecular hydrogen bonding
with the coordinated Cl1 and Cl3; the OH group of the lattice
methanol is involved in O−H···Cl interaction with coordinated
Cl3 and the alcoholic oxygen atom acts as an acceptor in N−
H···O interaction with the hydrogen atom from the N-ethyl
group. Hydrogen from both CHCl3 molecules participates in
C−H···O interaction with the exocyclic ketonic oxygen atom of
the different metal complexes present in the asymmetric unit
holding the volatile solvent molecule in the lattice. No classical
hydrogen-bonding interaction is observed for 1b.
Absorption spectral titrations for L1 (7.05 × 10−6 M) in an

acetonitrile/aqueous HEPES buffer (3:2, v/v) medium with
varying pH revealed that the spirocyclic form for L1 was
retained for a pH range of 5.0−11.0. Below pH 5.0, a new
distinct band appeared at 527 nm, and its intensity was found
to increase with a further decrease in the solution pH. This
signified the spirolactam ring opening because the acyclic forms
of rhodamine 6G derivatives are known to absorb strongly at
around 530 nm. As expected, the solution of L1 was found to be
nonfluorescent in an acetonitrile/aqueous HEPES buffer (3:2,
v/v) solution at neutral pH because of the nonluminescent
nature of the spirolactam form of the rhodamine derivative.
However, this solution showed a strong fluorescence band with
a maximum at 555 nm upon excitation at 500 nm for pH < 3.0.
This also corroborated the appreciable spirolactam ring-
opening reaction of L1 at pH < 3.0 because the xanthene
forms of rhodamine 6G derivatives are known to be strongly
fluorescent with an emission maximum at around 560 nm
(Figure 2).28 Thus, the pH range of 5−11 is suitable for using

this reagent as a probe molecule for the detection of any metal
ion.
Earlier reports reveal that certain transition-metal ions bind

selectively with appropriate derivatives of rhodamine, where
metal-ion binding induces opening of the spirolactam ring and
generation of the xanthene form with associated changes in the
electronic and fluorescence spectral patterns. Thus, we checked
the binding affinity of the reagent L1 toward a series of groups
1A (Li+, Na+, K+, and Cs+) and 2A (Mg2+, Ba2+, Ca2+, and Sr2+)
and all common transition-metal ions (Fe2+, Fe3+ Co2+, Ni2+,
Cu2+, Zn2+, Cd2+, Pb2+, Cr3+, and Hg2+) by monitoring the
change in the electronic and fluorescence spectral patterns in a
CH3CN/aqueous HEPES buffer (3:2, v/v; pH 7.3) medium.
Absorption spectra (Figure 3a) revealed a distinct change and
the appearance of a new spectral band with a maximum at 527
nm only for Hg2+ and a maximum at 531 nm for Cr3+; the
extent of the change in the absorption intensity was more
prominent for Hg2+ (Figure 3). For all of the other ions used
for this study, no change in the absorption spectra of L1 was

observed. For Hg2+ and Cr3+, spectral changes were also
associated with a visually detectable change from colorless to
pink-red, while no such change could be visually detected for
any other cations studied. These tend to suggest that the
reagent L1 could bind selectively to Hg2+ and Cr3+ in a
CH3CN/HEPES buffer (3:2, v/v) medium of pH 7.3.
Interestingly, the use of a comparable concentration of HgX2
(X− = Cl− or I−) failed to induce any detectable change in the
absorption spectra for a predried and distilled acetonitrile
solution of the reagent L1. Spectra for this receptor in the
presence of comparable concentrations of Hg(ClO4)2 and
HgCl2 are shown in the inset in Figure 3a. For HgCl2, no
spectral change was observed when studies were done in a
CH3CN/HEPES buffer medium (3:2, v/v) of pH 7.3.
The selective binding of L1 to Hg

2+ and Cr3+ among all other
metal ions was also studied using the emission spectral
response of the solution of L1 (10.0 × 10−6 M) in the absence
and presence of an excess (14.3 mol equiv) of each of these
metal ions in CH3CN/aqueous HEPES buffer (3:2, v/v) having
a pH of 7.3 (Figure 3b). Among the various metal ions studied,
a new strong emission band with a maximum at 555 nm
appeared only for Hg2+ and Cr3+. Quantum yield evaluation for
L1 was not possible because it shows negligible absorbance at
530 nm in CH3CN/aqueous HEPES buffer (3:2, v/v) of pH
7.3; however, the quantum yields (Φ) for L1 in the presence of
Hg(ClO4)2 and Cr(ClO4)3 were found to be 0.85 and 0.75,
respectively, when the acyclic xanthene form of rhodamine 6G
was used as a reference (λext = 500 nm). Earlier reports reveal
that the spirolaclam ring in rhodamine 6G derivatives opens up
and converts to the xanthene form upon coordination to a
metal ion and the corresponding xanthene derivatives absorb
and emit strongly at around 530 and 560 nm, respectively.29

Thus, the new emission band at 556 nm could be ascribed to
the binding of the reagent L1 only to Hg2+ or Cr3+ in a
CH3CN/aqueous HEPES buffer (3:2, v/v) medium of pH 7.3.
In general, Hg2+ is known to quench the emission of a
fluorophore because of an efficient spin−orbit coupling.19c,30
Cr3+, being a paramagnetic species, is also expected to cause an
emission quenching of a fluorophore.31 Thus, considering
these, the “switch-on” fluorescence response of the reagent L1
upon selective binding to these two ions is of significance.
Interestingly, the “switch-on” fluorescence response was
observed for Hg2+ only when HgII salts in the form of
Hg(ClO4)2 or Hg(NO3)2 were used.
The relative affinities of Hg2+ and Cr3+ (both as perchlorate

salts) toward L1 were evaluated from the data of the systematic
spectrophotometric titration experiments in a CH3CN/aqueous
HEPES buffer (pH 7.3; 3:2, v/v) medium (Figure 4). For
these, [L1] was maintained at 7.05 × 10−6 M for studies with
Hg(ClO4)2 and [L1] was maintained at 7.76 × 10−6 M for
studies with Cr(ClO4)3, while [Hg(ClO4)2] or [Cr(ClO4)3]
was varied between 0 and 7.14 × 10−4 M or between 0 and 1.02
× 10−3 M, respectively (Figure 4). A new band appeared with a
gradual increase in the absorbance intensity at 527 nm for
Hg(ClO4)2 and at 531 nm for Cr(ClO4)3 (Figure 4). In both
instances, a change in the solution color from colorless to pink-
red was observed. A B−H plot of 1/(A − A0) against 1/[Hg

2+]
or 1/(A − A0) against 1/[Cr3+] was linear. The goodness of
linear fit confirms the 1:1 binding stoichiometry between the
reagent L1 and Hg2+ or Cr3+, and the respective association
constants for L1·Hg(ClO4)2 and L1·Cr(ClO4)3 were found to
be 3.11 × 103 and 2.0 × 103 M−1, respectively. Spectral
response and association constant values remain unchanged

Figure 2. Change in the emission intensity at 555 nm with variation in
the pH of the acetonitrile/aqueous HEPES buffer (3:2, v/v) solution
for L1.
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when the spectrophotometric titration experiment was repeated
using Hg(NO3)2, instead of Hg(ClO4)2 in CH3CN/aqueous
HEPES buffer (3:2, v/v) of pH 7.3. This revealed that
counteranions did not have any influence on the binding
process with receptor L1 and the affinity constants for HgII

salts, which were primarily ionic in nature. The results of the
ESI-MS studies further supported a 1:1 binding stoichiometry
for the reaction between L1 and Hg(ClO4)2 or Cr(ClO4)3
(Supporting Information).
Emission spectra and the intensity at 556 nm remained

unchanged for the pH ranges of 5−8.9 for Hg2+ and 5−8.5 for
Cr3+ (Supporting Information). Thus, the binding constants for
the formation of L1·Hg(ClO4)2 and L1·Cr(ClO4)3 in a

CH3CN/HEPES buffer (3:2, v/v) medium were evaluated at
pH 7.3 using systematic emission titration studies (Figure 5).
As mentioned earlier, free L1 did not show any fluorescence
upon excitation at 500 nm, and the new emission band at
around 556 nm appeared due to formation of the
corresponding xanthene form upon coordination to the Hg2+

or Cr3+ ion. The respective binding constants were also
evaluated. The formation constants for L1·Hg(ClO4)2
(KHg

2+Flu) and L1·Cr(ClO4)3 (KCr
3+Flu) were found to be 3.84

× 103 and 2.1 × 103 M−1, respectively, while the lowest
detection limit was 10.72 ppm for Hg2+ and 5.6 ppm for Cr3+.
These values were close to those calculated from the absorption
titration data. For both cations, namely, Hg2+ and Cr3+, a 1:1

Figure 3. Electronic spectra of (a) L1 (7.06 × 10−6 M) with different metal ions (1.0 × 10−4 M) and emission spectra of (b) L1 (10.0 × 10−6 M) with
different metal ions (2.0 × 10−4 M) in CH3CN/aqueous HEPES buffer (3:2, v/v) of pH 7.3; Mn+ = Li+, Na+, K+, Cs+, Mg2+, Ca2+, Ba2+, Sr2+, Cu2+,
Ni2+, Zn2+, Cd2+, Co2+, Fe2+, Fe3+, and Pb2+. Inset: Change in the color of L1 (7.06 × 10−6 M) in CH3CN/aqueous HEPES buffer (3:2, v/v) of pH
7.3 in the absence and presence of different metal ions: (i) L1, (ii) in the presence of alkali metal ions (Li

+, Na+, K+, and Cs+); (iii) in the presence of
alkaline-earth metal ions (Mg2+, Ca2+, Ba2+, and Sr2+); (iv) in the presence of Hg2+ (1.0 × 10−4 M); (v) in the presence of any one of the transition-
metal ions, except Cr3+; (vi) in the presence of Cr3+ (1.0 × 10−4 M). Inset: Electronic spectra of L1 (1.12 × 10−5 M) in the presence of Hg(ClO4)2
(6.25 × 10−4 M) and HgCl2 (6.25 × 10−4 M) in a CH3CN medium. Inset: Change in the observed emission of L1 (7.06 × 10−6 M) in CH3CN/
aqueous HEPES buffer (3:2, v/v) of pH 7.3 in the absence and presence of Hg2+ and Cr3+ ions added as the perchlorate salt.

Figure 4. Electronic spectra of (a) L1 (7.05 × 10−6 M) in the absence and presence of varying [Hg(ClO4)2] (0−7.14 × 10−4 M) and (b) L1 (7.76 ×
10−6 M) in the absence and presence of varying Cr3+ (0−1.02 × 10−3 M) in an acetonitrile/aqueous HEPES buffer (1 mM) (3:2, v/v) solution of
pH 7.3. Insets: linear fits of the B−H plots in support of the 1:1 binding stoichiometry for L1·Hg

2+ and L1·Cr
3+ formation. The ClO4

− salt of both
metal ions was used for these studies.

Figure 5. Plot of the change in the fluorescence spectral pattern for receptor (a) L1 (7.0 × 10−6 M) in the presence of varying [Hg(ClO4)2]) (0−
6.39 × 10−4 M) or (b) L1 (7.76 × 10−6 M) in the presence of varying [Cr(ClO4)3] (0−7.93 × 10−4 M) in a CH3CN/HEPES buffer medium (1 mM;
3:2, v/v) of pH 7.3; λext = 500 nm was used for the studies. Insets: Goodness of the linear fits of the B−H plot confirming the 1:1 binding
stoichiometry.
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binding stoichiometry was confirmed from the goodness of the
linear fit of the B−H plot (insets in Figure 5), as well as from
Job’s plot (Supporting Information), using data obtained from
either the emission or absorption spectral titration titrations for
the respective ions. A higher solvation energy for Cr3+ (Hhyd =
4639 kJ mol−1) in water compared to that of Hg2+ (Hhyd = 1824
kJ mol−1) could have contributed to a weaker binding of Cr3+

to the reagent L1 than that of Hg2+.
As mentioned earlier, the electronic and emission spectral

responses were insignificant when either HgCl2 or HgI2, instead
of Hg(ClO4)2 or Hg(NO3)2 were used for studies under
identical experimental conditions. For HgCl2, much weaker
absorption (inset in Figure 3a) and emission bands with
maxima at around 526 and 552 nm, respectively, were observed.
This tends to suggest that the interaction between HgII in HgX2
(X− = Cl− or I−) and L1 was too weak to be able to induce the
ring-opening reaction to the spirolactam form and convert the
reagent L1 to the corresponding xanthene form. This apparent
contradiction was resolved by 13C NMR spectral studies of L1
in the absence and presence of varying [Hg(ClO4)2] and
HgCl2. For the spirolactam ring form, the signal for the tertiary
carbon atom (C11 in Scheme 1) for free L1 appeared at 66 ppm.
The intensity of this signal at 66 ppm was found to decrease
with an increase in [Hg(ClO4)2] with the simultaneous
appearance and growth of a new signal at 116 ppm. This
signified the opening of the lactam ring with simultaneous
xanthene ring formation of L1 upon coordination to HgII of
Hg(ClO4)2. No such changes were observed when 13C NMR
spectra were recorded in the presence of increasing [HgCl2],
and the signal for the tertiary carbon atom was retained even in
the presence of 1.2 mol equiv of HgCl2 (Supporting
Information). Thus, the results of the 13C NMR studies also
corroborate our results of the absorption and emission spectra,
which reveal that HgCl2 fails to induce the lactam ring-opening
reaction in L1 and generation of the xanthene form. Further and
more conclusive proof for HgCl2 in failing to induce the ring-
opening reaction for L1 even after coordination to the HgII

center of HgX2 was apparent from the single-crystal X-ray
structures for L1·HgX2 (X− = Cl− or I−; Figure 1). HgCl2
possesses only 23% ionic character, and that for HgI2 is even
less.22 Presumably, this lower ionic character for HgX2 (X

− =
Cl− or I−) accounts for the lower acidity of the HgII center and
its ability to induce the ring-opening reaction. The binding
constant and stoichiometry for 1a formation were also
evaluated based on the small changes that were observed for
systematic absorption and emission titration, keeping [L1]
(1.128 × 10−5 M) constant and varying [HgCl2] between 0 and
1.6 × 10−3 M. Binding constant values that were evaluated from
absorption and emission titration data are 90 and 125 M−1,
respectively (Supporting Information). In both cases, 1:1
binding stoichiometry was established by the goodness of the
linear fit of the B−H plot.
The reversibility of the binding process between L1 and Hg

2+

or Cr3+ was established when the original spectrum for L1 was
restored upon the addition of either I− as an aqueous solution
of KI to the solution of L1·Hg(ClO4)2 or EDTA2− to the
solution of L1·Cr(ClO4)3 in a CH3CN/aqueous HEPES buffer
(3:2, v/v) medium of pH 7.3. I− and EDTA2− have a strong
affinity for Hg2+ and Cr3+, respectively, and the respective
binding constants are much higher than that for L1. This caused
demetalation of the reagent L1 and regeneration of the
spirolactam ring with bleaching of the absorption band at
∼530 nm and the emission band at around 555 nm. Thus,

reagent L1 could be used as a reversible sensor for the
recognition of Hg2+ and Cr3+ in a mixed-solvent medium under
physiological conditions (Supporting Information). The
reversibility in the binding of L1 to Hg2+ in the presence of
an excess of KI could be further extended for use of the reagent
L1 as a selective chemosensor for Cr3+. In the presence of an
excess of KI, HgI2 was formed preferentially, and this caused
restoration of the original spectra for L1 with formation of the
cyclic lactam form of the reagent (vide inf ra) L1. Again, upon
the addition of Cr3+ to this solution mixture having KI, the
absorbance band at 530 nm and the emission band at 557 nm
reappeared (Supporting Information) and the pink color of the
solution was also restored. Preferential binding of the iodide ion
to the Hg2+ ion led to the formation of HgI2 and the cyclic
lactam form of the reagent L1. However, the absorption and
emission spectral bands, as well the solution color for the
acyclic xanthene form of the reagent, were restored upon
coordination of the Cr3+ ion to L1. Further experiments
revealed that the absorbance spectra for L1·Cr

3+ and its solution
color remained unchanged upon the addition of an excess of
the iodide ion in the form of KI. Thus, in the presence of an
excess of KI, reagent L1 could also be used for the selective
recognition of Cr3+ from all other metal ions.
Weaker binding of L1 to the Hg2+ center in 1a compared to

that in L1·Hg(ClO4)2 was also evident from the FTIR spectra
recorded for L1 in the presence of 5 mol equiv of HgCl2 and
Hg(ClO4)2. The stretching frequency for the CO bond for
L1 appeared at 1695 cm−1, while it appeared at 1684 cm−1 in
the presence of HgCl2 and at 1647 cm−1 in the presence of
Hg(ClO4)2 (Supporting Information). A larger shift signifies a
higher polarization of the CO bond upon more efficient
binding to the Hg2+ center in Hg(ClO4)2.
The influence of the binding of Hg2+ or Cr3+ to the receptor

L1 on the lifetime of its excited state was further checked from
the results of the TCSPC studies using a 360 nm nano-LED as
the excitation source. Emission decay traces (λMon = 550 nm)
for receptor L1 (7.76 × 10−6 M) could be best fitted with a
biexponential function with time constants τ1 = 0.19 ± 0.01
(37.08%) and τ2 = 2.80 ± 0.07 (62.09%) with χ2 = 1.241 ns,
whereas the same receptor showed a biexponential decay with
the time constants τ1 = 0.02 ± 0.05 (12.41%) and τ2 = 2.8 ±
0.05 (87.59%) having χ2 = 1.02 ns in the presence of the Hg2+

ion, added as Hg(ClO4)2. The minor and short-lived
component was assigned to the decay time for the excited
state related to the spirolactam moiety, while the long-lived
major component was attributed to the xanthene form of the
reagent L1.

19b The relative increase in the percentage of the
open-ring xanthene form upon the addition of Hg2+ confirms
the interaction of Hg2+ with the receptor. A similar experiment
performed with comparable [Cr(ClO4)3] showed a biexponen-
tial decay trace with time constants τ1 = 0.97 ± 0.03(44%) and
τ2 = 4.13 ± 0.12 (56%).
A comparison of the absorption spectra for free reagent L

and L1 revealed additional absortion bands at 332 and 347 nm
for L1. Analogous quinoline derivatives are known to have an
absorption band within the range 310−350 nm. Thus, an exact
assignment of the absorption band for the quinoline fragment
in L1 is difficult. However, one of these two bands at 332 and
347 nm originates from the quinoline fragment and neither free
L1 nor L1·Hg(ClO4)2/L1·Cr(ClO4)3 showed any characteristic
emission band for the quinoline fragment even upon excitation
at ∼332 or ∼347 nm, where the quinoline fragment is expected
to absorb (Supporting Information).16a,32 Let us address this
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apparently anomalous observation. In the case of L1, the
flexibility and rapid CN isomerization of the imine
functionality coupled to the quinoline fragment could be
responsible for the nonradiative deactivation of the quinoline-
based excited state and quenching of the quinoline-based
emission for L1.

19c,33 Further, literature reports reveal that the
ring nitrogen atom of the quinoline moiety is strongly
hydrogen-bonded with water molecules in aqueous or mixed
aqueous medium and forms a stoichiometric complex between
the excited state of quinoline and a solvent molecule
(exciplex),19c,34 which could also have contributed to the
observed quenching of the quinoline-based emission. For
L1·Hg(ClO4)2 and L1·Cr(ClO4)3, it may be presumed that the
efficient spin−orbit coupling for Hg2+ and the strong
paramagnetic influence of the Cr3+ ion could be responsible
for quenching of the quinoline-based emission.
Cell Imaging Study. Hg2+ is known to exert an estrogenic

effect on breast cancer cells by binding to estrogen receptors
and causing increased cell growth. Among heavy metal ions,
chromium is found to be in higher amounts in human breast
cancer tumor samples than in benign breast tissue.35 These
reports relate these metal ions to malignancy and led us to
check the possibility of using the reagent L1 as an imaging agent
for the detection of these toxic metal ions in human breast
cancer cells.
The L1-stained breast cancer cell MCF7 treated with either

Cr3+ or Hg2+ was visualized under the laser scanning confocal
microscope FV1000 (Olympus), as mentioned in the Materials
and Methods section. MCF7 cells treated with different
concentrations of Cr3+ (Figure 6A) or Hg2+ (Figure 6B)

showed brighter fluorescence in comparison to untreated cells
with no or very little fluorescence. The fluorescence was mostly
localized in the cytoplasm of the cells. The results also indicate
that L1 could detect Cr3+ or Hg2+ at the 0.5 μM level. The
reversibility of the binding of the reagent L1 to Hg2+ or Cr3+

ions present in MCF7 cells could also be established by
recording confocal images of the stained cells in the presence of
an excess (5 mol equiv with respect to L1) of KI [for
Hg(ClO4)2] or Na2EDTA [for Cr(ClO4)3]; a substantial
decrease in fluorescence of the MCF7 cells, previously treated
with the respective metal ions and the reagent L1, upon
exposure to iodide or EDTA2− ions was observed (Supporting
Information).

Further, the cytotoxicity of L1 on MCF7 cells was
determined by a conventional MTT assay (Supporting
Information),36 which revealed that, upon exposure to a 5
μM concentration of L1 (a concentration that was comparable
to that used for confocal imaging studies; Figure 6) for 6 h,
∼87% of the MCF7 cells remained viable. This nullified the
possibility of any significant cytotoxic influence of the reagent
L1 on MCF7 cells. Therefore, it may be concluded that L1
could be used as a viable chemosensor for Cr3+ or Hg2+ in
biological samples.
In brief, we have reported a new rhodamine-based reagent

(L1) that showed remarkable preference toward Hg2+ and Cr3+.
Upon binding to either of these two ions, a visually detectable
change in the color and emission were observed because of
conversion of the lactam form of the rhodamine derivative to
the acyclic xanthene form. This offered the possibility of using
this reagent for use either as a colorimetric or as a fluorescence-
based reagent for the detection of larger fluctuations of these
ions, especially in the case of Hg2+, which binds at a micromolar
level under physiological conditions. Further studies revealed
that conversion from the cyclic lactam form to the acyclic
xanthene form was reversible, and thus this reagent could be
used as a reversible sensor for the detection of Hg2+ or Cr3+.
More importantly, reagent L1 could be used as an imaging
agent for detection of these ions, which are known for their
deleterious influence in cell malignancy, in breast cancer cell
MCF7. More importantly, this is the first report on the single-
crystal structure for HgX2 (X = Cl or I) bound to a lactam form
of the rhodamine derivative and explicitly explains the inability
of these lactam reagents to recognize mercury halides through
detectable changes in optical or fluorescence spectra.
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