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Abstract Solvent free synthesis of 6,7-dihydroxy-3-(3-
chlorophenyl) coumarin (CFHC) was designed and ob-
tained by the interaction of 2-(2,4,5-trimethoxyphenyl)-
1-(3-chlorophenyl)acrylonitrile with pyridinium hydro-
chloride in the presence of silica gel by using microwave
irradiation. The characterization of CFHC was confirmed
by FT-IR, 'H, '*C, "*C-APT and 2D HETCOR spectros-
copy methods. The optical behavior of CFHC towards
metal ions was investigated by UV-visible and fluores-
cence spectroscopy. CFHC showed “on—off” type fluo-
rescence response towards Cu®* with high selectivity in
aqueous solution (CH;CN/H,0, 9/1, v/v). Once binding
with Cu?**, CFHC-Cu** complex also displayed high se-
lectivity for sulfide, resulting in “off-on” type sensing of
sulfide anion.
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Introduction

In recent years, the preparation of fluorescent sensors for the
recognition of heavy metal ions with high sensitivity and selec-
tivity has received considerable attention because they play
important role in environment and living systems [1—11].
Detection of the metal ions in aqueous is also essential.
Copper is a very important trace element for the life of organ-
isms. However, copper ions in abnormal levels can lead to
diseases including Alzheimer’s, Parkinson’s, Menkes,
Wilson’s disease due to its oxidative and toxic effect [12—15].
So, there are many methods using several instruments for de-
tection of copper ions including AAS [16], electrochemical [17,
18], colorimetric method [19, 20], etc. These techniques need
expensive instrumentation and time consuming procedures that
are important for sample pretreatment. Recently, the fluorescent
methods have been paid great attention for the detection of the
copper (IT) ions. The detection of fluorescence offer several
advantages including their simplicity, high-speed spatial analy-
sis, high detection limit. Cu** usually leads to fluorescence
quenching of the bound fluorophore due to its notorious para-
magnetic nature, and this issue is generally regarded as a defect
in fluorescent Cu** sensing [21-23]. However, the resultant
fluorescence silent Cu”*-fluorophore complex has potential ap-
plicability as a promising anion selective fluorescence turn-on
sensor via anion induced Cu”* displacement approach [24].
Sulfide is widely present in our daily life such as in pesti-
cides, bleach, automobile exhaust, industrial waste gas, and
corruption of organic matter [25]. Continuous and high concen-
tration exposure of sulfide would lead to various physiological
and biochemical problems. It can irritate the mucous mem-
branes and even cause unconsciousness and respiratory paraly-
sis [26, 27]. Once sulfide anion is protonated, it becomes even
more toxic. Therefore, sulfide detection has also received con-
siderable attention and a variety of detection strategies have
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been developed for sulfide anions, such as spectroscopy, elec-
trochemical methods, titration, ion chromatography, and chemi-
luminescence methods [28-33]. However, fluorescent recogni-
tion of sulfide in water solution still remains challenging be-
cause of the strong hydration nature of anions. To tackle this
hurdle, employing sulfide selective probes based on Cu®* dis-
placement approach has been proved to be an effective method.

The coumarin ring is well known fluophore/chromophore
in sensor studies due to its high photo-stability, large Stokes
shift and intense fluorescence behavior in the blue-green re-
gion with high quantum yield [34-38]. Herein, we report the
synthesis and spectroscopic investigation of 6,7-dihydroxy-
3-(3-chlorophenyl)coumarin (CFHC) as a selective fluores-
cent probe for Cu?* and S*~ ions. The binding behaviors of
CFHC for cations were investigated by UV-vis and

fluorescence spectroscopy. CFHC showed an effectively se-
lective “turn-off” fluorescence quenching for Cu®* ion over
metal ions to form new complex CFHC-Cu®*. This complex
indicated high sensitivity and selectivity for sulfide over other
possible competitive anions, resulting in fluorescence en-
hancement in CH;CN/H,O (v/v, 9/1) at 455 nm.

Experimental
General
All the solvents and chemical reagents were provided from

Merck and Sigma—Aldrich. Pyridinium hydrochloride was
dried in the oven before use. FT-IR and NMR spectra were
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Scheme 1 The synthesis of 6,7-dihydroxy-3-(3-chlorophenyl)coumarin (CFHC)
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recorded on a Perkin Elmer spectrum one FT-IR and a Bruker
DPX-400 spectrometer, respectively. For the NMR studies, the
DMSO-dg was used as deuterated solvent. Positive ion and
linear mode MALDI TOF-MS spectra were recorded MALDI
matrix (in 1,8,9-anthracenetriol (20 mg/mL Tetrahydrofuran))
using nitrogen laser accumulating 50 laser shots. Elemental
analysis was measured by a CHNS-932 (LECO) apparatus.
Fluorescence spectra were determined on a Perkin Elmer LS
55 fluorescence spectrometer. Absorption spectra were deter-
mined on a Perkin Elmer Lambda 25 UV-Vis spectrophotome-
ter using quartz cells of 1.0 cm path length.

Synthesis

2-(2,4,5-trimethoxyphenyl)-1-(3-chlorophenyl)acrylonitrile
(2) was synthesized according to method in the literature [39].

Synthesis of 6,7-Dihydroxy-3-(3-Chlorophenyl) Coumarin
(CFHC)

A mixture of 2-(2,4,5-trimethoxyphenyl)-1-(3-chlorophenyl)
acrylonitrile (2) (1 g, 3.03 mmol), 15 g silica gel and
pyridinium hydrochloride (5 g) was stirred under solvent free
conditions. The reaction mixture was continued at 320 watt
for 25 min under microwave irradiation. After the reaction
reached completion, it was quenched with acidified with
1 M HCI (150 mL) and then the mixture filtered. The residue
was dissolved in acetone (4 x 25 mL) and it was separated by
filtration through silica gel. Acetone was evaporated on a

10.36
9.55

rotary evaporator under reduced pressure. The solid washed
with water many times and dried under vacuo. The obtained
solid was resolved in ethyl acetate (10 mL) and precipitated
with n-hexane (200 mL). The crude solid was purified to col-
umn chromatography using chloroform:hexane and then ana-
lyzed. A Fawn colored solid (CFHC) obtained (0.79 g, 90%),
Anal. Calc. for C;sHoFO, (MW: 288.68): C, 62.41; H, 3.14;
Found C, 62.40, H; 3.13%. FT-IR (KBr, cmfl): 3368, 3170
Vo, 3060 Ve, 1662 Voo, 1622, 1600, 1579 ve_c. 'H
NMR (400 MHz, DMSO-d¢):56.79 (1H, s, HY), 7.07 (1H, s,
H?), 7.49 (1H, d, J = 8.4 Hz, H"), 7.51 (1H, t, J = 8.0 Hz,
H'%), 7.73 (1H, s, H), 7.76 (1H, d, J = 6.8 Hz, H('"), 8.16
(1H, s, H"), 9.55 (1H, s, H), 10.36 (1H, s, H®). ">C-NMR
(400 MHz, DMSO-d¢):5102.69 C2, 111.89 C°, 112.94 C°,
121.27 €', 128.61 C" and C'7, 130.49 C'° and C'°,
132,98 C'2, 134.64 C'*, 141.93 €%, 132.22 C', 143.61 C',
148.66 C*, 151.22 C*, 160.65 C''. MALDI-MS: m/z
calc.288.68; found: 288.372 [M]" and 310.474 [M + Na]*.

UV-Vis/Fluorescence Experiments

The stock solutions of the CFHC (10 mM) in CH;CN-H,O
(9/1, v/v) and guest cations/anions (10 mM) in H,O were
prepared. The volume of CFHC receptor solution used in
the UV-vis and fluorescence measurements was 3.0 mL.
Absorption and fluorescence spectra were obtained by adding
various amounts of cation solution to the CFHC solutions.
For CFHC, the excitation wavelength was determined as
360 nm.
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Fig. 1 "H NMR spectrum of CFHC
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Fig. 2 '3C NMR spectrum of CFHC

Results and Discussion
Synthesis

6,7-dihydroxy-3-(3-chlorophenyl)coumarin (CFHC) was ob-
tained at excellent yield that from the reaction of 2 with
pyridinium hydrochloride in the presence of silica gel as sup-
port material by using microwave irradiation under solvent
free conditions. The crude solid was purified to column
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chromatography. General synthesis procedure of compounds
is displayed in Scheme 1. The characterization of all com-
pounds have been made by a combination of FTIR, elemental
analysis, 'H, '°C, "*C-APT, 2D HETCOR NMR and
MALDI-TOF-MS techniques (Supplementary data,
Figs. S1-S11). The nitrile peaks (—C = N) in the structure of
compound 2 were not observed at infrared spectra of com-
pound CFHC. The methoxy groups in the compound 2 were
converted to hydroxyl groups. The presence of OH stretching
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Fig.3 a Fluorescence spectra recorded by addition of various metal ions (5.0 eq.) to CFHC (0.5 uM) b Changes in the fluorescence intensity ratio (I,/1)
of CHFC in the presence of various metal ions at 455 nm in CH;CN/H,O (90:10, v/v)
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Fig. 4 A selective visual
fluorescence change upon
addition of a selective visual
fluorescence change upon
addition of Cu®* ion to CFHC
solution over other various metal
ions various metal ions(5.0 eq.) to
CFHC solution

cr(im) (¢]]

CFHC

vibration in the FT-IR spectra of compound CFHC proves
that methoxy groups in the compound 2 and converted to
hydroxyl groups. The OH stretching vibration for CFHC
was observed at 3368 and 3170 cm™'. The -C = O stretching
vibrations in the lactone ring, which are observed at
1662 cm !, is characteristic for coumarin compound.
(Figure S1 and S5). The methoxy protons were not observed
at "H NMR spectrum of coumarin compound (CFHC). 'H
NMR and '*C NMR spectra of CFHC were depicted in
Figs. 1 and 2. The —OH protons in the structure of CFHC (7
and 8 number protons in the Scheme 1) were observed at 9.55
and 10.36 ppm. In addition, the ratio of the protons integral
height in the "H-NMR spectra supports the proposed struc-
tures. As seen in Fig. 2, the lactone -C = O carbon peak (C“)
for CFHC was observed at 160.65 ppm. In addition, the
places of primary, secondary and tertiary carbon atoms were
supported with '>C—APT NMR technique. Furthermore, the
directly-bonded proton-carbon atoms were determined with
the 2D Heteronuclear Chemical-Shift Correlation
(HETCOR) technique (Supplementary data).

Fig. 5 Fluorescence response of
CFHC (0.5 uM) with the
addition of various amounts of
Cu?* (0-5.0 equiv.) in CH;CN/
H,0 (90:10, v/v)
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Spectral Studies of CFHC

The sensing ability of CFHC was investigated with the help of
UV-vis and fluorescence experiments in presence of various
metal ions (AP*, Cr**, Fe**, Fe**, Hg**, Mn**, Zn**, Ni**,
Co?*, Ag", Cu®") in CH;CN-H,O (v/v, 9/1). The fluorescence
properties of CFHC were investigated in the presence of 5.0-
fold excess of different metal ions. The fluorescence spectra
were observed at 455 nm (excitation: 360 nm) for CFHC
(Fig. 3a). As can be seen in Fig. 3a, CFHC gave rise to a
marked Cu®* fluorescence quenching as compared with other
metal ions. The prominent fluorescence was completely
quenched by Cu®* ion, indicating strong complex formation
with this cation. This selectivity is due to the fact that although
transition metals do not differ too much in size, they can estab-
lish coordinative interactions at very different energies which
can be used for discriminative purposes, especially for fluores-
cent sensing [40]. This phenomenon is consistent with copper
that occurs highest on the Irving—Williams series. However, the
addition of other metal ions did not lead to significant
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Fig. 6 Job’s plot for CFHC and Cu** complexation in CH;CN/H,0 (9/1,

v/v) solution

fluorescence changes, only Fe** and AI** caused partially de-
creases of fluorescence emission, indicating that CFHC
allowed selective fluorescence quenching against Cu®*
(Fig. 3b). The quenching efficiency of CFHC as expressed
by the ratio (Io/I) of fluorescence intensity in the absence (I,,)
and presence (I) of metal ions at 455 nm was 25.6 for Cu**, and
the ratios for other metal ions varied in a relatively limited
range from 0.93 to 1.48 (Fig. 3b). Moreover, we observed a
selective visual fluorescence change upon addition of various
metal ions to CFHC solution (Fig. 4).

The fluorescence titrations were also realized by adding the
increasing amounts of Cu®* to a solution of CFHC (0.5 uM),
and remarkable fluorescence decrease was detected (Fig. 5).
Figure 5 shows the changes in fluorescence spectra of CFHC
upon titration with Cu”* (0.0-5.0 equiv). The fluorescence
intensity of CFHC decreased gradually when the amount of
Cu”* was increased stepwise. When 5.0 equiv. of Cu®* was
added to solution of CFHC (0.5 uM), the signal at 455 nm
was almost completely quenched (Fig. 5). Job’s method for
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the determination of the binding stoichiometry of CFHC and
Cu”* were utilized and shown in Fig. 6. The emission intensity
at 455 nm is plotted against the molar fraction of Cu** ion and
a maximum value of the graph is about 0.5, indicating that 1:1
stoichiometry. Using the fluorescence titration data, the bind-
ing constant of CFHC with Cu** in CH;CN-H,0 was found
to be 0.8 x 10° M according to Benesi—Hildebrand plot [41]
(Fig. S12). Fluorometric titration data were also used to obtain
the detection limit of CFHC for Cu®*. The fluorescence in-
tensity at 455 nm was plotted as a function of the Cu®* con-
centration. The detection limit of CFHC toward Cu”* cation
found to be 33.2 nM (based on S/N = 3) (Fig. S13). Moreover,
the quantum yield (®) measurements for CFHC and CFHC-
Cu?* complex were carried out at different concentrations in
CH;CN/H,0O (v/v, 9/1). CFHC (® = 0.212) indicated about 8
times higher ® value than that of CFHC-Cu?* complex
(® = 0.027) (Fig. S14). On the other hand, we performed
UV-vis experiments to evaluate the binding affinity of
CFHC towards metal ions. Absorbance spectra of complex
[CFHC + metal ion] recorded after the addition of each metal
ion (5.0 equiv.) is shown in Fig. 7a. On addition of other
species no significant modulation in the UV—vis absorption
spectra was observed thus, showing the specificity of the
chemosensor for selective binding interaction with Cu®* ion.
Figure 7b shows the UV—vis absorption spectra of the mixture
of a solution of CFHC and the solutions of Cu?* with different
concentrations. The UV-vis absorption spectra of CFHC is
dominated by absorption bands at 265, 310 and 365 nm in
the absence of cations which could be attributed to 7—7r* and
n—7t* transitions. Upon the addition of Cu®*, while the absorp-
tion peak at 310 and 365 nm were decreased correspondingly,
new absorption band was observed at about 420 nm which
means CFHC and Cu?* form 1:1 complex (Fig. 7b). The
color of CFHC solution change from colorless to yellow
after the addition of Cu®* while other cations did not induce
any color changes.
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Fig.7 a UV-vis absorption spectra obtained by addition of various metal ions (5.0 equiv.) b UV—vis titration spectra recorded by addition of Cu**

(0-5 eq) to) to CFHC in CH;CN/H,O (9/1, v/v)
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Fig. 8 Fluorescence responses of CFHC (0.5 uM) to Cu* in the presence or absence of other competition metal ions a and anions b in CH;CN/

H,O (v, 9/1)

To utilize CFHC as a selective sensor for Cu2+, the effect
of competing metal ions has been examined by recording the
fluorescence spectra of CFHC (0.5 uM) with Cu** (1.0 equiv.)
in the presence of a competing metal ion (5.0 equiv). As seen
in Fig.8a, Cu®* ion detection by CFHC is not influenced by
the presence of other competing metal ion. Therefore, Cu**
can be easily detected in the presence of most competing metal
ions through fluorescence ‘turn off” behavior. Also, we tested
various anions for their potential interfering effects in the fluo-
rescence spectroscopy measurements. The competition exper-
iments were realized by adding various anions, namely, F,
Cl,Br,I,S*, AcO", ClO, , HPO, %, H,PO, ", HSO, and
NO; to CH;CN-H,O (v/v, 9/1) solution containing CFHC—
Cu?* complex. When a solution of S*~ anion (1.0 equiv) was
added to a solution containing CFHC and Cu®* ions
(1.0 equiv), an increase in the intensity of the peak at

455 nm was observed due to the high affinity of sulfide to
Cu”* jon [42]. Under the same conditions, slightly changes

occurred when 1.0 equiv. of the other anions was added, as
shown in Fig. 8b.
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The reversibility of a sensor is particularly attractive prop-
erty for practical application. Therefore, we realized the re-
versibility experiments of CFHC by the alternate addition of
Cu”* and S*~ ions based on the obtained results in Fig. 8b. The
interaction between S*~ and CFHC—Cu** system was revers-
ible. This reversibility can be verified by the addition of Cu**
to solution containing S~ and CFCH-Cu®* complex. The
results indicated that the addition of Cu®* could immediately
restore the fluorescence intensities of CFCH-Cu**—S?~ sys-
tem. When S~ was added to the solution again, the fluores-
cence of solution was enhanced. This reversible process could
be repeated several times with little fluorescent efficiency loss
(Fig. 9a). As known, the response time for many fluorescent
sensors is also very important. Thus, the effect of the reaction
time on the binding process of Cu®* ion to CFHC was inves-
tigated as shown in Fig. 9b. Following the addition of
1.0 equiv. Cu’* ion to CFHC solution (0.5 uM), the fluores-
cence intensity of CFHC reached a stable value within 20 s
and remaining constant from 20 s to 5 min Thus, a reaction
time of 20 s may be used for this system.
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Fig.9 a Fluorescence spectra showing reversibility of Cu?*coordination to CFHC by sulfide (S*7) b Fluorescence decreasing profile of addition Cu®* to
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Conclusion

In conclusion, we designed a novel coumarin based fluores-
cent probe (CFHC) which is employed as a naked-eye and
“turn-off” sensor for Cu®" in aqueous solution. Interaction
of CFHC with Cu?* induced completely quenching of fluo-
rescence intensity through a 1:1 binding mode. The complex-
ation process for Cu** gave rise to color changes from blue to
colorless. The system showed a detection limit as low as
33.2 nM toward Cu®* with high selectivity and sensitivity.
The formed CFHC-Cu?* complex in solution also indicated
high sensitivity to sulfide anions via Cu®* displacement ap-
proach. This “on—off-on” type fluorescence recognition sys-
tem was a reversible process that could be repeated several
times with little fluorescence intensities loss. These properties
make CFHC suitable for the direct and rapid detection of Cu®*
and sulfide ions.
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