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A B S T R A C T

Based on the concept provided by our previous work on a fluorescent Cd2+ probe, a fluorescent turn-on Hg2+

probe with a high contrast was designed through manipulating functional groups tethered to naphthalimide.
With carbamoylmethylamino and bis[2-(ethylthio)ethyl]amino groups as tethering functionalities, 1 worked as a
useful fluorescent probe in a high selective and sensitive manner over the pH range between 6 and 8 with a
detection limit at 2.8 nM (estimated at a pH of 7.2). Comparison of the probe performance of 1 with that of 2
merely with bis[2-(ethylthio)ethyl]amino group suggested that both of the tethering groups exhibited their
abilities to chelate with Hg2+, and yet the carbamoylmethylamino group also functioned as a fluorescent off-on
switch through a photoinduced electron transfer mechanism. Thus, 1 found a practical utility as an Hg2+ probe
in analysis of river as well as tap samples without any tedious pretreatments.

1. Introduction

In spite of the fact that mercury (Hg) is well recognized as a highly
toxic heavy metal, bringing about damage to some organelles in many
organs [1–3] by inducing negative effects such as disturbance in cel-
lular functions and reactive oxygen species (ROS) production [4,5], the
heavy metal has been discharged by industrial and agricultural activ-
ities [3,6]. Hence, its management has been drawing a great attention
all over the world, and severely regulated through the Minamata
Convention [6]. In addition, a mechanism for the negative effects of Hg
on the health of human and other organisms is not fully understood.
These contexts have prompted to develop fluorescent probes as a facile,
sensitive, and selective detection technique for monitoring in vivo and
environmental Hg2+ [3,7].
From the standing point of a fluorescence mechanism, fluorescent

probes with changes of their fluorescence intensities are categorized
into two groups: a “turn-on” or “turn-off” type of probes. The former
provides fluorescent responses only after reaction with a target sub-
stance, while the latter emits fluorescence as a background response,
which is quenched in a manner dependent on concentration of an
analyte. As for a “turn-on” probe with its essentially low background
signal, the following featuring points are envisioned: a target analyte in
a minute amount would be imaged even in biological samples; a use of
several probes chosen wisely would allow simultaneous analysis of their
target molecules [3,7]. Moreover, it is likely that fluorometry with a

“turn-off” probe suffers from false positives [3], and hence the former
would be preferred to the latter as a tool for sensitive and selective
analysis. Although a large number of fluorescent probes for Hg2+ have
been developed so far [3,7–32], some of them are “turn-off” probes
accompanied by their mechanism-based problems, and the others often
have a drawback that fluorescent background signals are relatively
high, namely, insufficiently quenched in the absence of Hg2+, even
though a “turn-on” fluorescent mechanism is invoked. Thus, it is still a
challenge to establish a concept allowing versatile molecular design of
fluorescent “turn-on” probes for Hg2+ with a background signal
quenched as effectively as possible.
With this view in hand, we paid our attention to previously reported

Cd2+ probe 3 (Fig. 1) with carbamoylmethylamino groups tethered to
naphthalimide, to design a fluorescent Hg2+ probe. The pendant groups
in 3 function not only as Cd2+ chelators but also as fluorescent off-on
switches [33]. Since protonation of the amino groups in the pendant
groups is suppressed due to an electron-withdrawing property of the
adjacent carbamoyl groups, photoinduced electron transfer (PET) from
the amino groups onto the naphthalimide moiety occurs even under
neutral conditions, leading into sufficiently quenching the fluorescence
emission from the naphthalimide as its background responses. In con-
trast, the observed PET quenching is canceled in the presence of Cd2+

through the chelation of the amino groups as well as the carbamoyl
groups to the metal ion, allowing 3 to exhibit the fluorescence signal
from the naphthalimide. The observed performance of 3 as a Cd2+
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probe has provided the concept that a fluorescent turn-on Hg2+ probe
in a high-contrast manner would be designed through manipulating
functional groups tethered to naphthalimide. Herein, we designed 1 by
changing the two terminal carbamoylmethyl groups of 3 into two 2-
(ethylthio)ethyl groups as selective chelators toward Hg2+ (Fig. 1), and
demonstrated its performance and practical utility as a fluorescent
“turn-on” probe for Hg2+ with high sensitivity and selectivity, quite
low background signal, and large increasing on its fluorescent signal.
We shed light on a role of the carbamoylmethylamino group in 1 by
comparison in probe performance between 1 and 2 lacking the carba-
moylmethylamino group as a tethering group to naphthalimide (Fig. 1).

2. Experimental section

2.1. Synthesis

2.1.1. General
IR absorption spectra were measured with a JASCO FT/IR-4100

spectrometer using KBr powder, and only noteworthy absorptions are
depicted in the lists of the physical data for each compound. 1H and 13C
NMR spectra were measured with a Bruker AVANCE III HD NMR
spectrometer (600MHz and 151MHz, respectively). Chemical shifts of
1H and 13C NMR are expressed as ppm downfield from tetra-
methylsilane used as an internal standard (δ=0ppm). High resolution
mass spectra were measured on a Bruker micrOTOF-Q mass spectro-
meter by an electrospray ionization time-of-flight (ESI-TOF) method.
Column chromatography was carried out by using silica gel 60 (sphe-
rical, Kanto Chemical Co., Japan). Compounds 4 and 5 (Scheme 1) were
prepared as previously reported [33]. Reactions were performed under
an atmosphere of Ar, unless otherwise noted.

2.1.2. Synthesis of 1
To a solution of 4 (1.54 g, 2.90mmol) in acetonitrile (65mL), N-

ethyl-2-bromoacetamide (813mg, 4.90mmol) and potassium carbonate
(677mg, 4.90mmol) were added at room temperature, and stirred
under reflux for 4.5 h. The mixture was cooled to room temperature,
filtered, and evaporated. The residue was purified by column chroma-
tography on silica gel with CHCl3/methanol/28% aqueous NH3 solution
(400:20:1) to afford crude yellow oil (1.74 g). The crude oil (100mg)
was dissolved in trifluoroacetic acid (1.0mL) at 0 °C, and stirred in the

air at room temperature for 1 h. The resulting mixture was basified with
2M aqueous NaOH solution and extracted with CHCl3 three times. The
combined organic layers were dried over Na2SO4, and evaporated to
dryness. The residue was dissolved in acetonitrile (3mL), and a solution
of (2-bromoethylsulfanyl)ethane (85mg, 0.50mmol) in acetonitrile
(1 mL) and potassium carbonate (70mg, 0.51mmol) were added to the
solution with stirring. The mixture was stirred under reflux for 3 h, then
cooled to room temperature, filtered, and evaporated. The residue was
purified by column chromatography on silica gel with CHCl3/me-
thanol/28% aqueous NH3 solution (400:10:1) to give the desired pro-
duct including a few impurities. The product was subjected to addi-
tional silica gel chromatography with CHCl3/methanol/28% aqueous
NH3 solution (400:10:1) to afford pure 1 (28mg, 24% for three steps) as
pale yellow oil.

1H NMR (600MHz, CDCl3): δ= 8.63 (dd, J=7.3, 1.2 Hz, 1 H), 8.56
(d, J=8.3 Hz, 1 H), 8.55 (dd, J=8.3, 1.2 Hz, 1 H), 7.74 (dd, J=8.3,
7.3 Hz, 1 H), 7.53 (t, J=6.0 Hz, 1 H), 7.04 (d, J=8.3 Hz, 1 H), 4.44 (t,
J=5.7 Hz, 2 H), 4.34 (t, J=5.2 Hz, 2 H), 3.86 (t, J=5.7 Hz, 2 H),
3.72–3.65 (m, 4 H), 3.58 (t, J=5.1 Hz, 2 H), 3.53 (t, J=6.1 Hz, 2 H),
3.38 (s, 2 H), 3.26 (t, J=5.2 Hz, 2 H), 3.16 (qd, J=7.3, 6.0 Hz, 2 H),
2.92 (t, J=5.1 Hz, 2 H), 2.75–2.72 (m, 4 H), 2.70 (t, J=6.1 Hz, 2 H),
2.60–2.57 (m, 4 H), 2.53 (q, J=7.4 Hz, 4 H), 1.25 (t, J=7.4 Hz, 6 H),
0.94 ppm (t, J=7.3 Hz, 3 H);

13C NMR (151MHz, CDCl3): δ= 171.04, 164.76, 164.17, 159.89,
133.65, 131.94, 129.55, 128.57, 126.21, 123.47, 122.41, 115.25,
106.00, 72.25, 70.06, 69.16, 68.55, 67.29, 61.88, 59.67, 55.82, 54.79
(2C), 54.73, 53.64, 39.42, 33.82, 29.54 (2C), 26.32 (2C), 14.93 (2C),
14.89 ppm;
IR (KBr): ν̃=3330 (broad), 2960, 2926, 2871, 1695, 1656, 1593,

1581 cm–1;
HRMS m/z ([M+H]+): Calcd for 693.3350; Found 693.3350,

([M+Na]+): Calcd for 715.3170; Found 715.3170.

2.1.3. Synthesis of 2
To a solution of 5 (200mg, 0.490mmol) in DMSO (2.5 mL), sodium

azide (48mg, 0.74mmol) was added and stirred at 60 °C for 4 h. After
cooling to room temperature, water (approximately 10mL) was added,
and then the precipitate was collected by filtration, washed with water
three times, and dried in vacuo to afford a crude yellow powder
(168mg). Next, hydrogenation of the obtained crude (168mg)

Fig. 1. Compound 1 designed as an Hg2+ probe through the concept brought by the “turn-on” mechanism of previously reported 3 as a Cd2+ probe, and 2 that was
useful to shed light on the important role of the carbamoylmethylamino group on 1.

Scheme 1. Synthetic routes for 1 and 2.
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dissolved in THF/methanol (1:2, 6 mL) was carried out over 10% Pd-C
(68mg) under a medium pressure condition of hydrogen (0.4MPa) for
2 h. After removal of Pd-C by filtration, the filtrate was evaporated to
give the crude amine as a yellow foam solid (88mg). To a solution of
the crude (88mg) in DMF (0.6mL), a solution of (2-bro-
moethylsulfanyl)ethane (86mg, 0.51mmol) in DMF (0.6mL) and po-
tassium carbonate (71mg, 0.51mmol) were added at room tempera-
ture, and stirred at 60 °C overnight. After cooling to room temperature,
the resulting mixture was quenched with water, and extracted with
CHCl3 three times. The combined organic layers were dried over
Na2SO4, filtered, and evaporated to dryness. The residue was purified
by column chromatography on silica gel with CHCl3/methanol (40:1) to
give the desired product, including impurities. Further purification with
column chromatography on silica gel with CHCl3/acetone (5:1) was
carried out to afford pure 2 as yellow oil (13mg, 5.1% for three steps).

1H NMR (600MHz, CDCl3): δ=8.62 (dd, J=7.3, 1.1 Hz, 1 H), 8.57
(dd, J=8.3, 1.1 Hz, 1 H), 8.56 (d, J=8.3 Hz, 1 H), 7.71 (dd, J=8.3,
7.3 Hz, 1 H), 7.06 (d, J=8.3 Hz, 1 H), 4.44 (t, J=5.7 Hz, 2 H), 4.36 (t,
J=5.7 Hz, 2 H), 3.86 (t, J=5.7 Hz, 2 H), 3.72–3.65 (m, 4 H), 3.16 (t,
J=5.7 Hz, 2 H), 2.92–2.89 (m, 4 H), 2.71–2.68 (m, 4 H), 2.57 (q,
J=7.4 Hz, 4 H), 1.25 ppm (t, J=7.4 Hz, 6 H);

13C NMR (151MHz, CDCl3): δ= 164.88, 164.27, 160.18, 133.76,
131.86, 129.55, 128.96, 126.02, 123.54, 122.27, 114.95, 106.04,
72.23, 68.57, 68.03, 61.89, 55.00 (2C), 52.78, 39.39, 29.85 (2C), 26.38
(2C), 14.92 (2C) ppm;
IR (KBr): ν̃=3480 (broad), 2959, 2925, 2869, 1695, 1656, 1593,

1581 cm–1;
HRMS m/z ([M+H]+): Calcd for 521.2138; Found 521.2139,

([M+Na]+): Calcd for 543.1958; Found 543.1961.

2.2. Spectroscopic analysis

2.2.1. General
All reagents and solvents in spectroscopic analysis were of the

highest quality purchased from Nacalai Tesque (Japan), Sigma-Aldrich
Co. (USA), and Wako Pure Chemical Industries (Japan), and used
without purification. As metal reagents, HgCl2, CrCl3∙6H2O,
MnCl2∙4H2O, FeCl3∙6H2O, CoCl2∙6H2O, NiCl2∙6H2O, CuCl2∙2H2O, Zn
(NO3)2∙6H2O, Pb(NO3)2, AgNO3, CdCl2∙2.5H2O, MgCl2∙6H2O,
CaCl2∙2H2O, NaNO3, and KNO3 were used, unless otherwise noted.
Water was purified using a Millipore Milli-Q Advantage A10 system
coupled with a Millipore Elix Essential 5 UV water purification system
(Merck Millipore, USA). As a pH 7.2 buffer, 50 mM phosphate buffer
was used. UV/Vis absorption spectra were measured on a Shimadzu
UV-2550 UV–vis Spectrophotometer (Shimadzu Corporation, Japan).
All fluorescence spectra were recorded on a JASCO FP-750 spectro-
fluorometer equipped with an ETC-272 Peltier thermostatted cell
holder (JASCO Corporation, Japan). Both the slit widths for excitation
and emission monochrometers were 5 nm. Each of spectral data was
obtained with individual three trials, unless otherwise noted.

2.2.2. Fluorometric analysis
Stock solutions of compounds 1 and 2 in DMSO, and metal ions

(Hg2+, Cr3+, Mn2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Pb2+, Ag+, and
Cd2+) in water were prepared at a concentration of 5mM. Stock so-
lutions of the other metal ions (Mg2+, Ca2+, Na+, and K+) in water
were prepared at a concentration of 50mM. Fluorometric samples were
provided by diluting the stock solution(s) with a buffer solution in a
1× 1×4.5 cm quartz cell. Thus the obtained solution of each com-
pound in the absence or presence of the metal ions was subjected to
fluorometric analysis with stirring at 25 °C. It should be mentioned here
that the fluorescent performances of 1 and 2 were not affected at all in
aqueous media containing DMSO with less than 10% (Fig. S1).

2.2.3. Measurement of fluorescence quantum yields
Fluorescence quantum yields were calculated using the following

equation according to a relative method with reference to the quantum
yield of quinine bisulfate in 0.5M H2SO4 aqueous solution (ϕr = 0.546)
[34].

= A D n
A D ns r

r s s

s r r

2

2

where s denotes the sample, r denotes the reference, ϕ is the quantum
yield, A is the absorbance at the excitation wavelength of the sample, D
is the area under the fluorescence emission spectrum, and n is the re-
fractive index. Absorption spectra were measured with 5 μM solution of
a fluorescent sample in pH 7.2 phosphate buffer, and fluorescence
spectra were measured with 5 μM solution of the sample excited at the
wavelength of its maximum absorbance in pH 7.2 phosphate buffer.
Absorption and fluorescence spectra of quinine bisulfate solution were
also measured at a concentration of 5 μM. The excitation wavelength in
the fluorescence measurement of quinine bisulfate was the same to that
of the fluorescent sample.

2.2.4. Dependency on pH
The experiments at various pH values were carried out in the fol-

lowing solutions: 50mM citric acid–sodium citrate buffer (pH 3.0),
50mM AcOH–AcONa buffer (pH 4.0, 5.0), 50mM phosphate buffer (pH
6.0–8.0), and 50mM NaHCO3–Na2CO3 buffer (pH 9.2, 10.0). All sam-
ples were prepared by adding the stock solution of 1 in DMSO into
buffer, and hence fluorescent measurements were carried out in aqu-
eous media containing 0.1% (v/v) DMSO.

2.2.5. Practical analysis of water samples
River water was collected at a point (lat. 34°43′24.0″ N and long.

135°16′35.2″ E) of Tenjo River, Kobe, Japan. As tentatively practical
samples, the mixed solutions of pH 7.2 phosphate buffer (50mM) and
tap or river water (1:1, v/v) were spiked with Hg2+ at various con-
centrations between 0.05–2 μM. A calibration curve for Hg2+ was ob-
tained by the fluorometry with four standard solutions of 1 (5 μM)
containing Hg2+ at different concentrations (0.05, 0.25, 0.5, 1 μM) in
mixtures of pH 7.2 phosphate buffer (50mM) and water (1:1, v/v). All
samples were prepared by adding the stock solution of 1 in DMSO into
buffer, and hence fluorescent measurements were carried out in aqu-
eous media containing 0.1% (v/v) DMSO.

3. Results and discussion

3.1. Probe performance of 1 and 2

Compounds 1 and 2 were synthesized as depicted in Scheme 1, and
subjected to absorption spectroscopy (Fig. S2). The spectra of 1 and 2 in
pH 7.2 phosphate buffer were essentially the same: they exhibited the
maximum absorption wavelengths (λmax) at 375 nm, and addition of
Hg2+ to their solutions gave minute shifts of the maximum absorption
wavelengths of 1 and 2 to 370 nm and 372 nm, respectively. Fig. 2
shows their fluorometry in the absence and presence of Hg2+ in pH 7.2
phosphate buffer. As expected, fluorescence of the naphthalimide group
in 1 was efficiently quenched (ϕ=0.004), and addition of 1 equiv of
Hg2+ into its solution recovered fluorescence emission (ϕ=0.81). The
increasing ratio of its fluorescence quantum yield with or without Hg2+

was approximately 200 times, demonstrating that 1 worked as an Hg2+

probe in a high-contrast manner. On the other hand, fluorescence of the
fluorophore in 2 was not completely quenched (ϕ=0.085), though its
fluorescence emission was recovered by addition of 1 equiv of Hg2+

(ϕ=0.42). The comparison in probe performance between 1 and 2 was
informative to evaluate the functions of the tethering groups on
naphthalimide, demonstrating that (1) the carbamoylmethylamino
group in 1 is essential to quenching fluorescence of naphthalimide at an
almost baseline level, (2) coordination of the carbamoylmethylamino
group in 1 to Hg2+ cancels the PET quenching by its N atom, (3) the bis
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[2-(ethylthio)ethyl]amino group itself exerts an Hg2+-binding ability in
both of 1 and 2, and (4) the bis[2-(ethylthio)ethyl]amino group does
not quench the fluorescence emission from naphthalimide as much as
the carbamoylmethylamino group combined with the bis[2-(ethylthio)
ethyl]amino group under the conditions. Therefore, manipulation of
functional groups tethered to naphthalimide led to a successful design
of 1 as a fluorescent turn-on probe for Hg2+.
The influence of pH on the fluorescent properties of 1 and 2 was

investigated as well (Fig. 3). The fluorescence of 1 was almost com-
pletely quenched at pH higher than 6, while 2 just underwent weaker
quenching than 1 even at a high pH region. This result indicates that the
electron-withdrawing effect of the carbamoylmethyl group in 1 sup-
pressed protonation of the adjacent amino group over these pH range,
leading to the effective PET quenching [33]. As the pH value of the
media was lower than 6, the fluorescence intensities of 1 and 2 became
larger. This phenomenon was attributed to the cessation of the PET
quenching by protonation of the amino groups [33]. However, the
quenching in 1 and 2 was not totally canceled under acidic conditions,
which could be ascribed to a heavy atom effect of intramolecular sulfur
atoms in ethylthio groups [35]. This explanation is supported by the
previously reported data obtained on 6 (Fig. 4), which is a lack of the
ethylthio groups in 2: the fluorescent intensity of 6 was much stronger
than that of 2 over a pH range lower than 9 (the fluorescence quantum
yield of 6 was 0.54 at pH 7.2) [33].
As for fluorescent intensity in the presence of Hg2+, an interesting

pH-dependency was observed. Over the pH range between 3 and 8,
Hg2+ turned on the fluorescence switch of 1 and 2, bringing out almost
full fluorescent responses from the probes. At pH higher than 9, the
fluorescent responses of 1 and 2 toward Hg2+ were lower than those
obtained under the neutral conditions. This is probably because HgO

Fig. 2. Fluorescence spectral changes of 1 and 2 (5 μM) upon addition of Hg2+ (1 equiv). The data were collected in pH 7.2 phosphate buffer containing 0.1% (v/v)
DMSO at λex= 370 nm.

Fig. 3. Dependency of the fluorescence intensities of 1 and 2 (5 μM) on pH in the absence or presence of 1 equiv of Hg2+. The data were collected at λex= 370 nm
and λem=455 nm.

Fig. 4. Compound 6 informative for evaluating the function of the ethylthio
groups in 2.
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was formed by a reaction of Hg2+ with OH− in a basic aqueous solution
[36], leading to decrease in the concentration of Hg2+. Hence, it was
demonstrated that 1 worked well as a fluorescent turn-on probe for
Hg2+ over the pH range between 6 and 8.

3.2. Fluorometric titration and stoichiometry in the reaction of 1 with Hg2+

Since 1 displayed its sensing ability as an Hg2+ probe, we in-
vestigated the fluorescent property of 1 in more detail. At first, a ti-
tration experiment of 1 with Hg2+ was carried out by fluorometry
(Fig. 5). Upon addition of Hg2+ over the concentration range between
0.1 and 1 equiv, the fluorescent signal of 1 increased with a linear re-
lationship, and reached a plateau at 1 equiv of Hg2+. Furthermore, a
Job’s plot of an increase in the fluorescence intensity by the reaction of
1 with Hg2+ showed a maximum at a mole fraction {[1]/([1] +
[Hg2+])} of 0.5 (Fig. 6). These results clarified formation of the 1:1
complex of 1 with Hg2+, which was also indicated by 1H NMR spectral
analysis. In a titration of 1 (2 mM) with Hg2+ in the mixed solvent of
D2O and DMSO-d6 (1:1, v/v) monitored by 1H NMR spectroscopy, ad-
dition of Hg2+ up to 1 equiv induced the spectral change for 1, and the
addition beyond 1 equiv of Hg2+ showed no further change in the
spectra of 1 (Fig. S3). Formation of the 1:1 complex (1-Hg2+) was
confirmed by ESI-TOF mass spectrometry as well. When a solution of 1
and 1 equiv of Hg(OAc)2 in aqueous acetonitrile was subjected to the
mass spectrometry, a series of the isotopic peaks of complex 1-Hg2+

was observed side by side with 0.5 mass unit intervals, indicating that
the observed species was a divalent ion, and the major peak at m/z
447.1487 was assigned to [M + 202Hg]2+ (Fig. S4).

3.3. Detection limit

The detection limit of Hg2+ by the fluorometric method with 1 in
pH 7.2 phosphate buffer was estimated to be 2.8 nM from 3σ/S, where σ
was the standard deviation of the fluorescence intensity on ten blank
measurements (Table S1), and S is the slope in a plot of the fluorometric
titration of 1 with Hg2+ (Fig. S5). The value is lower than the detection
limits reported so far on a number of the fluorescent Hg2+ probes
(Table S2), and this observation would allow 1 to work for sensitive
detection of Hg2+.

3.4. Metal-ion selectivity

The effects by various metal ions (5 μM Cr3+, Mn2+, Fe3+, Co2+,
Ni2+, Cu2+, Zn2+, Pb2+, Ag+ and Cd2+, 0.1 mMMg2+, Ca2+, Na+ and
K+) in pH 7.2 phosphate buffer were investigated (Fig. 7). The ex-
amined metal ions, except for Ag+, did not prevent 1 from showing
response toward Hg2+ at essentially the same levels to those just in the
presence of Hg2+. Addition of 5 μM Ag+ caused a slight decrease in the
fluorescent enhancement of 1 toward 5 μM Hg2+. However, the
fluorescent response of 1 toward Hg2+ was sufficiently retained to
detect Hg2+ even in the presence of Ag+. Therefore, 1 functions as a
fluorescent probe for highly selective detection of Hg2+.

3.5. Practical analysis for Hg2+ using probe 1 in water samples

It was examined whether 1 could find a practical utility as a
fluorescent turn-on probe for analysis of Hg2+ in real samples or not.

Fig. 5. (a) Gradual change in the fluorescence spectrum of 1 (5 μM) by the continuous addition of Hg2+ up to 1.5 equiv (7.5 μM). (b) A plot of the fluorescence
intensities at λem= 455 nm obtained from the reaction of 1 (5 μM) with Hg2+ as a function of the amount of Hg2+. The data were collected in pH 7.2 phosphate
buffer containing 0.1% (v/v) DMSO at λex= 370 nm.

Fig. 6. A Job’s plot of the fluorescence intensities obtained in solutions of 1, Hg2+, or a mixture of 1 and Hg2+ versus the mole fraction [1]/([1] + [Hg2+]). The total
concentration ([1] + [Hg2+]) was fixed at 5 μM, and the data were collected at λex= 370 nm and λem=455 nm.
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For this purpose, we used virtual water samples contaminated with
Hg2+, that is, mixtures of tap or river water and pH 7.2 phosphate
buffer (1:1, v/v) spiked with Hg2+ over the concentration range be-
tween 0.05 and 2 μM. The concentrations of Hg2+ in the samples were
estimated by fluorometry using 1 (5 μM) with a calibration curve
method, as shown in Table 1. The fluorometric analysis gave satisfac-
tory results, suggesting that without any tedious pretreatments, 1 could
be utilized for practical analysis of Hg2+ in water samples containing
Hg2+ over the examined concentration range at least.

4. Conclusion

We have developed 1 as a fluorescent turn-on probe for Hg2+ by
manipulating functional groups tethered to naphthalimide based on the
concept provided by the previous work on a fluorescent Cd2+ probe.
The present work demonstrated not only that 1 allows highly selective
and sensitive analysis of Hg2+ in real water samples without any te-
dious pretreatment, but also that carbamoylmethylamino group teth-
ered to naphthalimide could be a key structure to design a fluorescent
turn-on probe for other metal ions. We are currently investigating
further application of this concept supported by the present as well as
previous works.
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