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ABSTRACT On the basis of the protection reaction between ethanethiol and aldehyde, we designed and synthesized two new
ratiometric fluorescent chemosensors, 3 and 4, by using intramolecular charge transfer (ICT) as a signaling mechanism. Upon the
addition of Hg2+ ion, both probes displayed apparent luminescence color changes, which could be observed by naked eyes under a
UV lamp. Unexpectedly, both chemosensors also gave response to the addition of trace silver ions, making this kind of chemosensors
as the first example of ratiometric fluorescent probe that showed dual channel fluorescence for both Hg2+ and Ag+. The test strips
experiments suggested that 3 and 4 could serve as practical fluorescent probes for rapid detection of Hg2+ ion.
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INTRODUCTION

As one of the highly toxic metal ions, mercury can
affect many different areas of the human body (1)
(i.e., brain, heart, kidney, stomach, and intestines)

as well as their associated functions (2), and cause a wide
variety of symptoms, including digestive, cardiovascular,
and especially neurological diseases (3). Despite the recent
reduction of its industrial use due to more stringent regula-
tions, mercury pollution still arises from diverse sources
including nature and human activities (4). It is estimated by
the U.S. Environmental Protection Agency (EPA) that the
total mercury released into the environment reaches ∼7500
tons per year (5). Therefore, to prevent the possible mercury
pollutions, mainly from food and water, the monitoring of
mercuric ions (Hg2+), one of the most usual and stable form
of mercury pollution, becomes an increasing demand. Thanks
to the great efforts of scientists, a number of Hg2+ sensors
have been developed with good performance, for example,
the redox, colorimetric and fluorescent Hg2+ sensors by
using proteins (6), nucleic acids (7), DNAs (8), nanoparticles
(9), and several types of small molecules and some other
biomacromolecules (10–12) as Hg2+ acceptors. On the other
hand, ratiometric fluorescent probes could enable the mea-
surement of emission intensities at two different wave-
lengths, providing a built-in correction for environmental
effects and could also increase the dynamic range of fluo-
rescence measurement. This was considered as a good

approach to overcome the major limitation of intensity-
based probes, in which variations in the environmental
sample and probe distribution were problematic for quan-
titative measurements. However, so far, the ratiometric
fluorescent probes for Hg2+ were still very scarce (13).

As we knew from the textbook of basic organic chemistry
(Scheme 1), the protected aldehyde group by mercaptan
could be converted to the previous aldehyde one only with
the addition of Hg2+, thus, this reaction could be considered
as the selective reaction toward Hg2+. Also from the text-
book, it was known that aldehyde was an electron-with-
drawing group, after protected by mercaptan, the formed
moieties in thioacetal might be regarded as an electronic
donor. Therefore, considering the good performance of the
ratiometric fluorescent probes and the selectivity of Hg2+-
promoted deprotection reaction of the thioacetal, we would
like to develop a ratiometric fluorescent chemosensor to-
ward Hg2+, by using intramolecular charge transfer (ICT) as
a signaling mechanism, in which the luminophore moiety
acted as an electron donor and aldehyde group as the
acceptor one. It was expected that after the deprotection
reaction promoted by Hg2+, the electronic property of the
resultant aldehyde would be changed; as a result, the ICT
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Scheme 1. Mechanism of Hg2+-Promoted
Deprotection Reaction
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efficiency could be regulated before and after the deprotec-
tion reaction. This would lead to the change of their fluores-
cent behavior. Thus, we designed two new thioacetals, 3 and
4, conveniently from the protection reaction between
ethanethiol and aldehyde 1 or 2, which emitted green
luminescence upon excitation (Scheme 2). After the addition
of the aqueous solution of Hg2+ to the diluted solutions of 3
and 4, the deprotection reaction happened immediately,
accompanying with apparent luminescence color change,
which could be observed by naked eyes under normal
illumination. Unexpectedly, both chemosensors also gave
response to trace silver ions, making this kind of chemosen-
sor the first example of a ratiometric fluorescent probe that
showed dual channel fluorescence for both Hg2+ and Ag+.
Herein, we report the synthesis, characterization, and sens-
ing behavior of 3 and 4 in detail.

MATERIALS AND INSTRUMENTATION
Dichloromethane was dried over and distilled from CaH2

under an atmosphere of dry nitrogen. Tetrahydrofuran (THF)
was dried over and distilled from K-Na alloy under an atmo-
sphere of dry nitrogen. All other reagents were used as pur-
chased. The 1H NMR and 13C NMR spectra were measured on
Bruker 400 and Varian Mercury300 spectrometer using tetram-
ethylsilane (TMS; δ ) 0 ppm) as internal standard. The Fourier
transform infrared (FTIR) spectra were recorded on a Perki-
nElmer-2 spectrometer in the region of 3000-400 cm-1 on
NaCl pellets. Matrix-assisted laser desorption ionization time-
of-flight mass spectra were measured on a Voyager-DE-STR
MALDI-TOF mass spectrometer (MALDI-TOF MS; ABI, Ameri-
can) equipped with a 337 nm nitrogen laser and a 1.2 m linear
flight path in positive ion mode. UV-visible spectra were
obtained using a Schimadzu UV-2550 spectrometer. Photolu-
minescence spectra were performed on a Hitachi F-4500
fluorescence spectrophotometer. Compounds 5 (14a), 6 (14b),
and 7 (14c) were prepared according to the literature procedure.

Synthesis of Compound 1. Compound 7 (683 mg, 1.3
mmol), compound 5 (472 mg, 2.86 mmol), and K2CO3 (1.8 g,
13 mmol) were dissolved in dry THF (15 mL) and degassed H2O
(5 mL) with Pd(PPh3)4 as catalyst. After being stirred at 80 °C
overnight, the reaction was stopped. The resultant mixture was
extracted with chloroform for several times, the organic layer
was combined, and the product was purified by gel column
chromatography using petroleum ether/chloroform (1/4, v/v) as
eluent to afford compound 1 as yellow solid (382 mg, 57.2%).
1H NMR (300 MHz, CDCl3): δ 1.43-1.47 (t, J ) 6.0, 6H),
4.07-4.10 (q, J ) 4.0, 4H), 6.96-6.99 (d, J ) 8.5, 4H),
7.10-7.13 (d, J ) 9.0, 6H), 7.23-7.26 (d, J ) 9.0, 4H),
7.70-7.72 (d, J ) 6, 4H), 9.83 (s, 1H).

Synthesis of Compound 3. Under an atmosphere of dry
argon, compound 1 (72 mg, 0.14 mmol) and ethanethiol (0.026

mL, 0.35 mmol) were dissolved in dry dichloromethane (5 mL)
with BF3 · Et2O (0.05 mL, 0.42 mmol) as the Lewis acid. After
being stirred at 0 °C for 2 h, 0.1 mol/L aqueous NaHCO3 was
added to adjust the pH value of the resultant mixture to 8-9.
The resultant mixture was extracted with ether for several
times, the organic layer was combined, and the product was
purified by column chromatography using petroleum ether/
ethyl acetate (6/1, v/v) as eluent to afford compound 3 as yellow
solid (66 mg, 76.4%). 1H NMR (400 MHz, acetone-d6): δ
1.09-1.11 (t, J ) 3.5, 3H), 1.25-1.28 (t, J ) 5.5, 3H), 2.41-2.53
(q, J ) 8.0, 4H), 3.93-3.98 (q, J ) 8.0, 4H), 4.98 (s, 1H),
6.85-6.87 (d, J ) 8.0, 4H), 6.93-6.96 (d, J ) 12.0, 2H),
6.99-7.02 (d, J ) 11.5, 4H), 7.28-7.31 (d, J ) 11.5, 2H),
7.43-7.46 (m, 8H). 13C NMR (400 MHz, DMSO-d6): δ 14.08,
14.39, 25.57, 50.96, 62.90, 114.62, 123.00, 124.11, 127.03,
127.18, 128.56, 131.84, 134.59, 134.95, 145.65, 146.35,
157.89. MALDI-TOF MS calcd for C64H66N8O10, 619.2579; found,
618.0571.

Synthesis of Compound 2. Compound 7 (525 mg, 1 mmol),
compound 6 (321 mg, 2.2 mmol), and K2CO3 (1.38 g, 10 mmol)
were dissolved in dry THF (10 mL) and degassed H2O (3 mL)
with Pd(PPh3)4 as catalyst. After being stirred at 80 °C overnight,
the reaction was quenched with water. The resultant mixture
was extracted with chloroform several times, the organic layer
was combined, and the product was purified by gel column
chromatography using petroleum ether/chloroform (1/4, v/v) as
eluent to afford compound 2 as yellow solid (328 mg, 69%).
1H NMR (300 MHz, CDCl3): δ 7.17-7.20 (d, J ) 8.5, 4H),
7.26-7.30 (m, 4H), 7.57-7.60 (d, J ) 9.0, 4H), 7.67-7.78 (m,
8H), 9.88 (s, 1H).

Synthesis of Compound 4. Under an atmosphere of dry
argon, compound 2 (67 mg, 0.14 mmol) and ethanethiol (0.026
mL, 0.35 mmol) were dissolved in dry dichloromethane (5 mL)
with BF3 · Et2O (0.05 mL, 0.42 mmol) as the Lewis acid. After
stirred at 0 °C for 3 h, 0.1 mol/L aqueous NaHCO3 was added
to adjust the pH value of the resultant mixture to 8-9. The
resultant mixture was extracted with ether for several times,
the organic layer was combined, and the product was purified
by column chromatography using petroleum ether/ethyl acetate
(5/1, v/v) as eluent to afford compound 4 as yellow solid (64
mg, 79%). 1H NMR (400 MHz, acetone-d6): δ 1.22-1.26 (t, J )
4.0, 6H), 2.56-2.69 (m, 4H), 5.16 (s, 1H), 7.16-7.18 (d, J )
8.0, 6H), 7.50-7.52 (d, J ) 8.0, 2H), 7.74-7.76 (d, J ) 8.0, 4H),
7.84-7.91 (m, 8H). 13C NMR (400 MHz, acetone-d6): δ 14.81,
26.81, 52.50, 111.21, 119.48, 124.99, 125.73, 128.00, 129.13,
129.98, 133.59, 134.12, 137.84, 145.43, 147.15, 148.77.
MALDI-TOF MS calcd for C64H66N8O10, 581.1959; found, 581.0406.

Preparation of Solutions of Metal Ions. One millimole of
eath inorganic salt (NaNO3, KNO3, LiCl, Ba(NO3)2, AgNO3,
Cr(NO3)3 · 9H2O, CoCl2 · 6H2O, Ca(NO3)2 · 4H2O, Pb(NO3)2,
Ni(NO3)2 · 6H2O,Zn(NO3)2 · 6H2O,Cu(NO3)2 · 3H2O,Al(NO3)3 ·
9H2O, Fe(NO3)3 · 9H2O, MnSO4 · 2H2O, Cd(SO4) · 8H2O,
(NH4)2Fe(SO4)2 · 6H2O, MgSO4, and Hg(ClO4)2 · 3H2O) was
dissolved in distilled water (10 mL) to afford 1 × 10-1 mol/L
aqueous solution. The stock solutions were diluted to desired
concentrations with distilled water when needed.

Fluorescence Titration of 3 with Hg2+ Ions. A solution of 3
(5.0 × 10-6 mol/L) was prepared in THF. The solution of Hg2+

(1 × 10-3 mol/L) was prepared in distilled water. A solution of
3 (3.0 mL) was placed in a quartz cell (10.0 mm width) and the
fluorescence spectrum was recorded. The Hg2+ ion solution was
introduced in portions and fluorescence intensity changes were
recorded at room temperature each time (Excitation wave-
length: 370 nm).

Fluorescence Intensity Changes of 3 with Different
Metal Ions. A solution of 3 (1 × 10-5 mol/L) was prepared in
THF. The solutions of metal ions (1 × 10-1 mol/L) were prepared
in distilled water. A solution of 3 (3.0 mL) was placed in a quartz
cell (10.0 mm width) and the fluorescence spectrum was

Scheme 2. Synthetic Route to Compounds 3 and 4
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recorded. Different ion solutions were introduced (1.5 µL) and
the changes of the fluorescence intensity were recorded at room
temperature each time (excitation wavelength 370 nm).

RESULTS AND DISCUSSION
Synthesis and Structural Characterization. The

synthetic route to compounds 3 and 4 was depicted in
Scheme 2. It was easily seen that the target compounds 3
and 4 were prepared conveniently through the general
protection reaction between mercaptan and aldehydes 1 and
2, which could be easily obtained by the Suzuki reactions
as shown in Scheme 3. The whole synthetic route was very
simple, and the purification was very easy. Thus, it should
be an easy thing to prepare more thioacetals through this
route if needed.

Compounds 3 and 4 exhibited good solubility in common
organic solvents, such as chloroform, acetone, THF, etc.
They were characterized by spectroscopic methods, and all
gave satisfactory spectral data (see Materials and Instrumen-
tation and Figure S1-6 in the Supporting Information).

Optical Properties. As shown in Figure 1, the alde-
hyde 1 emitted green light with the maximum emission
wavelength centered at about 512 nm. After the reaction
with ethanethiol, the obtained thioacetal 3 emitted deep blue
luminescence (centered at about 397 nm), indicating that
after the protection reaction of aldehyde, the electronic
property of the resultant thioacetal changed, leading to the

different fluorescent behavior due to the different intramo-
lecular charge transfer (ICT) efficiency. We then tried to add
Hg2+ ions into the diluted solution of thioacetal 3, excitingly,
the emission intensity at 397 nm decreased immediately to
about 90% of the original one at the concentration of Hg2+

ions as low as 1 µM. With the increasing concentration of
Hg2+ ions in the test system, the intensity decreased cor-
respondingly. However, when the concentration reached 7
µM, further increasing the concentration of Hg2+ ions to 11
µM, no big difference could be observed. Also, it was noticed
that accompanying with the decreasing intensity at 397 nm,
the fluorescent intensity at 512 nm increased, and when the
concentration of Hg2+ ions became higher, the intensity was
closer to that of aldehyde 1 with the same concentration.

Considering that the introduced trace water in the added
Hg2+ solution might affect the intensity of thioacetal 3 during
the fluorescence titration experiments, we studied the influ-
ence of the added trace water (see Figure S7 in the Support-
ing Information). The intensity really decreased upon the
addition of trace water; however, only at a very limited
degree, which would not affect the results of the titration
experiment. Thus, these results indicated that upon the
addition of Hg2+ ions, the Hg2+-promoted deprotection
reaction of thioacetal 3 really occurred as expected, and
aldehyde 1 was formed step-by-step. To see the results more
visually, we could summarize the intensity change as a
function of Hg2+ ion concentration. As demonstrated in the
inset A of Figure 1, there was a nearly linear relationship
between the intensity change and the concentration of Hg2+

ions. A linear regression curve could be simulated, and the
point at which this line crossed the abscissa axis was taken
as the detection limit and equaled approximately 1 µM (15).
By comparing the intensities at different wavelengths of 397
and 512 nm, we could concluded the obtained experimental
results as another curve as shown in Figure 1 (inset B).
Actually, the fluorescence difference for the solution of
thioacetal 3 before and after the addition of Hg2+ ions could
easily be distinguished by the naked eye as displayed in
Chart 1 and Figure S8 in the Supporting Information, real-
izing our thought of the design of new chemosensors toward
Hg2+ ions based on the ITC mechanism and the Hg2+-
promoted deprotection reaction of thioacetals.

To further confirm the deprotection reaction of thioacetal
3 upon the addition of Hg2+ ions in solutions, we measured
the UV-vis and IR spectra of thioacetal 3 before and after
the addition of Hg2+ ions, compared with that of aldehyde
1. As shown in Figure 2, no absorption peak centered at
about 1685 cm-1 was observed in the IR spectrum of

Scheme 3. Synthetic Route to Compounds 1 and 2

FIGURE 1. Normalized emission spectra of 1 (5 µM, red line) and
3 (5 µM, black line) in the presence of increasing concentration
of Hg2+. Insets: (A) plot of fluorescence titration of 3 with Hg2+;
(B) fluorescence difference I397/I512 of 3 versus the concentration
of Hg2+.
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thioacetal 3, in good accordance to the absence of aldehyde
groups. But after the addition of Hg2+ ions, a typical absorp-
tion peak of aldehyde groups at 1685 cm-1 appeared in the
IR spectrum as the result of the reaction between 3 and Hg2+

ions, and this spectrum was nearly the same as that of
aldehyde 1, proving the successful deprotection reaction of
thioacetal 3 in the presence of Hg2+ ions. The UV-vis spectra
of 3 before and after the addition of Hg2+ ions also gave
some proof (see Figure S9 in the Supporting Information).

To test the reproducibility of the sensing behavior of
thioacetal 3 toward Hg2+ ions, we studied the fluorescence
properties of thioacetal 3 at the presence and absence of
Hg2+ ions at different concentrations. As demonstrated in
Figure S10-13 in the Supporting Information, at higher
concentrations, for example, 50 and 10 µM, the sensitivity
was not good as shown in Figure 1 (5 µM). This was
understandable: the sensing property of thioacetal 3 toward
Hg2+ ions was according to the ICT mechanism; only after
some needed amount of thioacetal 3 was converted to
aldehyde 1 with the aid of Hg2+ ions could the fluorescence
change be monitored. The higher concentration of thioacetal
3, the more conversion needed, and thus, the relatively
lower sensitivity. This might be another advantage of this
kind of chemosensors: the linear range for the detection of
Hg2+ ions could be adjusted conveniently by controlling the
concentrations of the chemosensors, just as exhibited in
Figures S11 and S13 in the Supporting Information and the
inset of Figure 1. However, as shown in Figure S14, at the
concentration of 1 µM, thioacetal 3 nearly gave no response
to the addition of Hg2+ ions, possibly because of the low

reacting activity of the deprotection reaction at this low
concentration. Thus, 5 µM should be the optimized concen-
tration of thioacetal 3 to act as a good chemosensor toward
Hg2+ ions, correspondingly, the detection limit should be 1
µM. To further increase the sensitivity of this kind of Hg2+

chemosensors based on the deprotection reaction, there
might be two approaches: one was to develop more reactive
thioacetals, another was to design conjugated polymer-based
chemosensors, because the “molecular wire effect” in con-
jugated polymers usually greatly enhanced the sensitivity
because of the enhanced electronic communication among
them. The related work was under progress in our laboratory.

To evaluate the Hg2+-selective nature of 3, the influence
of other metal ions was investigated (see Figure S15 in the
Supporting Information). As shown in Figure 3, except a little
influence from Fe3+ (the response of Ag+ ions would be
discussed later), other metal ions such as Ba2+, Ni2+, Co2+,
Ca2+, Cd2+, Mg2+, Zn2+, Pd2+, Mn2+, Cr3+, Fe2+, K+, Na+, Li+,
Al3+, Cu2+ gave nearly no disturbance to the selective sensing
of Hg2+, indicating that the selectivity for Hg2+ was relatively
high, and also proving the selectivity of the deprotection
reaction of thioacetal for the metal ions. Also, as demon-
strated in the inset of Figure 3, the different sensing behav-
iors could be easily seen by the naked eyes with the aid of a
normal UV lamp. During the preparation of this paper, we
found a report concerned on a thioacetal-based chemosen-
sor for Cu2+ ions (16a); however, in our case, copper ions
did not give any influence to the detection of Hg2+ ions,
possibly because of the different chemical structure and
testing conditions. Also, there was a report of the detection
of Hg2+ (16b), but no influence from Ag+ ions reported as
we investigated in the following part. Thus, to obtain more
information of thioacetal-based chemosensors, much work
is still needed.

As an interesting phenomenon, not all of the reported
papers of Hg2+ chemosensors involved the possible influ-
encefromsilverions(17),andsometimestheHg2+chemosen-
sors really gave response to the addition of trace silver ions.
Although in the textbook, it was said that only in the

Chart 1. Protection and Deprotection Reactions of
Aldehyde

FIGURE 2. IR spectra of 3, 1, and the product of reacting 3 with
Hg2+.

FIGURE 3. Fluorescence responses of 3 (10 µM) to various metal ions
([Hg2+], 10 µM; [Fe3+], 30 µM; [Ag+], 30 µM; other ions, 50 µM).
Excited at 370 nm. Inset: Fluorescence photograph of 3 to various
metal ions ([Hg2+], 7 µM; other ions, 25 µM). (A) 1 (5 µM); (B) 3 (5
µM); (C-V) 3+Hg2+, Ba2+, Ni2+, Co2+, Ca2+, Cd2+, Mg2+, Zn2+, Pd2+,
Mn2+, Cr3+, Fe3+, Fe2+, K+, Na+, Li+, Al3+, Cu2+, Ag+, mixture.
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presence of mercury ions could the thioacetal undergo the
deprotection reaction and convert to its original aldehyde,
we still investigated the possible influence of silver ions. As
shown in Figures S16 and 17 in the Supporting Information,
upon the addition of silver ions, similar phenomena as in
the case of Hg2+ ions were observed: the fluorescent inten-
sity at 397 nm decreased, whereas that at 512 nm increased
a little. However, the sensitivity was not as high as that
toward Hg2+ ions. The results were unexpected, but reason-
able if we considered carefully. As demonstrated in Scheme
1, thioacetals could be converted to aldehydes upon the
addition of Hg2+ ions, because Hg2+ ions could form in-
soluble salts, (RS)2Hg, with alkyl sulfide. As we knew, the
solubility of RSAg was bad though a little better than (RS)2Hg,
thus, similar to Hg2+ ions, the Ag+ ions should promote the
deprotection reaction of thioacetals. The IR and UV-vis
spectra of thioacetal 3 before and after the treatment with
Ag+ ions confirmed the conversion of thioacetal to aldehyde,
in comparison with that of aldehyde 1 (see Figure S18 and
19 in the Supporting Information). This conversion was not
mentioned in the textbook; however, our obtained experi-
mental results indicated that in the deprotection reaction of
thioacetal, Ag+ ions could be an alternative choice to pro-
mote the reaction instead of Hg2+ ions in some special cases
in which Hg2+ ions were prohibited. On the other hand, it
was also important to probe the Ag+ ions because it could
inactivate sulfhydryl enzymes and combine with amine,
imidazole, and carboxyl groups of various metabolites (18),
and thus, thioacetal 3 could also be regarded as a good probe
toward Ag+ ions with relatively good detection limit of 6 ×
10-6 mol/L. However, as shown in Figure 3, although the
fluorescence intensity of the solution of thioacetal 3 changed
at a large extent upon the addition of Ag+ ions, the emission
color of the resultant solution almost remained unchanged,
even at the concentration of 25 µM, possibly because of the
lower increasing of the emission at 512 nm (see Figure S17b
in the Supporting Information), in comparison with that for
Hg2+ ions. This, perhaps, was not a bad thing for the
detection of Hg2+ ions. As discussed above, we would like
to develop the ratiometric fluorescent probes for Hg2+ ions;
although thioacetal 3 gave response toward Ag+ ions when
observed by the naked eye with the aid of a UV lamp, at
concentrations lower than 25 µM, Ag+ ions would give no
disturbance to the detection of Hg2+ ions.

Considering the low concentration of thioacetal 3 used
for the probing of Hg2+ ions (5 µM), we attempted to conduct
the sensing process in aqueous solutions with a little amount
of organic solvent in presence. As shown in Figure S20 and
21, thioacetal 3 did work in the aqueous solutions with the
ratio of water/THF at 19:1. Other metal ions, including Ba2+,
Ni2+, Co2+, Fe3+, Ca2+, Cd2+, Mg2+, Zn2+, Pd2+, Mn2+, Cr3+,
Fe2+, Ag+, K+, Na+, Li+, Al3+, Cu2+, did not give apparent
influence. Even in the presence of different metal ions
mixture, thioacetal 3 could still give response to Hg2+ ions
selectively (see Figure S22 in the Supporting Information).
But the aqueous solution of thioacetal 3 was not very
stable, and the reproducibility of the results was not as

good as those obtained in the organic solutions discussed
above, which should be possibly ascribed to the different
size of the formed nanoparticles of thioacetal 3 in the
mixture solutions. Further research on the water-soluble
sensors by utilizing this idea is under work in our labora-
tory. It should be pointed out that according to the
mechanism of the deprotection of thioacetal with Hg2+,
water was the nucleophile that assisted the reaction in the
presence of Hg2+ ions. Thus, in the mixture solvents, the
deprotection reaction should be much faster than that in
pure THF, because of the presence of large amount of
water. However, interestingly, we could not distinguish
the different response time in different test systems,
because the readout time in the case of pure THF was very
fast (upon the addition of Hg2+ ions, immediately, the
emission color changed). This should be an advantage of
this kind of probes: ultra fast response speed.

To investigate the practical application of thioacetal 3, we
prepared test strips by immersing filter paper into the THF
solution of thioacetal 3 (1 × 10-3 mol/L) and then dried in
air. When dipped into the solutions of Hg2+ ions with
different concentrations, the test strips containing thioacetal
3 demonstrated apparent color changes excited at 365 nm
under a UV lamp, which were similar to that of 1 and the
discernible concentration of Hg2+ ions could be as low as
1.0 × 10-4 mol/L (Figure 4). Thus, these strips could be
conveniently handled at any moment for the detection of
Hg2+ ions.

To check the above experimental results from another
aspect, we further designed and synthesized another thio-
acetal, compound 4, with similar molecular structure to
thioacetal 3 (Scheme 2), in which the previous ethoxy group
was replaced by the cyano one. As a result, the ICT property
in thioacetal 4 was different from that in 3, because the
cyano group was an electronic withdrawing moieties while
ethoxy was donor one. This difference could be partially
proved by the different maximum emission wavelength of
4 (457 nm) in comparison with that of 3 (397 nm). Figure 5
demonstrated the fluorescent behavior of thioacetal 4 in the
presence and absence of Hg2+ ions. It was easily seen that
upon the addition of Hg2+ ions, the emission intensity
decreased immediately; with the increase in concentration
of the added Hg2+ ions, the intensity further decreased.
When the concentration of Hg2+ ion was 18 µM, the intensity
was similar to that of aldehyde 2. In the case of thioacetal
3, upon the addition of Hg2+ ions, the fluorescence intensity
at 512 nm increased, leading to the color change of the
fluorescence. However, here, after the addition of Hg2+ ions

FIGURE 4. Fluorescence photographs of 1 (10-3 mol/L, A), 3 (1 ×
10-3 mol/L, B), 3+Hg2+ (1 × 10-3 mol/L, C), 3+Hg2+ (1 × 10-4 mol/
L, D), and 3+Hg2+ (1 × 10-5 mol/L, E).A
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into the diluted solution of thioacetal 4, besides the decrease
in the fluorescent intensity, the profile changed only a little,
and no new peak appeared. But interestingly, under the
excitation of a UV lamp at the wavelength of 365 nm, we
could easily see the obvious different luminescence of
thioacetal 4 and aldehyde 2 by naked eyes (see Chart S1 in
the Supporting Information). To conduct the sensing experi-
ments at different concentrations of thioacetal 4, we ob-
tained similar results, whereas the linear range for the
detection of Hg2+ ions was different (see Figures S23-26 in
the Supporting Information), and the detection limit was
determined to be 5.0 × 10-7 mol/L.

As shown in Figures S27 and 28 in the Supporting
Information, the introduced trace water and metal ions
nearly did not cause apparent influence, indicating the good
selectivity of thioacetal 4 toward Hg2+ ions. The sensing
process could also be observed visually as demonstrated in
Figure 6. The Ag+ ion could promote the conversion reaction
of thioacetal 4 to aldehyde 2, similar to what is observed in
the case of thioacetal 3 (see Figures S29-S33 in the Sup-
porting Information). Similar to thioacetal 3, thioacetal 4
could give a response to Hg2+ ions in aqueous solution and
solid state with relatively good performance (see Figures
S34-S40 and Chart S2 in the Supporting Information).

Thus, the obtained experimental results of thioacetal 4,
on the one hand, further proved our idea for the develop-
ment of good chemosensors toward Hg2+ ions; moreover,
on the other hand, they indicated that by simply adjusting
the chemical structure, the fluorescence properties of the
resultant luminophores could be conveniently modified.
Although 3 and 4 could be used in the mixture solvents of
THF and water to probe the possible presence of Hg2+ ions,
it was still a pity that they were not soluble in water without
the aid of organic solvents. However, by modifying the
structure, for example, to introduce some hydrophilic groups
to them, the water-soluble chemosensors could be obtained.
Therefore, it was believed that after optimizing the structural
design, more Hg2+ ions chemosensors with better perfor-

mance could be obtained, by utilization of the Hg2+-
promoted deprotection reaction coupled with the ICT mech-
anism. Further study is still in progress in our laboratory.

CONCLUSIONS
In summary, two new ratiometric fluorescent chemosen-

sors 3 and 4 were constructed with the concept of aldehyde
group protection/deprotection reaction. Both probes dis-
played high sensitivity and selectivity for Hg2+ and Ag+ over
other metal ions because of the distinct deprotection reac-
tion of thioacetal. In addition, 3 and 4 could serve as practical
fluorescent chemosensors for rapid detection of Hg2+ ion by
virtue of test strips.

Acknowledgment. We are grateful to the National Natural
Science Foundation of China (20974084), the Program of
NCET, and the National Fundamental Key Research Program
for financial support.

Supporting Information Available: NMR and MALDI-TOF
spectra; UV-vis and fluorescent spectra; photos (PDF). This
material is available free of charge via the Internet at http://
pubs.acs.org.

REFERENCES AND NOTES
(1) (a) Vupputuri, S.; Longnecker, M. P.; Daniels, J. L.; Guo, X.;

Sandler, D. P. Environ. Res. 2005, 97, 194–199. (b) Baughman,
T. A. Environ. Health Perspect. 2006, 114, 147–152. (c) Mutter, J.;
Naumann, J.; Schneider, R.; Walach, H.; Haley, B. Neuroendo-
crinol. Lett. 2005, 26, 439–446. (d) Zalups, R. K. Pharmacol. Rev.
2000, 52, 113–143.

(2) (a) Huang, C.-C.; Chang, H.-T. Anal. Chem. 2006, 78, 8332–8338.
(b) Zheng, W.; Aschner, M.; Ghersi-Egea, J.-F. Toxicol. Appl.
Pharmacol. 2003, 192, 1–11. (c) Hoyle, I.; Handy, R. D. Aquat.
Toxicol. 2005, 72, 147–159.

(3) (a) Onyido, I.; Norris, A. R.; Buncel, E. Chem. Rev. 2004, 104,
5911–5929. (b) Morel, F. M. M.; Kraepiel, A. M. L.; Amyot, M.
Annu. Rev. Ecol. Syst. 1998, 29, 543–566. (c) Matsushita, M.;
Meijler, M. M.; Wirsching, P.; Lerner, R. A.; Janda, K. D. Org. Lett.
2005, 7, 4943–4946.

(4) (a) Renzoni, A.; Zino, F.; Franchi, E. Environ. Res. 1998, 77, 68–
72. (b) Malm, O. Environ. Res. 1998, 77, 73–78.

(5) (a) Regulatory Impact Analysis of the Clean Air Mercury Rule: EPA-
452/R-05-003; U.S. Environmental Protection Agency: Research

FIGURE 5. Normalized emission spectra of 2 (5 µM, red line) and 4
(5 µM, black line) in the presence of increasing concentration of
Hg2+, excited at 370 nm in THF.

FIGURE 6. Fluorescence responses of 4 (10 µM) to various metal ions
([Hg2+], 10 µM; [Ag+], 40 µM; other ions, 50 µM). Excited at 370 nm.
Inset: Fluorescence photograph of 4 to various metal ions ([Hg2+],
20 µM; [Ag+], 25 µM; other ions, 50 µM). (A) 2 (10 µM); (B) 4 (10 µM);
(C-V) 4 + Hg2+, Ba2+, Ni2+, Co2+, Ca2+, Cd2+, Mg2+, Zn2+, Pd2+, Mn2+,
Cr3+, Fe3+, Fe2+, K+, Na+, Li+, Al3+, Cu2+, Ag+, mixture.

A
R
T
IC

LE

www.acsami.org VOL. 2 • NO. 4 • 1066–1072 • 2010 1071



Triangle Park, NC, 2005. (b) Yoon, S.; Miller, E. W.; He, Q.; Do,
P. H.; Chang, C. J. Angew. Chem., Int. Ed. 2007, 46, 6658–6661.

(6) (a) Watton, S. P.; Wright, J. G.; Macdonnell, F. M.; Bryson, J. W.;
Sabat, M.; Ohalloran, T. V. J. Am. Chem. Soc. 1990, 112, 2824–
2826. (b) Chen, P.; He, C. A. J. Am. Chem. Soc. 2004, 126, 728–
729. (c) Wegner, S. V.; Okesli, A.; Chen, P.; He, C. J. Am. Chem.
Soc. 2007, 129, 3474–3475. (d) Kim, I.-B.; Bunz, U. H. F. J. Am.
Chem. Soc. 2006, 128, 2818–2819. (e) White, B. R.; Liljestrand,
H. M.; Holcombe, J. A. Analyst 2008, 133, 65–70.

(7) (a) Ono, A.; Togashi, H. Angew. Chem., Int. Ed. 2004, 43, 4300–
4302. (b) Ren, X. S.; Xu, Q. H. Langmuir 2009, 25, 29–31. (c)
Tang, Y. L.; He, F.; Yu, M. H.; Feng, F. D.; An, L. L.; Sun, H.; Wang,
S.; Li, Y. L.; Zhu, D. B. Macromol. Rapid Commun. 2006, 27, 389–
392. (d) Chiang, C.-K.; Huang, C.-C.; Liu, C.-W.; Chang, H. T. Anal.
Chem. 2008, 80, 3716–3721. (e) Liu, X. F.; Tang, Y. L.; Wang,
L. H.; Zhang, J.; Song, S. P.; Fan, C. H.; Wang, S. Adv. Mater. 2007,
19, 1471–1474.

(8) (a) Thomas, J. M.; Ting, R.; Perrin, D. M. Org. Biomol. Chem. 2004,
2, 307–312. (b) Liu, C.-W.; Huang, C.-C.; Chang, H.-T. Anal. Chem.
2009, 81, 2383–2387. (c) Wang, Y. S.; Liu, B. Macromol. Rapid
Commun. 2009, 30, 498–503. (d) Wang, Z. D.; Lee, J. H.; Lu, Y.
Chem. Commun. 2008, 6005–6007. (e) Li, T.; Dong, S. J.; Wang,
E. K. Anal. Chem. 2009, 81, 2144–2149. (f) Wang, J.; Liu, B. Chem.
Commun. 2008, 4759–4761.

(9) (a) Xue, X. J.; Wang, F.; Liu, X. G. J. Am. Chem. Soc. 2008, 130,
3244–3245. (b) Lee, J. S.; Han, M. S.; Mirkin, C. A. Angew. Chem.,
Int. Ed. 2007, 46, 4093–4096. (c) Li, D.; Wieckowska, A.; Willner,
I. Angew. Chem., Int. Ed. 2008, 47, 3927–3931. (d) Wang, L.;
Zhang, J.; Wang, X.; Huang, Q.; Pan, D.; Song, S.; Fan, C. Gold
Bull. 2008, 41, 37–41. (e) Liu, J.; Lu, Y. Angew. Chem., Int. Ed.
2007, 46, 7587–7590. (f) Yu, C.-J.; Tseng, W.-L. Langmuir 2008,
24, 12717–12722. (g) Liu, C.-W.; Hsieh, Y.-T.; Huang, C.-C.; Lin,
Z.-H.; Chang, H.-T. Chem. Commun. 2008, 2242–2244. (h) Huang,
C.-C.; Chang, H.-T. Chem. Commun. 2007, 1215–1217. (i) Huang,
C.-C.; Chang, H.-T. Anal. Chem. 2006, 78, 8332–8338. (j) Lee, J.-
S.; Mirkin, C. A. Anal. Chem. 2008, 80, 6805–6808. (k) He, S. J.;
Li, D.; Zhu, C. F.; Song, S. P.; Wang, L. H.; Long, Y. T.; Fan, C. H.
Chem. Commun. 2008, 4885–4887. (l) Darbha, G. K.; Singh, A. K.;
Rai, U. S.; Yu, E. J. Am. Chem. Soc. 2008, 130, 8038–8043. (m)
Liu, C.-W.; Huang, C.-C.; Chang, H.-T. Langmuir 2008, 24, 8346–
8350.

(10) (a) Zeng, L.; Miller, E. W.; Pralle, A.; Isacoff, E. Y.; Chang, C. J.
J. Am. Chem. Soc. 2006, 128, 10–11. (b) Wang, J.; Qian, X.; Cui, J.
J. Org. Chem. 2006, 71, 4308–4311. (c) Yang, R. H.; Chan, W. H.;
Lee, A. W.; Xia, P. F.; Zhang, H. K.; Li, K. J. Am. Chem. Soc. 2003,
125, 2884–2885. (d) Caballero, A.; Martinez, R.; Lloveras, V.;
Ratera, I.; Vidal-Gancedo, J.; Wurst, K.; Tarraga, A.; Molina, P.;
Veciana, J. J. Am. Chem. Soc. 2005, 127, 15666–15667. (e) Nolan,
E. M.; Jaworski, J.; Okamoto, K.; Hayashi, Y.; Sheng, M.; Lippard,
S. J. J. Am. Chem. Soc. 2005, 127, 16812–16823. (f) Guo, X.; Qian,
X.; Jia, L. J. Am. Chem. Soc. 2004, 126, 2272–2273. (g) He, Q.;
Miller, E. W.; Wong, A. P.; Chang, C. J. J. Am. Chem. Soc. 2006,
128, 9316–9317. (h) Liu, J.; Lu, Y. J. Am. Chem. Soc. 2005, 127,

12677–12683. (i) Yang, Y. K.; Yook, K. J.; Tae, J. J. Am. Chem.
Soc. 2005, 127, 16760–16761. (j) Ono, A.; Togashi, H. Angew.
Chem, Int. Ed. 2004, 43, 4300–4302. (k) Zhao, Y.; Zhong, Z. J. Am.
Chem. Soc. 2006, 128, 9988–9989. (l) Chen, X.; Nam, S.-W.; Jou,
M. J.; Kim, Y.; Kim, S.-J.; Park, S.; Yoon, J. Org. Lett. 2008, 10,
5235–5238.

(11) (a) Liu, C.-W.; Huang, C.-C.; Chang, H.-T. Anal. Chem. 2009, 81,
2383–2387. (b) Coskun, A.; Akkaya, E. U. J. Am. Chem. Soc. 2006,
128, 14474–14475. (c) Nolan, E. M.; Lippard, S. J. J. Am. Chem.
Soc. 2003, 125, 14270–14271. (d) Nolan, E. M.; Racine, M. E.;
Lippard, S. J. Inorg. Chem. 2006, 45, 2742–2749. (e) Meng, X.-
M.; Liu, L.; Hu, H.-Y.; Zhu, M.-Z.; Wang, M.-X.; Shi, J.; Guo, Q.-X.
Tetrahedron Lett. 2006, 47, 7961–7964. (f) Wang, J.; Qian, X.
Chem. Commun. 2006, 109–111. (g) Coskun, A.; Akkaya, E. U.
J. Am. Chem. Soc. 2006, 128, 14474–14475. (h) Descalzo, A. B.;
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