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A new artificial receptor 1 was developed, and its chromogenic and fluorogenic behaviors toward
various metal ions were investigated. Receptor 1 shows exclusively responses toward Hg2* and Cu?*
ions. It selectively senses Hg2* and Cu2* ions through two different color changes in aqueous solu-
tion (DMSO/H,0=4/1) and also distinguishes them from other metal ions. In addition, receptor 1 also
exhibits pronounced enhancements of the fluorescence, which can visually be discernible by an orchid
fluorescence in the presence of Hg?* ions and a strong blue fluorescence in the presence of Cu?* ions.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The development of selective and sensitive chemosensors
for the determination of transition and heavy metal ions has
been received considerable attention because they play impor-
tant roles in living systems and have an extremely toxic impact
on the environment [1-5]. Among them, mercury is consid-
ered as one of the most dangerous metal ions for environment
because it is widely distributed in air, water and soil. Mercury
can accumulate in the human body and affects a wide variety
of diseases even in a low concentration, such as prenatal brain
damage, serious cognitive and motion disorders and Minamata
disease [6-8]. On the other hand, copper is the third in abun-
dance among the essential heavy metal ions in human body. The
alterations of its cellular level are connected to serious neurode-
generative disease, such as Menkes and Wilson diseases [9-11].
Furthermore, copper ion is a significant environmental pollutant
[12].

In recent years, many efforts have devoted to design vari-
ous chemosensors specific for Hg2* and Cu?* detection [13-34].
One of the most attractive approaches focuses on the research
of novel colorimetric and fluorescent Hg* and Cu?* ion sen-
sors, which allow naked eye’s detection of the change of color
and fluorescent emission upon Hg2* and Cu?* inducing reac-
tion without any use of a spectroscopic instrument. However,
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most chemosensors developed so far have been known to be
related to their fluorescence changes upon these metal ions
[17,19,27,35-43]. As we know, chemosensors inducing both
color changes and fluorescence changes are still rather rare
[44-46].

Because Hg2* and Cu?* are both highly thiophilic metal ions,
a suitable designed pyrene-substituted phenylthiourea might be
a good candidate for the selective sensing of these two ions. In
this context, the sensor proposed contains a pyrene unit and a
4-methylphenylthiourea moiety, in which the thiourea group is
responsible for the Hg* and Cu2* ions recognition leading to
unique color and fluorescence changes. The pyrene subunit is ver-
satile and frequently employed for the construction of important
chemosensors having efficient fluorogenic behavior [47-49]. The
4-methylphenyl group herein is very useful because the color
change is remarkably responsive to an electronic effect of substrate
species in the event of the HgZ* and Cu?* ion-induced chemodosi-
metric desulfurization or complexation. In this paper, we report
the synthesis of sensor 1 and its photochemical elucidation of its
selective color and fluorescence changes toward Hg2* and Cu?*
ions.

The receptor 1 was synthesized by the reaction of 4-
methylphenyl isothiocyanate with 1-aminopyrene in high yield
(Scheme 1). To make sure the mercury-induced desulfurization
happened in this event, 2 (90% yield) was isolated from the reaction
of 1 with 1 equivalent of Hg(NO3), in CHCI3/CH3CN at room tem-
perature. Moreover, the authentic compound 2 was also prepared
by the direct reaction of the corresponding 4-methylphenyl iso-
cyanate with 1-aminopyrene in good yield. All of these compounds
were characterized by 'H NMR, 13C NMR, IR, and HRMS.
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Scheme 1. Reagents and conditions: (i) CHCl5/CH3CN, reflux, 84 h; (ii) Hg(NOs),,
CHCl3/CH3CN, rt, 0.5 h and (iii) CHCl3/CH5CN, reflux, 84 h.

2. Experimental
2.1. Chemicals

All reagents used were of at least analytical grade. All metal ions,
in the form of nitrate salts (NO3~ does not complex with recep-
tor 1; see Fig. S1 in Supporting Information), were purchased from
Sigma or Aldrich chemical company and were stored in desicca-
tors under vacuum containing self-indicating silica. Solvents were
purified prior to use and were stored under nitrogen. Dimethyl
sulfoxide was dried with calcium hydride and distilled in reduced
pressure.

2.2. Instrumentation

TH NMR spectra were recorded on a Bruker 400MHz
spectrometer. UV-vis spectra were measured on a Cary 300 spec-
trophotometer. Fluorescence spectra were performed on HITACHI
F-4500 fluorescence spectrophotometer.

2.3. Synthesis and characterization of compounds 1-2

1-(4-Methylphenyl)-3-(pyren-1-yl)thiourea (1): Under nitro-
gen, to a stirred solution of 1-aminopyrene (0.22g, 1.0 mmol)
in CHCl3/CH3CN (3/1, v/v, 20 mL), 4-methylphenyl isothiocyanate
(0.14 g, 1.0 mmol) in CHCI5 (10 mL) was slowly added at room tem-
perature. The resulting mixture was stirred and heated to reflux for
84 h. The solution was cooled and filtered. The residue was purified
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by recrystallization from ethanol to give 1 (0.31g, 82% yield) as a
pale dark olivegreen solid. Mp: 196.1-197.0 °C. '"H NMR (DMSO-dg,
400MHz): §10.16 (s, 1H),9.76 (s, 1H), 8.32-8.22 (m, 5H), 8.20-8.18
(m, 2H), 8.10-8.06 (m, 2H), 7.40 (d,J= 8.4 Hz, 2H), 7.14(d,J=8.0 Hz,
2H),2.27 (s, 3H). 13C NMR (DMSO-dg, 100 MHz): 181.8,137.4,134.3,
133.6, 131.1, 131.0, 130.8, 126.2, 125.8, 125.6, 125.4, 125.0, 124.9,
124.4,124.3,123.2,21.0 ppm. FAB MS m/z=366.1193 [M]*, calc. for
Cy4H1gN,S=366.1192.

1-(4-Methylphenyl)-3-(pyren-1-yl)urea (2): The preparation of
2 followed the above-mentioned procedure using 1-aminopyrene
and 4-methylphenyl isocyanate in the same molar ratio. Yield:
0.29¢g (65%). Mp: 278-279°C. 'H NMR (DMSO-dg, 400 MHz): §
9.16 (s, 1H), 9.05 (s, 1H), 8.64 (d, J=8.4Hz, 1H), 8.36 (d, J=9.2 Hz,
1H), 8.29-8.15 (m, 4H), 8.13-8.00 (m, 3H), 7.45 (d, J=8.4Hz,
2H), 7.13 (d, J=8.4Hz, 2H), 2.26 (s, 3H). 13C NMR (DMSO-dg,
100 MHz): 153.5, 137.6, 133.6, 131.6, 131.3, 131.1, 139.8, 127.8,
127.4,126.9, 126.8, 126.1, 125.8, 125.4, 125.0, 124.9, 124.7, 121.5,
121.4, 120.3, 118.8, 20.80 ppm. FAB MS m/z=350.1393 [M]", calc.
for Co4H1gN,0=350.1396.

2.4. Isolation and characterization of compound 2

Isolation of 1-(4-methylphenyl)-3-(pyren-1-yl)urea (2): To a
solution of 1 (0.05g, 0.1 mmol) in CHCl3/CH3CN (3/1, v/v, 20 mL),
Hg(NOs3),-H,0 (0.10g, 0.3 mmol) in CHCl3 (10mL) was slowly
added. The resulting mixture was stirred at room tempera-
ture for 30 min and then washed with saturated Na,S solution
and water, dried over MgSO4 and evaporated in vacuo. The
residue was purified by column chromatography on SiO, using
CHCl3/CH3CN/hexane=2/1/1 as the eluent to give 2 (0.04 g, 81%)
as a yellow solid. The spectral data are consistent with the above
data.

3. Results and discussion
3.1. UV-vis titration studies

The absorption spectrum of 1 shows the typical pyrene absorp-
tion bands in the region of 235-350 nm which was responsible
for its pale yellow color. Upon addition of increasing amounts of
Hg?* ions to a solution of 1 (3.0 x 10> M) in the mixed solvent
(DMSO/H,0=4/1, v/v, buffered with HEPES, pH 7.8), the absorption
peaks initially at 278 and 334 nm were gradually decreased while
two new peaks at 284 and 361 nm were evolved with two isos-
bestic points at 281 and 336 nm, respectively (Fig. 1a). The color
of the solution changed from pale yellow to brown color (Fig. 3b).
On the other hand, upon treatment with Cu%* ions, the absorption
peaks at 278, 334 and a shoulder peak at 388 nm were gradually
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Fig. 1. Family of spectra taken in the course of the titration of 1 (3.0 x 10~5 M, DMSO/H,0 =4/1, v/v, buffered with HEPES, pH 7.8) with a standard solution of Hg?* at 25°C.

Titration profiles (insert) indicate the formation of a 1:1 complex.
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Fig. 2. (a) Family of spectra taken in the course of the titration of 1 (3.0 x 10-> M, DMSO/H,0 =4/1, v/v, buffered with HEPES, pH 7.8) with a standard solution of Cu?* at 25°C.

Titration profiles (insert) indicate the formation of a 1:1 complex.

increased while the peak at 348 nm was gradually decreased with
two isosbestic points at 344 and 354 nm (Fig. 2a). The color of the
solution changed from pale yellow to green yellow (Fig. 3b). Both
signals were complete within 1 min (see Figs. S2 and S3 in Sup-
porting Information). By plotting the changesin 1in the absorbance
intensity at 361 nm as a function of Hg2* concentration or at 388 nm
as a function of Cu?* concentration, sigmoidal curves were obtained
and are shown in the inset of Figs. 1b and 2b, respectively. To cor-
roborate 1:1 ratio between 1 and Hg2* or Cu?* ions, Job’s plots
analyses were also executed and both confirmed the 1:1 stoichiom-
etry (Figs. 1c and 2c).

3.2. Interference from other metal ions

An important feature of the sensor is its high selectivity toward
analyte over other competitive species. Variations of UV-vis spec-
tral and visual color changes of 1 in aqueous solutions caused
by miscellaneous metal ions including Na*, K*, Mg%*, Ca%*, Cr3*,
Mn?2*, Fe3*, Co?*, Ni2*, Cu?*, Pb2*, Zn?*, Cd?*, and Hg?* were
recorded in Fig. 3a. It is noticeable that the miscellaneous com-
petitive metal ions did not lead to any significant spectral change,
in the presence of miscellaneous competitive metal ions, the Hg2*
and Cu?* ions still resulted in the similar absorption changes (see
Figs. S4a and S4b in Supporting Information). These results implied
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that the selectivity of 1 toward HgZ* and Cu?* was remarkable and
made 1 as a selective chromogenic sensor for Hg2* and Cu2* ions.

3.3. Fluorescent studies

To further explore the utility of 1 as anion-selective fluorescence
sensor for Hg2* and Cu2* ions, the fluorogenic behavior of 1 was
investigated under the same conditions. Upon addition of the Hg?*
ions, two new emission peaks at 401 and 424 nm were gradually
evolved (Fig. 4). Similarly, upon addition of Cu* ion, the emission
peaks at 396 and 439 nm were also gradually increased (Fig. 5). The
fluorescence enhancement induced either by the addition of Hg2*
or Cu%* ion was observed and both signals were complete within
1 min (see Figs. S5 and S6 in Supporting Information). Upon interac-
tion with various metal ions (Na*, K*, Mg2*, Ca2*, Cr3*, Mn2*, Fe3",
Co%*, Ni%*, Cu?*, Pb%*, Zn%*, Cd?*, and Hg?*), only Hg2* and Cu?*
ions can induce a sizable enhancement in fluorescence intensities
(55-fold and 45-fold, respectively). The fluorescence changes were
observed from weak blue to orchid for the determination of Hg2*
or from weak blue to strong blue for the determination of Cu* ions
(Fig. 6b). Other metal ions revealed almost insignificant responses.
Moreover, in the presence of miscellaneous competitive metal ions,
the HgZ* and Cu?* ions still resulted in the similar fluorescence
changes (Fig. 6a). The increases of absorbance and fluorescence
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Fig. 3. (a) UV-vis spectra of 1 (3.0 x 10~> M) in the presence of 2 equivalents of different metal ions. (b) Color changes of 1 (5.0 x 10~4 M) upon addition of different metal

ions in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with HEPES, pH 7.8).



1212 W.-C. Lin et al. / Talanta 81 (2010) 1209-1215

2000] T 10.0 eq

10001

Fluorescence Intensity (a.u.)

0 T
360 400

440 480 520 560
Wavelength (nm)

Fig. 4. Fluorescent emission spectra of 1 (5.0 x 10~7 M) in the presence of different
equivalents of Hg2* in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with HEPES,
pH 7.8). Excitation wavelength and emission were 348 and 401 nm, respectively.
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Fig. 5. Fluorescent emission spectra of 1 (5.0 x 10-7 M) in the presence of different
equivalents of Cu?* in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with HEPES,
pH 7.8). Excitation wavelength and emission were 348 and 439 nm, respectively.

intensities resulting from the addition of HgZ* and Cu?* jons were
not influenced by the subsequent addition of miscellaneous metal
ions. These results indicated that the selectivity of 1 toward Hg2*
and Cu?* ions over other competitive metal ions in the aqueous
medium was remarkably high. The fluorescence features of 1 for
Hg2* and Cu?* ions are summarized in Table 1 [50].

Table 1

Summarized fluorescence properties of 1 for Hg?* and Cu?* ions, such as excita-
tion wavelength (Aex), extinction coefficient (&), excitation energy (AE), emission
wavelength (Aem), and quantum yields (®s).

Parametes 1 1 Hg?* 1 Cu®*

ex (nm) (log &) 3483 (4.11) 3482 (4.18) 3482 (4.23)
Aem (NM) 437 401, 424 396, 439
D¢ 0.016 0.261 0.284

3 The excitation energy AE=hc/X =82.18 kcal/mol.
3.4. NMR studies

The distinct color change and large fluorescence enhancement
of 1 was caused by the HgZ*-induced transformation of the thiourea
function into an urea group as depicted in Scheme 1. The hydrolytic
conversion of thioureas into ureas catalyzed by certain metal ions
has been known to be very efficient [51]. In the present case,
the conversion was effective, occurring exclusively with Hg2* ions
in aqueous DMSO solution. This behavior is quite reminiscent
of Czarnik’s Hg2*-selective chemodosimeter that is based on the
thioamide derivative of anthracene [26]. Further evidence for the
above process came from the independent synthesis of 2 from
the direct reaction of 1 and Hg(NOs3), or alternatively from the
1-aminopyrene direct reaction with 4-methylphenyl isocyanate
(Scheme 1). On comparing the 13C NMR data of 1 and 2, we found
that the resonance evident at 182 ppm for 1 was replaced by a sig-
nal at 153 ppm for 2, indicating that a C=0 group was presented
in 2 and the C=S group of 1 vanished during the desulfurization
process from 1 to 2 (Fig. 7).

On the contrary, upon addition of different concentrations of
Cu?* jons to the solution of the receptor 1, the chemical shift of 1
at 182 ppm (C=S) was not replaced by a signal at 153 ppm (C=0)
in the 13C NMR spectra of 1 with Cu?* ions (see Fig. S7 in Sup-
porting Information). This result indicated that the receptor 1 did
not undergo the Cu?*-induced desulfurization process to form 2.
To further clarify the coordination behavior, '"H NMR spectra were
acquired (Fig. 8). Protons on the thiourea moiety (H; and Hy) of 1
shifted downfield (A§=0.10 and 0.08 ppm, respectively) and the
peaks were broadened upon addition of Cu?*. This was due to the
decrease in electron density of the thiourea moiety, which indicated
that Cu?* coordinated to the sulfur atom of the thiourea group of
1. Protons on the benzene moiety (H3z and Hy) displayed upfield
shifts (Ad=0.08 and 0.02 ppm, respectively), which indicated that
the benzene moiety was involved in Cu?* coordination. The coor-
dination of 1 with Cu?* ions could be proposed as shown in the
optimized geometry of the receptor 1-Cu?* interaction (Fig. 9b).
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Fig. 6. (a) Fluorescence spectra of 1 in the presence of Hg2* and Cu?* ions and miscellaneous metal ions (X) including Na*, K*, Mg2*, Ca2*, Cr3*, Mn?*, Fe3*, Co?*, NiZ*, Pb2*,
Zn?*, and Cd?*. (b) Color changes of 1 (5.0 x 107 M) upon addition of NO3 - salts of X, Hg?* and Cu?* in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with HEPES, pH 7.8).
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Fig. 8. 'H NMR spectra of 1 with different concentrations of Cu?* ions.

The alternative evidence of the binding complex of the recep-
tor 1 with Cu2* was also supported by the electrospray ionization
ESI-MS spectrum of the Cu?* titration solution of 1. The peak
at mjz 525.9 was assigned to the [Cu(1)+NOs]*-2H,0O species
(Fig. S8). Our repeated efforts to obtain the crystal structure to
elucidate the coordination behavior between 1 and Cu?* were
not successful. The binding strength for the 1-Cu?* complex is

Freel

Fig. 9. Optimized geometries from ab initio HF/6-31G(D) calculation.

expressed by the binding constant which is calculated as 1.09 x 10*
[52,53].

3.5. Colorimetric and fluorescent detection limits

Colorimetric and fluorescent detection limits of 1 for Hg2* and
Cu?* ions were also tested and presented in Figs. 10 and 11,
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Fig.10. (a) Photograph of 1in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with
HEPES, pH 7.8) in the presence of the Hg?* ion. (b) Fluorescence intensity of 1 vs Hg?*
concentrations. [1]=5.0 x 10~ M.
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Fig.11. (a) Photograph of 1in aqueous solution (DMSO/H,0 =4/1, v/v, buffered with
HEPES, pH 7.8) in the presence of the Cu?* ion. (b) Fluorescence intensity of 1 vs Cu?*
concentrations. [1]=5.0 x 10~ M.

respectively. The detection limit within visual color changes is
allowable to 1.0 x 10~4 M level of Hg2* or Cu?* ionsin 1.0 x 10~4 M
solution of 1, as presented in Figs. 10a and 11a, respectively.
While the detection limits of the fluorescence changes calculated
on the basis of 30/K [36,54] are 0.09 and 0.10 ppm for Hg?* and
Cu?* ions respectively, pointing to the high detection sensitivity
(Figs. 10b and 11b).

4. Conclusions

In conclusion, a new artificial receptor 1 was developed, and
it shows exclusively responses toward HgZ* and Cu2* ions. It can
selectively sense Hg2* and Cu?* ions through two different color
changes in aqueous solution (DMSO/H,0=4/1, v/v, buffered with
HEPES, pH 7.8) and also distinguish them from other metal ions. The
receptor 1 also exhibits pronounced enhancements of the fluores-

cence, which can visually be discernible by an orchid fluorescence
in the presence of Hg2* ion and a strong blue fluorescence in the
presence of CuZ* ion. Thus, the colorimentric and fluorescent recep-
tor 1 can be used to determine Hg2* and Cu?* ions.
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