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a b s t r a c t

A novel and simple fluorescent chemosensor based on rhodamine (R-2) is designed and synthesized to
detect Hg2þ. Probe R-2 exhibits high selectivity and sensitivity for sensing Hg2þ with a detection limit at
10�8 M level, and displays a significant color change from colorless to pink color in the presence of Hg2þ.
About a 400-fold increase in fluorescence emission intensity is observed upon binding excess Hg2þ in
50% H2O/CH3CN HEPES buffer at pH 7.00. The titration results show a 1:1 complex formation between R-
2 and Hg2þ. The reversibility of chemosensor R-2 is verified through its spectral response toward Hg2þ

and I� titration experiments. Using Hg2þ and I� as chemical inputs and the fluorescence intensity signal
as outputs, R-2 can be utilized as an INHIBIT logic gate at molecular level.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Mercury, one of the most prevalent toxic heavy metals in the
environment, can easily pass through biological membranes and
through respiratory and gastrointestinal tissues [1e3]. When
absorbed in the human body, it will produce damage to the brain,
kidneys and endocrine system [4]. As a result, there has been
considerable interest in the development of effective tools for
detecting Hg2þ ions in the environment. As fluorescence meas-
urement provides a powerful way for detecting metal ions because
of its low detection limit and simple instrumentation, considerable
efforts have been devoted to design fluorescent chemical sensors
for detecting Hg2þ [5e10]. Many Hg2þ sensors based on pyrene
[11e13], naphthalimide [14e16], bispyrenyl [17], terphenyl [18,19],
naphthylthiourea [20], dansyl [21e23] have been reported. How-
ever, most of these sensors are irreversible, and cannot be used to
monitor both the increase and the decrease of Hg2þ concentration
in the environment or some biological metabolite. Therefore, the
development of reversibly fluorescent chemosensors for Hg2þ

determination with light “off-on” and high selectivity is still highly
desirable [24].

Rhodamine is a dye used extensively as a fluorescent signal
transducer due to its excellent photophysical properties [25]. In
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recent years, many Hg2þ sensors based on rhodamine derivatives
have been developed [14,19,26e30]. Most of the developments
have shown that rhodamine derivatives are promising structural
scaffold for the design of reversible and selective chemosensors.
The cation-sensing mechanism of most of the rhodamine probes is
based on a change from the spirolactam to an open-ring amide,
resulting in a color change, highly fluorescent compound. When
some ligands which exhibit stronger coordination ability with Hg2þ

are added to the Hg2þ-rhodamine sensing system, the open-ring
amide will change to spirolactam, and the reversibility is realizable.

On the other hand, since the pioneering work by de Silva [31],
using fluorescent signal as outputs and chemically encoded infor-
mation (such as pH, temperature, light, anions and metal ions) as
inputs to design molecular logic gates is an area of intense research
activity [32e37]. Andmolecular systems showing functions such as
AND, NAND, OR, XOR, and INHIBIT have beenwidely explored [37e
40]. In all the molecular logic gates systems, the molecule dem-
onstrates “on” or “off” switching of the fluorescence signal meaning
“1” or “0” output, in response to the addition “1” or no addition “0”
of the input chemicals. Thus, they have the potential for compu-
tation on a molecular level that silicon based devices cannot
address.

Bearing the above statement in mind, we herein report the
design, synthesis and spectral characteristics of a mercuric probe
R-2 based on rhodamine B. It shows highly fluorescent selective for
Hg2þ over other metal ions. Adding I� to the mixture of Hg2þ and
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R-2 solution, the fluorescence is turned off and the pink color of the
Hg2þ/R-2 system also turned colorless, indicating that I� sequesters
Hg2þ of the mixture, liberates the free R-2 [19,24,41]. And the
reversibility of R-2 is realizable. Using Hg2þ and I� as chemical
inputs and the fluorescence intensity signal as outputs, R-2 can be
utilized as an INHIBIT logic gate at molecular level. We hope such
rhodamine-based fluorescent sensors and molecular logic devices
will find application in the development of cations sensing probes
and digital devices.

2. Experimental

2.1. Regents

Rhodamine B and hydrazine hydrate were purchased from
Aladdin Chemistry Co. Ltd. Cationic compounds such as NaClO4,
KClO4, Mg(ClO4)2, Ca(ClO4)2, Fe(ClO4)3, Co(ClO4)2, Ni(ClO4)2,
Cu(ClO4)2, Zn(ClO4)2, Cd(ClO4)2, Al(ClO4)3, Pb(ClO4)2, AgClO4 and
Hg(ClO4)2 were purchased from Aldrich and used as received. All
other chemicals were of the reagent-grade purchased from Tianjing
Guangfu Chemical Companies and used as supplied. All solvents
used for synthesis and measurements were redistilled before use.

2.2. Synthesis of compound R-1

Rrhodamine hydrazide was synthesized following the reported
procedure [42]. To rhodamine B hydrochloride (0.96 g, 2 mmol)
dissolved in 30 mL methanol, excess amount of hydrazine hydrate
(1 mL, 6.98 mmol) was added and the reaction mixture was
refluxed till the pink color disappeared. After that, the reaction
mixture was cooled to room temperature, poured into distilled
water and extracted with ethyl acetate (6 � 25 mL). The combined
extract was washed with brine, dried with anhydrous sodium
sulfate, filtered, and then concentrated under reduced pressure to
yield 0.64 g (70%) of compound R-1. 1H NMR (CDCl3, 400 MHz):
d 1.168 (t, J ¼ 7.2 Hz, 12H), 3.36 (q, J ¼ 7.0 Hz, 8H), 3.63 (s, 2H), 6.30
(d, J ¼ 2.4 Hz, 2H), 6.42 (d, J ¼ 2.4 Hz, 2H), 6.48 (s, 1H), 6.52 (s, 1H),
7.11 (m, 1H), 7.46 (m, 2H), 7.94 (m, 1H) ppm; 13C NMR (CDCl3,
100 MHz): d 11.9, 43.7, 65.3, 96.4, 103.6, 107.5, 122.7, 123.2, 127.6,
128.4, 131.8, 147.4, 150.9, 153.6, 165.3 ppm; ESI: (m/z) 457.4
[M þ H]þ.

2.3. Synthesis of compound R-2

4-Methyl-2, 6-Diformyl Phenol was synthesized as reported
[43]. 1H NMR (CDCl3, 400 MHz): d 2.39 (s, 3H), 7.77 (s, 2H), 10.22 (s,
2H), 11.46 (s, 1H) ppm; 13C NMR (CDCl3, 100 MHz): d 20.06, 120.1,
129.1, 132.6, 136.9, 196.7 ppm; EI: (m/z) 164.

A stirred solution of R-1 (1.0 g, 2.2mmol), 4-Methyl-2, 6-Diformyl
Phenol (0.164 g, 1.0 mmol) in ethanol (50 mL) was heated under
reflux for 5 h under N2 in the dark. After the ethanol had been
evaporated under reduced pressure, the residue was purified by
silica gel column chromatography (CH2Cl2/MeOH/Et3N¼ 200:1:1) to
Scheme 1. Synthetic procedu
give R-2 (0.77 g, yield: 74%). 1H NMR (d6-DMSO, 400MHz): d 0.97 (m,
24H), 1.93 (s, 3H), 3.19 (m, 16H), 6.25 (m, 4H), 6.40 (m, 8H), 7.02 (m,
4H), 7.53 (s, 4H), 7.90 (s, 2H), 8.88 (s, 2H), 11.14 (s, 1H) ppm; 13C NMR
(d6-DMSO,100 MHz): d 12.20, 18.46, 19.53, 43.55, 55.98, 65.31, 97.38,
104.83, 108.02, 119.93, 122.94, 123.60, 127.40, 127. 87, 128.31, 128.66,
130.18, 133.8, 146.78, 148.42, 151.15, 152.58, 154.18, 163.45 ppm; ESI:
(m/z) 1041.9 [M þ H]þ.

2.4. General methodology adopted for spectroscopic studies

1H NMR and 13C NMR spectrawere recorded using 400MHz and
100 MHz. Chemical shifts were expressed in ppm and coupling
constants (J) in Hz. Absorption spectrawere determined on a Varian
UV-Cary100 spectrophotometer. Fluorescence spectra measure-
ments were performed on a Hitachi F-4500 spectrofluorimeter.
HEPES buffer solutions (20 mM, pH ¼ 7.0) were prepared in
deionized water.

UVevis titrations were performed on 1 � 10�5 M solution of
ligand R-2 in HEPES buffer (20 mM, pH ¼ 7.0) containing 50% (v/v)
H2O/CH3CN. Typical aliquots of freshly prepared Hg(ClO4)2 solu-
tions (1 � 10�2 M to 1 � 10�5 M solutions in CH3CN) were added
and the UVevis spectra of samples were recorded.

Fluorescence titrations were performed on 1 � 10�5 M solution
of ligand R-2 in HEPES buffer (20 mM, pH ¼ 7.0) containing 50% (v/
v) H2O/CH3CN. Typical aliquots of freshly prepared metal perchlo-
rates (Hg2þ, Naþ, Kþ, Mg2þ, Ca2þ, Al3þ, Cd2þ, Zn2þ, Ni2þ, Co2þ, Pb2þ,
Fe3þ and Agþ) standard solutions (1 � 10�2 M to 1 � 10�5 M solu-
tions in CH3CN) were added and the fluorescence spectra of sam-
ples were recorded.

3. Results and discussion

In this paper, compound R-1 was synthesized by the reaction of
rhodamine B and hydrazine hydrate, the new probe R-2 was syn-
thesized by the condensation reaction between R-1 and 4-Methyl-
2, 6-Diformyl Phenol (Scheme 1). Its structurewas confirmed by ESI
data, 1H NMR and 13C NMR spectrum, and it was designed to che-
late with metal ions via its carbonyl O and amine N atoms. Similar
to other rhodamine spirolactam derivatives [25,44], compound R-2
forms a fluorescence inactive solution in either aqueous buffer
solution or pure organic solvent, indicating that the spirolactam
form exists predominantly.

3.1. Fluorescence and UVevis spectral responses of R-2

The fluorescence intensity changes of R-2 were monitored upon
adding metal ions to determine the cations binding abilities. Fig. 1a
showed fluorescence spectra of R-2 in the presence and absence of
500 mMof cations. R-2 showed only a very weak fluorescence in the
absence of metal ions. A high-intensity fluorescence band at
595 nmwas observed upon addition of Hg2þ into the solution of R-
2. Fluorescence almost did not change in Naþ, Kþ, Mg2þ, Ca2þ, Al3þ,
Cd2þ, Zn2þ, Ni2þ, Co2þ, Pb2þ, Fe3þ and Agþ solutions. Like some
re of chemosensor R-2.



Fig. 1. (a) Fluorescence spectra of R-2 (10 mM) upon addition of 50 eq. of Hg2þ and 50
eq. other metal ions in CH3CN-HEPES buffer solution (20 mM HEPES, 50:50, v/v, pH
7.0). (b) Fluorescence response of R-2 (10 mM) to 50 eq. Hg2þ in CH3CN-HEPES buffer
solution (20 mM HEPES, 50:50, v/v, pH 7.0) containing 50 eq. various metal ions. The
black bars represent the addition 50 eq. of the competing metal ion to a 10 mM solution
of R-2. The gray bars represent the change of the emission that occurs upon the
subsequent addition of 50 eq. Hg2þ to the above solution. lex ¼ 500 nm, lem ¼ 595 nm.

Fig. 2. Fluorescence spectra of R-2 (10 mM) in CH3CN-HEPES buffer solution (20 mM
HEPES, 50:50, v/v, pH 7.0) upon addition of different amounts of Hg2þ ion. Inset: flu-
orescence intensity at 595 nm of R-2 (10 mM) as a function of Hg2þ concentration (0e
500 mM). lex ¼ 500 nm.

Fig. 3. (a) Absorption spectra of R-2 (10 mM)with addition increasing concentration (0e
2 eq.) of Hg2þ in CH3CN-HEPES buffer solution (20 mMHEPES, 50:50, v/v, pH 7.0). Inset:
The color changesof R-2 (10mM) toHg2þ in CH3CN-HEPES buffer solution (20mMHEPES,
50:50, v/v, pH 7.0). (b) Absorbance at 600 nm of R-2 (10 mM) as a function of Hg2þ

concentration (0e20 mM). Inset: The nonlinear fitting (absorbance at 600 nm) of R-2.
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other reported rhodamine-based mercury sensors [25,27,45], the
fluorescence intensity of R-2 was affected to some extent in Cu2þ

solutions. High concentration of Cu2þ contamination is likely to
mislead the fluorescent selectivity of Hg2þ. So, when R-2 is used as
the probe for Hg2þ, high concentration of Cu2þ interference must
be eliminated by using quinoline derivative based adsorbent [46].
On the other hand, an important feature of the chemosensor is its
high selectivity toward the analyte over the other competitive
species. Herein, a competition experiment was also carried out by
adding Hg2þ to the solution of R-2 in the presence of other metal
ions. Fig. 1b showed the comparison between the fluorescence
response of R-2 with each metal ion and the emission that occurred
after the addition of Hg2þ. The results indicated that the sensing of
Hg2þ by R-2 was hardly affected by the commonly co-existent ions.
In other words, the selectivity of R-2 for the Hg2þ over other
competitive cations was remarkably high.

In order to gain an insight into the signaling properties of R-2
toward Hg2þ, fluorescence titration experiments were carried out
in CH3CN-HEPES buffer solution (20 mM, pH ¼ 7.0 50% (v/v) H2O/
CH3CN). A new emission band at 595 nm gradually appeared



Fig. 4. Job’s plot of Hg2þ versus R-2 ([Hg2þ] þ [R-2] ¼ 20 mM) at 600 nm.
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upon the addition of Hg2þ (Fig. 2). In the presence of 50 eq. of
Hg2þ, the mixture showed an intense orange fluorescence and
a >400-fold enhancement in the fluorescence intensity at
595 nm. Furthermore, for the UVevis titration spectra of R-2, in
the addition of Hg2þ (0e2 eq.), there was also a new absorption
peak at 600 nm, which was consistent with the result of fluo-
rescence spectra (Fig. 3a). After the addition of various concen-
tration of Hg2þ (from 0 to 2 eq.) to R-2 solution (1*10�5 M), it was
found that, when the concentration of Hg2þ reached 10�8 M, the
absorption intensity at 600 nm of R-2 enhanced in the visible
range at room temperature. And the absorption intensity grad-
ually enhanced when increasing Hg2þ. For practical application,
the detection limit of this new chemosensor was also evaluated
by fluorescence and UVevis titration, and the titration results
demonstrated that the detection limit of Hg2þ was at 10�8 M
level.

The unique and highly selective of rhodamine based fluorescent
sensors for Hg2þ can also be easily observed by even naked eye
detection [4,47,48]. The color change of R-2 in CH3CN-HEPES buffer
solution with Hg2þ was shown in Fig. 3a inset. From Fig. 3a inset, it
can be seen that, Hg2þ caused visible detectable color change of R-2
solution, from colorless to pink.
3.2. Determination of binding constant

In this work, the spirolactam moiety of the rhodamine
group acts as a signal switcher, which is envisioned to turn on
when the cation is binded (Scheme 2). When sensor R-2 meets
Hg2þ, the spirolactam form (fluorescence-off) of R-2 converts to
the Hg2þ-promoted ring-opened amide form (fluorescence-on),
the R-2 þ Hg2þ system forms a large conjugated system, which
serves as the foundation for a novel chemosensor for Hg2þ [49].
Moreover, the sensor is most likely to chelate metal ions via
the imide N and phenol O atoms like other reported sensors
[7,30,50e52].

As a highly selective fluorescent chemosensor, the binding
constant of R-2 for Hg2þ was also investigated. By assuming a 1:n
stoichiometry for interaction between R-2 and metal ions, the as-
sociation constant of R-2 for Hg2þ determined from the following
equation [53,54] to be KHg

2D ¼ 9.21 � 105 M�1.
Scheme 2. Proposed binding
lg min
Amax � A

¼ lgK þ nlg Mnþ
A� A h i

In the equation, K is the association constant, Amax is the
absorbance of R-2 in the presence of excess amount of Hg2þ, A is the
absorbance of R-2 obtained with various concentration of Hg2þ,
Amin is the absorbance of R-2 without any cation. The nonlinear
fitting of the titration curve showed a 1:1 stoichiometry between R-
2 and Hg2þ (Fig. 3b). This result was further confirmed by the Job’s
plot (Fig. 4). From Fig. 4, it can be observed that the absorbance
went through a maximum at a molar fraction of about 1/2, indi-
cating that a 1:1 stoichiometry was most possible for the binding
mode of Hg2þ and R-2. Thus, in accordance with the 1:1 stoichi-
ometry, the possible binding mode between R-2 toward Hg2þ was
proposed in Scheme 2.

3.3. Logic gate

Due to the reversibility is an important aspect for a chemical
sensor to be widely employed in the detection of specific analyses,
mode of R-2 with Hg2þ.



Fig. 5. Fluorescence spectrum (lex ¼ 500 nm) of R-2 (10 mM) in the presence of Hg2þ (500 mM) and I� (1 mM) in CH3CN-HEPES buffer solution (20 mM HEPES, 50:50, v/v, pH 7.0),
truth table, and logic scheme (Inset, A: R-2þ Hg2þ. B: R-2þ Hg2þþI�).
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the reversibility experiment has been carried out. In light of the
strong binding ability of the I� toward Hg2þ, the reversibility of the
system was investigated by introduction of iodide anion [26]
(Fig. 5). When I� was added to the system, the fluorescence emis-
sion did not change. The addition of Hg2þ to the solution of R-2
caused fluorescence enhancement. Upon addition of excess amount
of I� to the mixture of R-2 and Hg2þ, the color of the mixture
changed from pink to colorless (Fig. 5, inset), and fluorescent
emission intensity of the system was quenched, indicating that I�

replaced the receptor R-2 to coordinate Hg2þ.
These behaviors can be analyzed with the combinational logic

circuit. The two input signals are Input 1 (Hg2þ) and input 2 (I�).
Input 1 leads to fluorescence enhancement in its occupied state,
equivalent to a YES operation. The interaction of input 2 with its
corresponding receptor leads to fluorescence quenching, thereby
implementing the necessary NOT gate. The receptor acts in parallel
on the fluorescence output signals, which implements the required
AND function. In the presence of both inputs, the quenching (by
input 2) overrides the fluorescence enhancement by input 1, in
accordance with the truth table shown in Fig. 5. Therefore, mon-
itoring the fluorescence at 595 nm, upon addition of Hg2þ, I� and
their reacting dose mixture lead to an INHIBIT logic gate.
4. Conclusion

In summary, a simple and easy-to-prepare rhodamine-based
optical chemosensor R-2 for the detection of Hg2þ ions has been
synthesized. The sensor R-2 displayed highly selective and sensitive
fluorescent enhancement and colorimetric change upon the addi-
tion of Hg2þ. The fluorescent selectivity of R-2 for Hg2þ may be
slightly affected when coexisted with Cu2þ. The reversibility of the
sensor was realizable by introduction of iodide anion. Moreover,
the fluorescent changes of R-2 upon the addition of Hg2þ and I� can
be utilized as an INHIBIT logic gate. Therefore, this simple sensor
could be potential candidate for the development of a new gener-
ation of digital devices.
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