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A colorimetric and fluorescent sensor for the detection of 
fluoride anion has been designed and synthesized. The sensor 
showed evident naked-eye color variation from green-yellow to 
orange-red after treatment with F-, and its fluorescence was 
effectively quenched within 3 seconds. 
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1. Introduction 

The recognition and sensing of anions has been a key research 
theme because of the fundamental and crucial roles of anions in 
biological and environmental fields.1-5 Among the entire range of 
biologically anions, fluoride anion possesses significant potential 
in the prevention of dental caries and treatment for 
osteoporosis.6,7 However, excess intake fluoride can cause many 
serious diseases such as fluorosis, acute stomach and kidney 
problems.8-9 Besides, fluoride ion is one of the most attractive 
targets owing to its smallest ionic radius, highest charge density 
and hard Lewis basic nature.10-12 Thus, simple and efficient 
detection of F- with high selectivity and sensitivity is in great 
need. 

So far fluoride-detecting and-sensing techniques can be 
classified into several kinds, such as (a) the electrode method;13 
(b) 19F NMR analysis;14 (c) fluorescent or colorimetric sensing. 
Compared with other detecting methods, colorimetric and 
fluorescent chemosensors have been recognized as a promising 
and powerful tool for sensing fluoride ion owing to its 
advantages of high selectivity, sensitivity and practical 
operation.15-18 Recently, Molecules containing thiosemicarba-    
zone were used to detect fluoride anion. Su19et al. reported two 
thioxanthone-based F- sensors, in which thiosemicarbazone acted 
as responding unit, their work offer the possibility and  

convenience for the multiple detection of Hg2+ and F-. Jiang20 et 
al. reported a simple and efficient chemosensor, 2-
(naphthylmethylene) hydrazinecarbothioamide, which showed 
high selectivity and sensitivity toward fluoride anion in both 
absorption and fluorescence modes. For this kind of sensors, N-H 
deprotonation, or hydrogen-bond-induced π-electron 
delocalization, are believed to be responsible for signaling the 
binding event.21-23 

With this in mind, compound 1, 3-chloro-3-(7-(diethylamino)-
2-oxo-2H-chromen-3-yl)allylidene-hydrazine-carbothioamide, in 
which substituted coumarin acted as signalling unit and 
thiosemicarbazone acted as responding unit, was rationally 
designed and synthesized. Compared with conventional coumarin 
dyes, both 7-diethylamino and imine units in 1 extended the 
conjugate structure of the fluorophore. As expected, probe 1 
showed strong emission at 499 nm in THF with a fluorescent 
quantum yield of 0.34. Furthermore, the fluorescence turn-off 
sensor showed high selectivity for fluoride ion through the 
deprotonation action and the photo-induced electron transfer 
(PET) mechanism. More importantly, probe 1 could detect 
fluoride anion by a fast method which was observable with naked 
eyes. And it showed a faster response (within 3s) to fluoride ion 
than that of some related literatures.24-26 

2. Results and discussion 
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A novel coumarin-based compound 1 featuring thiosemicarbazone as binding unit, was reported 
as a colorimetric and fluorescent probe for the detection of fluoride anion. The addition of F- to a 
solution of probe 1 in tetrahydrofuran resulted in evident naked-eye color change from green-
yellow to orange-red under daylight and obvious fluorescence quenching within 3 seconds. And
the detection limit toward F- was calculated to be as low as 2.16×10−7 mol/L. 1H NMR titrations
proved that the interaction between 1 and fluoride ion: hydrogen bond at low fluoride ion 
concentration, deprotonation at high fluoride ion concentration. Besides, it exhibited highly
sensitivity and selectivity for F- over other examined ions (Cl-, Br-, I-, AcO-, NO3

-, HSO4
-, 

H2PO4
-) in tetrahydrofuran solution. 
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Scheme 1. Synthetic route of compound 1 

2.1   Synthesis 

Compound 1 was synthesized according to the route in Scheme 1. 
The intermediate 2 and final product 1 were confirmed by 1H 
NMR, 13C NMR, and HRMS spectra (Electronic Supporting 
Information       (ESI), Fig.S1-S6). 

2.2. Spectral properties of compound 1 

The interactions between compound 1 and various anions (F-, 
Cl-, Br-, I-, AcO-, NO3

-, HSO4
-, H2PO4

-) were investigated in THF 
solution through colorimetric and fluorescent analysis. When 
probe 1 was treated with F-, the system changed from green-
yellow to orange-red within 3s, while other anions did not show 
prominent visible color changes (Fig .1a). Besides, under 365 nm 
UV lamp, the color of the system changed from light green to 
dark, only responding to F- among eight anions (Fig .1b). 

 

Fig. 1 Color changes of 1 (1.0×10−5 M) towards 10 equiv of various 
anions in THF under daylight (a) and 365 nm UV lamp (b). 

In order to deduce the anion sensing ability of compound 1, 
titrations were carried out in THF solution and were monitored 
by UV-visible spectroscopy. The experiment was performed by 
preparing a solution (1×10-5 mol/L) of the sensor in THF and 
followed by the addition of tetrabutylammonium fluoride (TBAF) 
solution (0.02 mol/L). Fig. 2a displayed the UV-vis absorption 
titrations of the compound 1 with various amount of fluoride ion 
in THF at 20°C. The molar extinction coefficient of 1 (445 nm) 
was 7.08×104 L/(mol cm) by calculation. Upon treatment with F-, 
the main absorption band at 445 nm of 1 gradually decreased 
with concomitant formation of a long wavelength absorption 
band centered at 510 nm (4-10 equiv), and with an isosbestic 
point at around 480 nm. Correspondingly, the absorption red-
shift of 65 nm resulted in the solution distinct color change, 
which can be directly observed by naked eyes. Besides, the 
absorption peak at 445 nm and 510 nm reached equilibrium upon 
adding 10 equiv of fluoride ion (Fig. S7). 

 

Fig. 2a UV-vis absorption spectra of 1 (1×10-5 M) in the presence of 
TBAF in THF.  Inset: color change of 1 upon addition of F- (100 µM) 
under daylight. 

 

Fig. 2b The fluorescent spectra of 1 (1×10-5 M) in the presence of TBAF  
in THF. Inset: color change of 1 upon addition of F- (100 µM) under 365 
nm light. ( λex = 445 nm ) 

The fluorescence responses of 1 toward various amount of 
fluoride ion were also performed in THF at 20°C. As shown in 
Fig. 2b and Fig. S8, upon the addition of F-, the fluorescence 
intensity of 1 at 499 nm was almost linearly decreased and 91% 
of the fluorescence intensity was quenched by calculation upon 
addition of 10 equiv of fluoride ion. 

 

Fig. 3a Absorption spectra of 1 (1.0×10−5 M) in the presence of F- (10 
equiv), Cl-, Br-, I-, AcO-, NO3

-, HSO4
-, H2PO4

- (20 equiv, respectively).  
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Fig. 3b Fluorescent spectra of 1 (1.0×10−5 M) in the presence of F- (10 
equiv), Cl-, Br-, I-, AcO-, NO3

-, HSO4
-, H2PO4

- (20 equiv, respectively). 

The interference of other anions to the detection of F- were 
also investigated to test the sensing selectivity, and the 
experimental results suggested that sensor 1 showed high 
selectivity for the fluoride anion in colorimetric and fluorometric 
modes. As depicted in Figs. 3a and 3b, neither prominent 
absorption nor fluorescence changes were found with excess 
addition of other halide ions (Cl-, Br-, I-) as well as AcO-, NO3

-, 
HSO4

-, H2PO4
-. It means probe 1 showed specific sensitivity and 

selectivity for F- over other examined ions in tetrahydrofuran 
solution. 

2.3 Calculation of detection limit 

The detection limit was calculated on the basis of fluorescence 
titrations. A plot of fluorescence intensity change of 1 (10.0 µM) 
against varied concentrations of F- (10.0-60.0 µM) in THF (λex = 
445 nm, slit: 5 nm/5 nm, PMT Volts: 550V.). R2 = 0.9924, k = 
1.34×107 au/M. The Standard deviation (σ = 0.9656) was 
obtained by fluorescence responses (5-times of consecutive 
scanning on the Varian Cary Eclipse Fluorescence 
Spectrophotometer). Therefore, the detection limit was calculated 
by the formula: 

Detection limit = 3σ/k = 2.16×10–7 M 

 

Fig. 4 The fluorescent intensity of 1 at 499 nm in different concentration 
of fluoride. ( λex = 445 nm ) 

2.4 1 H NMR titration experiments 

To get insight into the interaction between receptor 1 and F-, 
1H NMR titration experiments were carried out in DMSO-d6 
solution with different amount of F- anion (0, 1, 2 and 4 equiv). 

As shown in Fig. 5, upon addition of 1 equiv of F-, the signal 
peak of N-H active proton at 11.55 ppm broadened and 
decreased. Upon addition of 2 equiv of F-, the resonance signal 
corresponding to the N-H proton showed severe broadening, this 
result suggested that hydrogen-bond interaction existed between 
target compound and TBAF at low fluoride ion concentration. 
Upon addition of 4 equiv of F-, the resonance signal of the N-H 
proton disappeared and the result suggested that compound 1 
would be deprotonated at higher fluoride ion concentration. 
Meanwhile, the chemical shifted values of N-H active proton and 
aromatic protons remained unaltered. These observations 
indicated that the deprotonation process of thiourea N-H segment 
is involved in the receptor’s interaction with fluoride anion to 
increase the electron density on the N atom, associated with 
enhancement in the electron transfer effect of the PET (Photo-
induced Electron Transfer) transition. The color changed from 
light green to dark under 365 nm UV lamp is visible evidence for 
this. 

Hence, the result of 1H NMR titrations provided a supporting 
proof for the following proposed detection mechanism between 
receptor 1 and F-. 

    

Fig. 5 1H NMR titration spectra of 1 in DMSO-d6 in the presence of 
various equivalents of TBAF. 

2.5 Theoretical calculations 

To further understand the sensing mechanism, theoretical 
calculations were performed for 1, and 1+F- (deprotected product) 
by using the Gaussian 09 package at the B3LYP level of theory27 

(Tables 1 and 2). The calculated results revealed that the highest 
occupied molecular orbital (HOMO) (-6.775 eV) and lowest 
unoccupied molecular orbital (LUMO) (-1.946 eV) of 1 were 
both located at the units of coumarin and thiosemicarbazone. The 
DFT calculations revealed that the energy singlet transition of 
HOMO-LUMO charactered with an energy gap of 4.829 eV. 
According to the fluorescence emission mechanism, the excited 
electron of the coumarin unit of 1 is back to the ground state and 
radiates strong fluorescence. 

When 1+F- was generated after adding fluoride ion, the 
LUMO (-1.193 eV) was mainly located at the unit of coumarin, 
the HOMO (-5.614 eV) was more distributed on the 
thiosemicarbazone unit and slight distribution of coumarin unit. 
Additionally, the difference in energy gap between HOMO and 
LUMO of sensor 1+F- was calculated to be 4.421 eV. As the 
frontier molecular orbitals are spreading over thiosemicarbazone 
and coumarin unit, the excited electron of thiosemicarbazone unit 
is back to the ground state of coumarin unit and therefore leads 
the quenching of the fluorescence. Besides, the decrease of 
energy gap (4.829 eV→4.421 eV) can interpret that the red-shift 
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of absorption peak (from 445 nm to 510 nm) after the addition of F- (Fig. 2a). 

Table 1. Calculated surfaces of HOMO-1, HOMO, LUMO, and LUMO+1 (1, 1+F-). 

 HOMO-1    HOMO    LUMO    LUMO+1    

1 

    

1+F-
 

    

 

Table 2. Calculated energy of HOMO-1, HOMO, LUMO, and LUMO+1(1, 1+F-). 

 HOMO-1(eV)    HOMO(eV)    LUMO(eV)    LUMO+1(eV)    HOMO-LUMO(eV)    HOMO-(LUMO+1) (eV)    

1 -7.523 -6.775 -1.946 -0.599 4.829 6.176 

1+F-
    -6.420 -5.614 -1.193 -0.008 4.421 5.606 

2.6 Detection mechanism 

 
Fig. 6 Proposed sensing mechanism 

Combining the theoretical calculations with the 1H NMR 
titration experiments, we deduce that F- interacts with 1 through 
hydrogen bonding at lower concentrations, but at higher 
concentrations it induces the deprotonation of the N-H proton. 
After deprotonation, the electron transfer effect of the PET 
transition would be enhanced due to the increase of the electron 
density on the nitrogen, which leads the quenching of the 
fluorescence. The proposed detection mechanism is vividly 
described in Fig. 6. 

3. Conclusions 

In this paper, a novel coumarin-based imine, compound 1, 
was designed, synthesized and characterized. The colorimetric 
and fluorescent sensor performed high selectivity, short response 
time and excellent sensitivity toward F- over other anions (Cl-, 
Br-, I-, AcO-, NO3

-, HSO4
-, H2PO4

-) in THF solution with low 
detection limit of 2.16×10–7 M and high fluorescence quantum 
yield of 0.34. Upon treatment with F-, the color change (light 
green→dark) was observed under 365 nm light, which was 
attributed to the enhancement in the electron transfer effect of 
the PET process through the deprotonation of N-H active proton. 
All above-mentioned facts suggested probe 1 potentially 
provided an alternative and simple approach for detecting trace 
amount of F-. 

4. Experimental  

4.1 Materials and measurements 

THF was distilled under argon atmosphere from sodium and 
benzophenone immediately prior to use. Unless otherwise stated, 
all reagents and solvents were AR grade purchased from 
commercial suppliers and used without further purification. 1H 
NMR and 13C NMR spectra were measured on a Bruker AM-400 
spectrometer at room temperature using d-chloroform or DMSO-
d6 as a solvent and tetramethylsilane (TMS, δ=0 ppm) as an 
internal standard. High resolution mass spectra (HRMS) were 
obtained by a Waters LCT Premier XE spectrometer. The 
UV/Vis spectra were recorded on a Nicolet CARY 100 and the 
Fluorescence spectra were measured on a Varian CARY Eclipse 
(1 cm quartz cell).  

The stock solution of 1 (1×10-5 mol/L) was prepared in THF 
solution. The TBA salts (F-, Cl-, Br-, I-, AcO-, NO3

-, HSO4
- and 

H2PO4
-) solutions were also prepared at the concentration of 

2×10-2 mol/L in THF. Different equivalents of TBA salts were 
added to the probe solution and their corresponding UV-visible 
and fluorescence spectra were recorded at 20 °C. Compound 1 
(5×10-3 mol/L) was titrated with fluoride anion (as tetrabutyl- 
ammonium salts) by addition of increasing equivalents of F- in 
DMSO-d6. 
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4.2 Synthesis of compound 1 

3-acetyl-7-diethylamino-2H-chromen-2-one (3) 

The intermediate 3 was synthesized according to the 
literature28 with a minor modification. 4-N,N-Diethylamino- 
salicyaldehyde (1.93 g, 10 mmol), ethyl acetoacetate (1.95 g, 15 
mmol), and 3 drops of piperidine were dissolved in 20 mL of 
absolute ethanol. After the mixture solution was refluxed for 8 h, 
the solvent was removed under reduced pressure. The yellow 
solid was precipitated and collected, and the crude product was 
recrystallized from absolute ethanol to afford compound 3 (2.0 g, 
77%). 1H NMR (400 MHz, CDCl3, TMS) δ: 8.42-8.41 (d, 1H, 
J=2.2 Hz), 7.39-7.37 (m, 1H), 6.62-6.59 (m, 1H), 6.46-6.45 (d, 
1H, J=2.4 Hz), 3.47-3.42 (q, 4H, J=7.2 Hz), 2.67 (t, 3H, J=7.2 
Hz), 1.25-1.21 (t, 6H, J=7.2 Hz). 

3-chloro-3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl) acylalde-
hyde (2) 

The intermediate 2 was synthesized according to the reported 
method29-30 with a minor modification. In a 100mL three-necked 
round bottomed flask, N,N-dimethyl formamide (10.0 mL) and 
compound 3 (2.6 g, 10.0 mmol), were taken and cooled to 0-5 °C 
with stirring under Ar. To the above solution phosphorous 
oxychloride (4.45 g, 2.70 mL, 27.0 mmol) was added dropwise 
maintaining the temperature of the reaction mass at 0-5 °C. The 
reaction mixture was stirred at 0-5 °C for 3 h, then allowed to 
attain room temperature and then heated at 80-85 °C for 8 h. 
Subsequently, the reaction mass was cooled to room temperature 
and poured in to crushed ice with stirring and deep external 
cooling, the clear solution was neutralized with sodium 
carbonate to pH 7-8, by keeping the temperature below 10 °C. 
The product was filtered, washed with ice cold water and dried. 
The compound 2 was crystallized from ethanol as brick red 
power (2.0 g, 65%). 1H NMR (400 MHz, CDCl3, TMS) δ: 10.27 
(d, 1H, J=6.8 Hz), 8.37 (s, 1H), 7.67 (d, 1H, J=6.8 Hz), 7.40 (d, 
1H, J=8.8 Hz), 6.66-6.63 (dd, 1H, J=8.8 Hz, 8.8Hz), 6.48 (d, 1H, 
J=2.4 Hz), 3.50-3.44 (q, 4H, J=6.8 Hz), 1.27-1.23 (t, 6H, J=6.8 
Hz); 13C NMR (100 MHz, CDCl3, TMS) δ: 192.35, 158.39, 
156.78, 152.66, 145.22, 144.82, 131.01, 126.17, 112.94, 109.93, 
108.38, 96.49, 45.19, 12.47. HRMS (ESI) calcd for C16H16ClNO3 

MH+ 328.0716, found 328.0714. 

3-chloro-3-(7-(diethylamino)-2-oxo-2H-chromen-3-yl)allylidene-
hydrazinecarbothioamide (1) 

Compound 2 (0.305 g, 1 mmol), thiosemicarbazide (0.091 g, 
1 mmol), and 20 mL of ethanol were added to 100 mL round-
bottom flask, and then 5 drops of CH3COOH was added to the 
system. The reaction mixture was stirred at 80 °C for 8 h. The 
precipitate was filtered after the final reaction mixture was 
cooled to room temperature. The precipitate was washed 
repeatedly with ethanol and dried under vacuum to obtain orange 
compound 1 (0.20 g, 82%). MP: 226-228°C. 1H NMR (400 
MHz, DMSO-d6, TMS) δ: 11.56 (s,1H), 8.34 (s, 1H), 8.28 (d, 
1H, J=9.2 Hz), 8.26 (s, 1H), 7.86 (s, 1H), 7.81 (d, 1H, J=9.2 Hz), 
7.63 (d, 1H, J=9.2 Hz), 6.75 (dd, 1H, J=8.8 Hz, 9.2Hz), 6.56 (d, 
1H, J=2.0Hz), 3.49-3.44 (q, 4H, J=6.8 Hz), 1.16-1.12 (t, 6H, 
J=6.8 Hz); 13C NMR (100 MHz, DMSO-d6, TMS) δ: 177.66, 
158.22, 155.39, 151.70, 142.25, 141.49, 132.32, 130.84, 124.35, 
113.12, 109.87, 107.76, 95.68, 44.27, 12.28. HRMS (ESI) calcd 
for C17H19ClN4O2S MH+ 379.0996, found 379.0999. 
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