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ABSTRACT

A new chemosensor based on rhodamine B thiohydrazide is described. Chemosensor B was found to show a reversible dual chromo- and
fluorogenic response toward Hg 2+ in aqueous solution in a highly selective and sensitive manner. This was suggested to result from the
coordination of Hg 2+ at the N, S binding sites in B to open its spiro ring.

Rhodamine-based dyes, known by their excellent spectro-
scopic properties of large molar extinction coefficient and
high fluorescence quantum yield, have found applications
in the study of complex biological systems as molecular
probes,1 but few as chemosensors.2

Recently, based on the protocol of metal coordination
inducing spiro-ring opening of a sensing molecule,3 rhodamine
B spirolactam as a molecular scaffold was employed to
design chemosensors for selective recognition of Cu2+ and
Pb2+.4,5 In detrimental transition and post transition metal
ions, mercury is considered a highly dangerous element
because both elemental and ionic mercury can be converted
by bacteria in the environment to methyl mercury, which
subsequently bioaccumulates through the food chain.6 Moni-

toring of mercury in the environment and in industrial waste
streams is hence in high demand. Since chromo- or fluor-
oionophores are highly effective for the determination in
terms of handling easy and equipment simplicity, much effort
has been paid to the development of optical chemosensors
that selectively respond to the mercuric ion,7 especially
reversible ones since they can be reused with proper
treatment.

Designing chemosensors based on rhodamine spirolactams
has several advantages: they display not only great absor-
bance and fluorescence intensity enhancement toward some
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specific metal ions, but also a strong color development
against the colorless blank during the sensing event, a feature
that would facilitate “naked-eye” detection, and very recently,
an excellent example of opening the spiro ring of rhodamine
spirolactam-based chemodosimeter was reported via the
Hg2+-induced chemical reaction.8 Bearing this in mind, we
envisaged that, by incorporating proper binding sites, it would
be possible to achieve a rhodamine spirolactam based
chemosensor highly selective for Hg2+ via color/fluorescence
changes. For the selective recognition of such a soft heavy
metal ion, a sulfur-based functional group was considered
and introduced, and the N, S binding sites might be a choice
to be parts of a selective receptor.7a,d,g Obviously, a suit-
ably designed rhodamine B spirolactam might be a good
candidate. We report here in this regard compoundB,
namely rhodamine B thiohydrazide, containing an S atom
and a -NH2 group attached to the N-bearing spiro ring
(Figure 1).

ProbeB was designed on the basis of the consideration
that compoundA (Figure 1), the rhodamine B hydrazide,
was an irreversible chemodosimeter for Cu2+ by opening the
spiro ring inA via metal ion binding at the N, O atoms at
positions 1 and 4.4 We expected that such a mode of opening
the spiro ring might also be realized by the mercury ion if
the O atom inA at position 1 was replaced by an S atom
affording N, S atoms at positions 1 and 4 as the Hg2+ binding

sites. In particular, the lack of additional binding sites except
for these two atoms would make the probe show no or little
coordination to any other metal ions but allow only the most
preferred mercuric ion to bind to the chelating unit.

Treatment of rhodamine B hydrazide (compoundA) with
Lawesson’s reagent in refluxing benzene gave, after flash
column chromatography on silica, the corresponding rhod-
amine B thiohydrazide (compoundB) in a yield of ca. 19%.

A 1,4-dioxane/water solution (1:99, v/v) at pH 3.40 of 0.02
M 3,3-dimethylglutaric acid-NaOH buffer solution was
seleced for the spectral investigation (Figure S1, Supporting
Information). The absorption spectra ofB with varying Hg2+

concentration were recorded, as shown in Figure 2. The

colorless freeB solution exhibited almost no absorption peak
in the visible wavelength range (>400 nm) in aqueous
solution. Upon addition of Hg2+, B showed a new maximum
absorption wavelength at 561 nm (ε) 1.25 × 105 M-1

cm-1), which can be ascribed to the delocalized xanthene
moiety of rhodamines. Accordingly, it showed a strong
magenta color, indicating that chemosensorB can indeed
serve as a highly sensitive “naked-eye” indicator for Hg2+

in water. The absorbance ofB at 561 nm increased linearly
with Hg2+concentration, and Hg2+ could be detected at least
down to 1.0× 10-7 M, a concentration in the ppb range,
whenB was employed at 1.0× 10-5 M.

The selective coordination studies ofB were then extended
to related heavy, transition, and main group metal ions by
UV-vis spectroscopy. Figure 3 shows the representative
chromogenic behavior ofB toward metal ions in aqueous
solution. As shown, 10.0µM B exhibits very little absorbance
at 561 nm upon addition of 1.0 equiv of metal ions such as
Li +, Na+, K+, Ca2+, Mg2+, Ba2+, Co2+, Cr3+, Cu2+, Cd2+,
Ag+, Fe3+, Ni2+, Mn2+, Zn2+, and Pb2+; however, only the
addition of Hg2+ resulted in a prominent enhancement of
absorbance at 561 nm, which indicated the high spectro-
photometric selectivity ofB to Hg2+.

The selective fluorimetric response ofB to all the tested
metal ions was also studied. The results showed that a large
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Figure 1. Chemical structures ofA, B, andC.

Figure 2. The absorption spectra ofB in the presence of Hg2+ in
an aqueous solution of pH 3.40. [B]) 20.0 µM. The Hg2+

concentration is 0, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, and
10.0 µM, respectively.
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enhancement of the fluorescence ofB was observed only in
the case of Hg2+ with the maximum excitation and emission
wavelengths of 558 and 582 nm, respectively (Figure 4).

Hg2+ could be detected at least down to 5.0× 10-8 M by
fluorimetric assay (Figure S3, Supporting Information).

The nice nonlinear fitting of the absorbance against metal
concentration (Figure S2, Supporting Information) assuming
a 1:2 binding ratio (Hg2+/B) suggested a 1:2 binding
stoichiometry. This (the overall binding constant is about
4.5× 1010 M-2 ) was supported by the results of continuous
variations plot9 (Figure S4, Supporting Information). Fur-
thermore, this Hg2+‚B2 complex formation can be reversibly
switched by using KI and Hg2+ successively.10,11

To verify the binding sites inB for Hg2+, two control
molecules,A andC (Figure 1), were synthesized. The fact
that the absorbance ofA does not show any response toward
Hg2+ under the same conditions indicates that the S atom in
B plays a key role in the metal binding. On the other hand,

it was found that the absorbance ofC, another control
molecule forB, does not show any response toward Hg2+

either, indicating that inB, the N atom at position 4 takes
part in the coordination. It is hence made clear that, in the
B-Hg2+ system, both the S atom and the N atom at position
4 of B are involved in the binding of Hg2+, forming a stable
5-membered cyclic complex that requires the opening of the
spiro ring ofB to establish the delocalized xanthene moiety
that shows long wavelength absorption and fluorescence
enhancement. On the basis of the aforementioned facts, a
proposed binding mode of Hg2+‚B2 is shown in Scheme 1.

In conclusion, we showed a switching in the recognition
preference in rhodamine B spirolactam by only replacing
one atom ofA at position 1, and thus only Hg2+ showed
reversible high affinity toward N, S atoms at positions 1 and
4 to open the spiro ring ofB, and the new dual chromo- and
fluorogenic sensor displays merits not only in its excellent
selectivity and sensitivity, but also in the obvious color
change against the colorless blank during the sensing process.
The design strategy that avoids introduction an S-bearing
crown ether would simplify the synthesis steps, and it would
help in the design of more chemosensors for some specific
ions.
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(11) The procedure of preliminary investigation of the reversibility of
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amount of Hg2+; the resulting magenta solution was subsequently treated
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2- and the decomplexation
of Hg2+‚B2 complex to release the colorless freeB. This on/off chromogenic
behavior can be reversed by introduction of more Hg2+, restoring the
magenta color due to the complexation ofB to the newly added Hg2+ once
again.

Figure 3. Spectrophotometric response ofB to 10.0µM of various
cations in an aqueous solution of pH 3.40. [B] ) 10.0µM. From
left to right: no cation (blank), Li+, Na+, K+, Ca2+, Mg2+, Ba2+,
Co2+, Cr3+, Cu2+, Cd2+, Ag+, Hg2+, Fe3+, Mn2+, Zn2+, Pb2+, Ni2+.

Figure 4. Fluorimetric response ofB to 10.0µM of various cations
in aqueous solution of pH 3.40. [B] ) 10.0µM. From left to right:
no cation (blank), Li+, Na+, K+, Ca2+, Mg2+, Ba2+, Co2+, Cr3+,
Cu2+, Cd2+, Ag+, Hg2+, Fe3+, Ni2+ Mn2+, Zn2+, Pb2+. Excitation/
emission was selected at 530/582 nm. Slit: excitation/emission)
5.0/10.0 nm.

Scheme 1. Proposed Hg2+ Binding Mode
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