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a b s t r a c t

Three new pyrene derivatives (MS1, MS2, and MS3) containing two triazole units exhibited fluorescence
quenching in the presence of Hg2þ ions. Other metal ions Agþ, Ca2þ, Cd2þ, Co2þ, Cu2þ, Fe2þ, Fe3þ, Kþ,
Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ, Rbþ, and Zn2þ produced only minor changes in the fluorescence of MS1,
MS2, and MS3. The binding ratio of the chemosensor-Hg2þ complexes was found to be 1:1 according to
Job plot experiments. The association constants (Ka) of chemosensor-Hg2þ complexes were found to be
1.68�103 M�1 (MS1), 1.57�103 M�1 (MS2), and 1.52�103 M�1 (MS3), respectively. Moreover, fluorescence
microscopy experiments showed that MS1 could be used as a fluorescent probe for detecting Hg2þ in
living cells.

� 2013 Elsevier Ltd. All rights reserved.
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Scheme 1. Synthesis of MS1, MS2, and MS3.
1. Introduction

The development of fluorescent chemosensors for the detection
of metal ions such as Cu2þ, Cd2þ, Fe3þ, Hg2þ, Pb2þ, and Zn2þ, has
been an important topic.1 Mercury is one of the most hazardous
species and shows a high affinity for thiol groups in proteins.2 This
leads to the malfunction of cells and consequently causes much
damage to the brain, kidney, and central nervous system. Its accu-
mulation in the human body causes prenatal brain damage, serious
cognitive and motive disorders, vision and hearing loss, and even
death.3 Due to its high toxicity, the United States Environmental
Protection Agency (EPA) established the standard maximum al-
lowable level ofmercury in dietary and environmental sources to be
2 ppb (10 nM).

Determination of Hg2þ in various samples has been an impor-
tant issue in the area of environmental protection and food safety.
Several methods4 for mercury detection have been developed, in-
cluding atomic absorption/emission spectroscopy,5 inductively
coupled plasma-mass spectroscopy (ICPMS),6 inductively coupled
plasma-atomic emission spectrometry (ICP-AES),7 and voltamme-
try.8 Most of these methods require expensive instruments and are
not suitable for onsite assays. Recently, more attention has been
focused on the development of fluorescent chemosensors for the
detection of Hg2þ ions.9

In this study, three pyrene-based fluorescent chemosensors
were designed for metal ion detection. Two parts make up the
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chemosensors: a pyrene moiety as a reporter, and a triazole-ether
unit as a chelator for the metal ion (Scheme 1). Chemosensors
MS1, MS2, and MS3 exhibit strong fluorescence due to the forma-
tion of pyrene excimer. Binding metal ions to the chemosensor
forbids the formation of pyrene excimer and also results in fluo-
rescence quenching. The metal ions Agþ, Ca2þ, Cd2þ, Co2þ, Cu2þ,
Fe2þ, Fe3þ, Hg2þ, Kþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ, Rbþ, and Zn2þ

were tested for metal ion binding selectivity with chemosensors,
but Hg2þ was the only ion that caused an obvious fluorescence
quenching upon binding with chemosensors MS1, MS2, and MS3.
2. Results and discussion

2.1. Synthesis of MS1, MS2, and MS3

Chemosensors MS1, MS2, and MS3 were synthesized through
the click reaction of 1-(azidomethyl)pyrene with corresponding
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polyoxyethylene dialkyne to form a triazole structure between
ether and pyrene (Scheme 1). Chemosensors MS1, MS2, and MS3
are colorless and have an absorption band centered at 343 nm,
which is an 8-nm red shift from the typical absorption band of
pyrene, 335 nm.10 Compared to the structure of pyrene, chemo-
sensors MS1, MS2, and MS3 do not have longer conjugated double
bonds, which account for similar UVevis absorption wavelength of
chemosensorsMS1,MS2, andMS3 compared to pyrene. In addition,
chemosensors MS1, MS2, and MS3 exhibit a strong excimer emis-
sion at 474 nm and a weak monomer emission at 378 nm.

2.2. Cation-sensing properties

The sensing abilities of chemosensor MS1, MS2, and MS3 were
tested by mixing them with the metal ions Agþ, Ca2þ, Cd2þ, Co2þ,
Cu2þ, Fe2þ, Fe3þ, Hg2þ, Kþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ, Rbþ, and
Zn2þ. In Fig. 1, Hg2þ was the only ion that caused a fluorescence
quenching from chemosensor MS1. Chemosensors MS2 and MS3
show similar results. During Hg2þ titration with chemosensorMS1,
the absorbance at 343 nm did not change (Fig. 2). This indicates that
Hg2þ binding with chemosensor MS1 did not affect any absorption
properties of the chemosensor. For the fluorescence spectra of
chemosensorMS1, an emission band centered at 474 nm decreased
during Hg2þ titration with chemosensor MS1 (Fig. 2). After adding
1.0 equiv of Hg2þ, the emission intensity reached a minimum. The
Fig. 1. Fluorescence change of MS1 (100 mM) with 200 mM of metal ions in acetoni-
trile/water (v/v¼4:1) solutions.
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Fig. 2. Absorption (top) and fluorescence (bottom) response of chemosensor MS1
(25 mM) to various equivalents of Hg2þ in acetonitrile/water (v/v¼4:1) solutions. The
excitation wavelength was 343 nm.
quantum yield of the MS1eHg2þ complex was 0.009, which is 18-
fold lower than that of chemosensor MS1, 0.16. These observa-
tions indicate that Hg2þ is the onlymetal ion that readily bindswith
chemosensor MS1, causing significant fluorescence quenching and
permitting highly selective detection of Hg2þ.

To study the influence of other metal ions on Hg2þ binding with
chemosensor MS1, competitive experiments were performed with
other metal ions (25.0 mM) in the presence of Hg2þ (25.0 mM)
(Fig. 3). Fluorescence quenching caused by the mixture of Hg2þ

with most metal ions was similar to that caused by Hg2þ alone.
Smaller fluorescence quenching was observed only when Hg2þ was
mixed with Naþ, Rbþ or Kþ, indicating that Naþ, Rbþ, and Kþ

competewith Hg2þ for bindingwith chemosensorMS1. None of the
other metal ions were found to interfere with the binding of che-
mosensor MS1 with Hg2þ. Chemosensor MS2 had similar results,
but MS3 did not (see Fig. S7 in Supplementary data). In the pres-
ence of most other metal ions, smaller fluorescence quenching of
MS3 was observed. This indicates that Hg2þ binding with chemo-
sensor MS3 is influenced by other metal ions.
Hg(II)Ag(I)Ca(II)Cd(II)Co(II)Cu(II)Fe(II)Fe(III) K(I) Mg(II)Mn(II)Na(I) Ni(II) Pb(II)Rb(I) Zn(II)
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Fig. 3. Fluorescence response of chemosensor MS1 (25 mM) to the addition of Hg2þ

(25 mM) or 25 mM of other metal ions (gray bars) and to the mixture of other metal ions
(25 mM) with 25 mM of Hg2þ (black bars) in acetonitrile/water (v/v¼4:1) solutions. The
excitation wavelength is 343 nm.
In order to understand the binding stoichiometry of MS1eHg2þ

complexes, Job plot experiments were carried out. In Fig. 4, the
emission intensity at 474 nm is plotted against molar fraction of
chemosensor MS1 under a constant total concentration (20 mM).
Minimum emission intensity was reached when the molar fraction
was 0.5. This result indicates a 1:1 ratio for MS1eHg2þ complexes,
in which one Hg2þ ion was bound with one chemosensor MS1. The
formation of a 1:1MS1eHg2þ complexwas confirmed by ESI-MS, in
which the peak at m/z¼986.6 indicates a 1:1 stoichiometry for the
0.0 0.2 0.4 0.6 0.8 1.0
-600

-450

-300

-150

0

(I 
- I

0 )
*X

X = { [MS1] / ( [MS1] + [Hg2+] ) }

Fig. 4. Job plot of MS1-Hg2þ complexes in acetonitrile/water (v/v¼4:1) solutions. The
total concentration of MS1 and Hg2þ was 20.0 mM. The monitored wavelength was
474 nm.
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MS1eHg2þ complex (see Fig. S10 in Supplementary data). The as-
sociation constant Ka was evaluated graphically by plotting 1/DF
against 1/[Hg2þ] (Fig. 5). The data were linearly fit and the Ka value
was obtained from the slope and intercept of the line. The associ-
ation constants (Ka) of Hg2þ binding in chemosensors MS1, MS2,
and MS3 were found to be 1.68�103 M�1 (MS1), 1.57�103 M�1

(MS2), and 1.52�103 M�1 (MS3). The detection limits of chemo-
sensors MS1, MS2, and MS3 as a fluorescent sensor for the analysis
of Hg2þ were determined from the plot of fluorescence intensity as
a function of the concentration of Hg2þ (see Figs. S13eS15 in
Supplementary data). It was found that chemosensors MS1, MS2,
and MS3 have a detection limit of 1.74 mM (MS1), 2.42 mM (MS2),
and 3.83 mM (MS3), respectively, which allows the detection of the
micromolar concentration range of Hg2þ.
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Fig. 5. BenesieHildebrand plot of the Hg2þeMS1 complexes in acetonitrile/water (v/
v¼4:1) solution. The excitation wavelength was 343 nm and observed wavelength was
474 nm.
To gain a clearer understanding of the structure of the
MS1eHg2þ complex, 1H NMR spectroscopy (Fig. 6) was employed.
Hg2þ is a heavy metal ion and can affect the proton signals that are
close to the Hg2þ binding site.11 The 1H NMR spectra of MS1
Fig. 6. 1H NMR spectra of MS1 (25 mM) in the presence of Hg2þ in CD3CN.
recorded with increasing amounts of Hg2þ show that the proton
(Hf, triazole) signal at d¼7.65 ppm was shifted downfield as Hg2þ

was added. This indicates that Hg2þ binds to MS1 mainly through
the nitrogen atom in the triazole ring. The proton signal (He) shifted
upfield upon addition of Hg2þ. This also indicates that Hg2þ binds
through the ether structure attached to the triazole ring. The proton
signals (Ha and Hb) also shifted upfield upon addition of Hg2þ.
Because Hg2þ binding toMS1 caused the separation of two pyrenes,
this resulted in an upfield shift of the proton signals (Ha and Hb).
These observations show that Hg2þ binds to MS1 through two
triazole nitrogen atoms and two ether oxygen atoms.

To investigate the structures of MS1 and MS1eHg2þ complexes,
density functional theory (DFT) calculationswere employed by using
the Gaussian 09 package. Chemosensor MS1 and MS1eHg2þ com-
plexes were subjected to energy optimization by using B3LYP/6-31G
and B3LYP/LANL2DZ, respectively. The global minima structures for
MS1 and MS1eHg2þ complexes are shown in Fig. 7. For MS1, one
pyrene faces the other pyrene to form a PyePy* excimer, which
contributes to the emission at 474 nm. ForMS1eHg2þ complex, Hg2þ

binds to MS1 through two nitrogen atoms (2.59, 2.60 �A) and two
oxygen atoms (2.95, 2.97 �A), respectively (see Fig. S16 in
Supplementary data). Hg2þ binding to MS1 causes the separation
of two pyrenes by about 11.7�A, resulting in a decrease of the PyePy*
excimer emission and also causing fluorescence quenching.
Fig. 7. DFT-optimized structures ofMS1 (top) andMS1eHg2þ complexes (bottom). Red
atom, O; blue atom, N; gray atom, Hg.
2.3. Living cell imaging

Chemosensor MS1 was used for living cell imaging. To detect
Hg2þ in living cells, RAW 264.7 cells were cultured in DMEM sup-
plemented with 10% FBS at 37 �C and 5% CO2. Cells were plated on
18 mm glass coverslips and allowed to adhere for 24 h. RAW 264.7
cells were treatedwith 20 mMHg(BF4)2 for 30min andwashedwith
PBS three times. The cells were then incubated with chemosensor
MS1 (20 mM) for 30 min and washed with PBS to remove the



H.-F. Wang, S.-P. Wu / Tetrahedron 69 (2013) 1965e19691968
remaining sensor. The images of the RAW 264.7 cells were obtained
using a fluorescence microscope. Fig. 8 shows the images of RAW
264.7 cells with chemosensor MS1 after treatment of Hg2þ. An
overlay of fluorescence and bright-field images shows that the
fluorescence signals are localized in the intracellular area, in-
dicating a subcellular distribution of Hg2þ and good cell-membrane
permeability of chemosensor MS1.
Fig. 8. Fluorescence images of RAW 264.7 macrophage treated with MS1 and Hg2þ.
(Left) bright-field image; (middle) fluorescence image; and (right) merged image.
3. Conclusion

In summary, we presented three pyrene-based fluorescent
chemosensors for Hg2þ sensing. Three chemosensors MS1, MS2,
and MS3 were synthesized from the click reaction of 1-(azido-
methyl)pyrene and polyoxyethylene dialkyne to form a triazole
ring between ether structure and pyrene. We observed significant
fluorescence quenching with chemosensors MS1, MS2, and MS3 in
the presence of Hg2þ. However, adding Agþ, Ca2þ, Cd2þ, Co2þ, Cu2þ,
Fe2þ, Fe3þ, Kþ, Mg2þ, Mn2þ, Naþ, Ni2þ, Pb2þ, Rbþ or Zn2þ to the
chemosensor solution caused only a minimal change in fluores-
cence emission. In addition, chemosensor MS1 can be applied in
fluorescence imaging of living cells. This pyrene-based Hg2þ che-
mosensor provides an effective probe for Hg2þ sensing.
4. Experiment section

4.1. Materials and instrumentations

All solvents and reagents were obtained from commercial
sources and used as received without further purification. UV/vis
spectra were recorded on an Agilent 8453 UV/Vis spectrometer. IR
data were obtained on Bomem DA8.3 Fourier-Transform Infrared
Spectrometer. NMR spectra were obtained on Bruker DRX-300
NMR and Varian Unity INOVA-500 NMR spectrometer.

4.2. General procedures for the synthesis ofMS1,MS2, andMS3

CuSO4$5H2O (25 mg, 0.1 mmol) and sodium ascorbate (40 mg,
0.2 mmol) were dissolved in 5 mL of H2O, and then added into
4,7,10,13,16-pentaoxanonadeca-1,18-diyne12 (135 mg, 0.5 mmol),
4,7,10,13-tetraoxahexadeca-1,15-diyne12 (113 mg, 0.5 mmol), and
4,7,10-trioxatrideca-1,12-diyne12 (92 mg, 0.5 mmol) in THF (10 mL),
respectively. 1-(Azidomethyl)pyrene13 (283 mg, 1.1 mmol) was
added into the reaction mixture and the heterogeneous mixture
was stirred for 3 days at 50 �C under nitrogen atmosphere. The
reaction mixture was extracted three times with dichloromethane
(50 mL) and all the organic layers were combined, dried over
MgSO4, and then evaporated to give the crude products. The crude
products were purified by column chromatography to give yellow
viscous compoundsMS1,MS2, andMS3 in 76%, 73%, and 81% yields,
respectively.

4.2.1. The synthesis of MS1. The crude product was eluted with
ethyl acetate/hexane (v/v, 3:1) to give a yellow viscous compound
MS1. Yield: 76%, 298 mg. 1H NMR (300 MHz, CD3CN) d 8.32
(d, J¼9.3 Hz, 2H), 8.23e8.02 (m, 14H), 7.93 (d, J¼8.1 Hz, 2H), 7.66
(s, 2H), 6.20 (s, 4H), 4.44 (s, 4H), 3.44 (t, J¼2.1 Hz, 4H), 3.39 (t,
J¼2.1 Hz, 4H), 3.31e3.28 (m, 8H); 13C NMR (125 MHz, CD3CN)
d 146.6, 133.2, 132.7, 132.1, 130.4, 130.0, 129.9, 129.4, 129.2, 128.8,
127.9, 127.3, 127.2, 126.6, 126.1, 125.7, 124.9, 123.9, 70.9, 70.1, 65.3,
53.1, 31.3, 30.3; FTIR (cm�1) 3131, 3042, 2865, 1925, 1768, 1604,
1457, 1348, 1220, 1095, 1047, 847, 707; MS (FAB) found 785.6
[MþH]þ; HRMS (FAB) calcd for C48H44N6O5 784.3373; found
784.3379.

4.2.2. The synthesis of MS2. The crude product was eluted with
ethyl acetate/hexane (v/v, 3:1) to give a yellow viscous compound
MS2. Yield: 73%, 270 mg. 1H NMR (300 MHz, CD3CN) d 8.26 (d,
J¼9.0 Hz, 2H), 8.18e7.95 (m,14H), 7.87 (d, J¼7.8 Hz, 2H), 7.62 (s, 2H),
6.14 (s, 4H), 4.39 (s, 4H), 3.39 (t, J¼2.1 Hz, 4H), 3.33 (t, J¼2.1 Hz, 4H),
3.25 (s, 4H); 13C NMR (125 MHz, CD3CN) d 146.6, 133.2, 132.7, 132.1,
130.4, 130.0, 129.9, 129.4, 129.2, 128.8, 128.0, 127.3, 127.2, 126.6,
126.1, 125.6, 124.9, 123.9, 71.7, 70.8, 65.3, 53.1, 30.5; FTIR (cm�1)
3134, 3041, 2865, 1926, 1604, 1457, 1349, 1220, 1095, 1047, 847, 708;
MS (FAB) found 741.7 [MþH]þ; HRMS (FAB) calcd for C46H40N6O4
740.3111; found 740.3115.

4.2.3. The synthesis of MS3. The crude product was eluted with
ethyl acetate/hexane (v/v, 3:1) to give a yellow viscous compound
MS3. Yield: 81%, 282 mg. 1H NMR (300 MHz, CD3CN) d 8.25 (d,
J¼9.6 Hz, 2H), 8.19e7.97 (m,14H), 7.90 (d, J¼7.8 Hz, 2H), 7.61 (s, 2H),
6.13 (s, 4H), 4,37 (s, 4H), 3.39 (t, J¼2.1 Hz, 4H), 3.34 (t, J¼2.1 Hz, 4H);
13C NMR (125 MHz, CD3CN) d 146.6, 133.2, 132.7, 132.0, 130.4, 130.0,
129.9, 129.4, 129.2, 128.8, 127.9, 127.3, 127.2, 126.5, 126.1, 125.7,
124.9, 123.9, 71.5, 70.8, 65.3, 53.0; FTIR (cm�1) 3134, 3042, 2864,
1589, 1457, 1349, 1220, 1094, 1047, 847, 707; MS (FAB) found 697.7
[MþH]þ; HRMS (FAB) calcd for C44H36N6O3 696.2849; found
696.2855.

4.3. Metal ion binding study by UV/vis and fluorescence
spectroscopy

ChemosensorMS1 (25 mM) was added with different metal ions
(25 mM). All spectra were measured in 1.0 mL acetonitrile/water
solution (v/v¼4:1). The light path length of cuvette was 1.0 cm.

4.4. Determination of the binding stoichiometry and the
apparent association constants Ka of Hg(II) binding in
chemosensors MS1, MS2, and MS3

The binding stoichiometry of MS1eHg2þ complexes was de-
termined by Job plot experiments.14 The fluorescence intensity at
474 nmwas plotted against molar fraction ofMS1 under a constant
total concentration (20 mM). The concentration of the complex
approached a minimum intensity when the molar fraction was 0.5.
These results indicate that chemosensor MS1 forms a 1:1 complex
with Hg2þ. The association constants (Ka) of MS1eHg2þ complexes
was determined by the BenesieHildebrand equation (Eq. 1):15

1=ðF � F0Þ ¼ 1
.n

Ka
�ðFmax � F0Þ�

h
Hg2þ

io
þ 1=ðFmax � F0Þ (1)

where F is the fluorescence intensity at 474 nm at any given Hg2þ

concentration, F0 is the fluorescence intensity at 474 nm in the
absence of Hg2þ, and Fmax is the maxima fluorescence intensity at
474 nm in the presence of Hg2þ in solution. The association



H.-F. Wang, S.-P. Wu / Tetrahedron 69 (2013) 1965e1969 1969
constant Ka was evaluated graphically by plotting 1/(F�F0) against
1/[Hg2þ]. Typical plots (1/(F�F0) vs 1/[Hg2þ]) are shown in Fig. 5.
Data were linearly fitted according to Eq. 1 and the Ka value was
obtained from the slope and intercept of the line.

4.5. Cell culture

RAW 264.7 cells were grown in H-DMEM (Dulbecco’s Modified
Eagle’s Medium, high glucose) supplemented with 10% FBS (Fetal
Bovine Serum) in an atmosphere of 5% CO2 and 95% air at 37 �C.

4.6. Fluorescence imaging

Experiments to assess Hg2þ uptake were performed in PBS with
20 mM Hg(ClO4)2. Treat the cells with 2 mL of 10 mM metal ions
(final concentration: 20 mM) dissolved in sterilized PBS (pH 7.4) and
incubated for 30 min at 37 �C. The treated cells was washed PBS
(2 mL�3) to remove remaining metal ions. Culture medium (2 mL)
was added to the cell culture, which was treated with a 10 mM
solution of chemosensor MS1 (2 mL; final concentration: 20 mM)
dissolved in DMSO. The samples were incubated at 37 �C for 30min.
The culture media was removed, and the treated cells were washed
with PBS (2 mL�3) before observation. Fluorescence imaging was
performed with a ZEISS Axio Scope A1 Fluorescence Microscope.
Cells loaded with MS1 were excited at 350 nm using a lamp (Hg
50 W). Emission filter was 420 nm.

4.7. Computational methods

Quantum chemical calculations based on density functional
theory (DFT) were carried out using a Gaussian 09 program. Ground
state geometry optimization of MS1 was performed using the
B3LYP functional and the 6-31G basis set. Ground state geometry
optimization of MS1eHg2þ complexes was performed using the
B3LYP functional and the LANL2DZ basis set.
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