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Abstract 

In searching for developing fluoride chemosensors based on the O—H…F, we discovered that 

HBT-based fluorophore containing hydroxyl group was easily synthesized and displayed excellent 

fluorescence properties. 4-(benzothiazol-2-yl)-phenol (L
1
H) was found to be facilitated in 

monitoring fluoride and shown ratiometric fluorescence changes. It was worth noting that an 

aldehyde group in conjugation with HBT-based fluorophore core at the adjacent position of 

hydroxyl group (5-(benzothiazol-2-yl)-2-hydroxylbenzaldehyde, L
2
H) would elevate the 

sensitivity towards fluoride tremendously. Spectroscopic studies indicated that L
1
H and L

2
H 

interacted with fluoride anion and involved a two-step reaction: hydrogen bond formation and 

deprotonation. The deprotonation of the chemosensors by fluoride anion enhanced the 

electron-donating ability of phenolic O
-
 to HBT core acceptor and facilitated the intramolecular 

charge transfer process resulting in the red-shift in both UV-vis absorption and fluorescence 

spectra. The mechanism of L
2
H binding with fluoride was confirmed by 

1
H NMR titration 

experiments and DFT computational calculations. 
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1. Introduction 

Anions are widely present in natural environment and organisms since they play crucial roles in 

chemical and biological processes. As the smallest anion, fluoride has special physical and 

chemical properties. It plays vital roles in biological process as well as industry. In living 

organism, fluoride can be used in preventing odontopathy and osteoporosis.
[1]

 In nuclear industry, 

as a consequence of the principle that fluoride could react with uranium, fluoride was used to 

separate radioactive and non-radioactive substances safely and easily
[2]

. However, excessive 

utilization of fluoride had inevitably leaded to severe environmental pollutions. Subsequently, 

fluoride accumulated in bodies by the food chains and eventually resulted in severe disease or 

death. Therefore, detections of fluoride have drawn great attentions.
[3]

 

For the past few years, chemosensors for fluoride have been prosperously developed due to 

the properties of high sensitivity, excellent selectivity and low limit of detection. Many fluoride 

chemosensors were based on the interactions between fluoride and Lewis acids. A strategy for 

fluoride recognition was employing the formation of hydrogen bond. Fluoride can interact with 

thiourea,
[4]

 urea,
[5]

 amide,
[6]

 sulfonamide,
[7]

 imidazole,
[8]

 indole,
[9]

 pyrrole,
[10]

 Schiff bases
[11]

 and 

so on.
[12]

 However, to the best of our knowledge, most of the recognition mechanisms mentioned 

above were based on the N—H…F but not O—H…F. Recently, the O—H…F was considered as 

of great concern.
[13]

 Cao group designed new fluoride sensors that taken into the reason that O—H 

has higher electronegativity and acidity than N—H.
[13b]

 However, both the receptors undergone an 

“OFF-ON-OFF” process, viz., that the fluorescence intensity would be quenched when the amount 

of F
-
 reached up to more than 6 equiv. and this self-quenching caused by concentration would 

disturb the detection results and greatly limited its application. As our ongoing interest to develop 

fluorescent probes for fluoride based on the O—H…F, we recently endeavored to explore kinds of 

fluorophores containing hydroxyl group. We discovered that HBT-based fluorophore was easily 

synthesized, cheaply consumed and displayed excellent fluorescence properties. As expected, the 

compound, 4-(benzothiazol-2-yl)-phenol (L
1
H) containing hydroxyl group was found to be 

facilitated in monitoring fluoride and shown ratiometric fluorescence changes. Although L
1
H 

displayed high sensitivity toward fluoride, it needed to add amounts of F
-
 (less than 10 equiv.) 
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until the fluorescence reach up to saturated state. It was worth noting that an aldehyde group in 

conjugation with HBT-based fluorophore core at the adjacent position of hydroxyl group 

(5-(benzothiazol-2-yl)-2-hydroxylbenzaldehyde, L
2
H) would elevate the sensitivity towards 

fluoride tremendously. The interaction between L
2
H and fluoride may involve a two-step reaction: 

hydrogen bond formation and deprotonation, and the structures and proposed binding mechanisms 

were shown in Scheme 1. Mechanistic studies were confirmed by spectroscopic studies, 
1
H NMR 

titration experiments and DFT computational calculations.  

 

Scheme 1 Structures and proposed binding mechanisms of L
1
H and L

2
H with F

-
. 

2. Experimental 

2.1 Materials and instruments 

All starting materials and reagents (analytical grade) concluding the tetrabutylammonium 

salts of halides and sodium salts of other anions were supplied by commercial suppliers and used 

without further purification. THF was used as HPLC grade. 
1
H NMR titration experiments were 

recorded on a JNM_ECS 400 instruments. Fluorescence spectra were successively achieved by a 

Thermo Scientific Lumina fluorescence spectrometer. UV-vis absorption spectra were 

accomplished on an Evolution 220 UV-Visible spectrometer. Fluorescence quantum yield were 

performed by absolute value method on a FL sp920.  
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2.2 Synthesis and characterization of L
1
H and L

2
H 

The synthetic methods of L
1
H and L

2
H were mentioned in our previous literatures.

[14]
 

2.3 Absorption and fluorescence preparation 

The stock solutions of L
1
H and L

2
H (1 mM) were prepared in THF while anions (10 mM) 

were prepared in triple deionized water. The solutions of anions (1 mM) were diluted by putting 

the concentrated 10 mM solutions into THF. All of the absorption and fluorescence measurements 

were implemented in a quartz cell (1 cm×1 cm×3.5 cm). UV-vis absorption titrations and 

fluorescence titrations were performed by adding F
-
 into 2 ml THF with L

1
H or L

2
H in advance 

diluted in it. The fluorescent spectra were carried out by excitation at 330 nm. Both the slit widths 

in excitation and emission were 5 nm. The detection limit was calculated as the ratio of 3σ/k.
[14b, 15]

 

σ stands for the standard deviation of 10 times measurement of the emission spectrum of L
2
H, k is 

the slope by plotting the fluorescence intensity of L
1
H or L

2
H upon addition of various amount of 

F
-
. The dissociation constant Kd was fitted by the equation that Kd = [X]

n
 • (Fmax-F) / (F-Fmin). Fmin, 

Fmax and F present the emission intensities in the absence of fluoride, presence of fluoride in 

saturation and any contents of fluoride in varying, [X] is the concentration of fluoride, n is the 

number of fluoride bound per L
1
H or L

2
H. 

2.4 DFT computational studies 

The optimized geometries for the structures in Scheme 1 were obtained by employing 

quantum mechanical calculations which were carried out at the B3LYP/6-311+G(d,p) level of 

theory using the Gaussian 09 suite of programs.
[16]

 The IEFPCM solvation model was used for the 

calculations and THF was used as the solvent which was in agreement with the experiment 

condition.  

3. Results and discussion 

3.1 The UV-vis absorption and fluorescence spectrum studies of L
1
H 
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In order to search for new fluoride chemsensors, we using L
1
H （HBT-based compound 

containing hydroxyl group）as a novel prototype. It was found to be facilitated in monitoring 

fluoride anion by UV-vis absorption and fluorescence emission spectra. In Fig. 1a, L
1
H has an 

absorption peak at 320 nm and a shoulder peak at 309 nm in THF. While fluoride was added from 

0 to 95 µM, the peak at 309 nm and 320nm decreased gradually and a new peak at 376 nm 

appeared and increased simultaneously with an isobestic point at 330 nm. The changes in 

absorbance at 320 nm and 376 nm were presented in Fig. 1a (Inset), respectively. In the meantime, 

the emission peak of L
1
H at 368 nm is decreased gradually and a new peak at 426 nm increased 

simultaneously in fluorescence spectra of L
1
H (Fig. 1b). The detection limit of L

1
H was 

calculated to be 6.70×10
-8

 M by fluorescence titration and the dissociation constant was obtained 

to be 8.28×10
-10

 M
2
 as well (Fig. S1 and Fig. S2). In terms of sensitivity for fluoride, L

1
H is 

superior to previous probes.
[13]

 However, L
1
H need more fluoride to achieve equilibration which 

inevitably leaded to weak sensitivity. Hence, it is necessary to explore the method that through 

modifying the structure of L
1
H to improve the sensing ability. 

 

Fig. 1 UV-vis absorption spectra (a) and fluorescence emission spectra (b) of L
1
H (10 µM) upon 

addition of various amount of F
-
 (0 – 95 µM) in THF. Inset: (a) Changes in absorbance at 320 nm 

and 376 nm, respectively; (b) Changes in fluorescence intensity at 368 nm and 426 nm, 

respectively. 

3.2 UV-vis absorption and fluorescence spectrum studies of L
2
H 

To greatly improve the properties, L
2
H was obtained by conjugation an aldehyde group to 

HBT-based fluorophore core at the adjacent position of hydroxyl group. Remarkably, the 

sensitivity and the detection limit of L
2
H towards fluoride anion were elevated after the 
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modification. As depicted in Fig. 2, UV-vis absorption titrations were implemented in THF at 

room temperature. There was only an absorption band at 311 nm in the condition of 2 ml THF 

containing 10 µM of L
2
H. Upon addition of fluoride from 0 to 100 µM, the absorption band at 311 

nm was gradually decreased while two new bands at 364 nm and 409 nm were continuously 

increased and companied with an isobestic point at 330 nm. The two new peaks were 

simultaneously formed mainly caused by the reason that deprotonation form of L
2
H existed two 

tautomeric forms (Enol and Keto) after L
2
H interacted with fluoride anion. The absorbance 

changes at 311 nm, 364 nm and 409 nm were shown respectively in Fig. 2, Inset. The absorbance 

was remained unchanged since the content of fluoride reached up to 20 µM implied that L
2
H 

could react with 2 equiv. of fluoride. 

 

Fig. 2 UV-vis absorption spectra of L
2
H (10 µM) upon addition of various amount of F

-
 (0 – 100 

µM) in THF. Inset: Changes in absorbance at 311 nm, 364 nm and 409 nm, respectively. 

Using the isobestic point at 330 nm as the excitation, fluorescence titration spectra of L
2
H 

versus various amount of fluoride were exhibited in Fig. 3. Along with the addition of fluoride, the 

fluorescence intensity at 480 nm increased remarkably and ultimately saturated if fluoride added 

up to 2 equiv. of L
2
H. The ratio of fluorescent intensity at 480 nm could reach up to 102 fold in 

THF in case that L
2
H /F

-
 was 1:2 (Fig. 3, Inset). The fluorescence quantum yield (Φ) of L

2
H was 

20.56%, while Φ of L
2
H in addition with 2 equiv. of F

-
 was 52.23%. To further identify the ratio 

of L
2
H and fluoride as we predicted in Scheme 1, Job’s plot was experimented in the condition 

that different amounts of L
2
H were in addition with relevant different levels of F

-
 in THF at 480 
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nm. The total content of L
2
H and F

-
 was 10 µM. As was illustrated in Fig. 4, L

2
H could react with 

2 equiv. of fluoride. The detection limit of L
2
H was calculated to be 4.23×10

-8
 M by fluorescence 

titration and the dissociation constant of L
2
H was counted to be 7.07×10

-11
 M

2
 as well (Fig. S3 

and Fig. S4). The existence of aldehyde group elevated the properties of L
2
H towards fluoride 

anion, due to the aldehyde group could form hydrogen bond with hydroxyl group of HBT core 

which weakening the interaction between oxygen and hydrogen of hydroxyl group. The hydrogen 

atom would lose more easily. Focusing on the selectivity of L
2
H, many anions were participated 

in comparison. In Fig. 5, upon treatment of L
2
H with fluoride anion, dramatic fluorescence 

intensity increasement was observed. In contrast, only addition of I
-
, Ac

-
 and PO4

3-
 lead to slight 

fluorescence changes of L
2
H, the other representative anions did not cause any significant 

fluorescence response. What’s more, the fluorescence intensity upon the subsequent addition of 

fluoride presented inordinate increasement. The ratiometric changes and bathochromic shift of 

L
1
H and L

2
H after binding with fluoride probably originated from the process of hydrogen bond 

formation and deprotonation, which was attributed to the basicity and strong ability of fluoride 

anion to from hydrogen bond and the stabilized [HF2]
-
.
[3d, 10a]

 The occurrence of the process 

further enhanced the electron-donating ability of phenolic O
-
 to HBT core acceptor resulting in the 

intramolecular charge transfer process. To confirm the process, L
2
H binding with fluoride was 

confirmed by 
1
H NMR titration experiments and DFT computational calculations.  

 

Fig. 3 Fluorescence emission spectra of L
2
H (10 µM) upon addition of various amount of F

-
 (0 – 

50 µM) in THF. Excitation was at 330 nm. Inset: Changes of fluorescence intensity at 480 nm. 
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Fig. 4 Job’s plot of different amount of L
2
H in addition with relevant different levels of F

-
 in THF 

at 480 nm. The total content of L
2
H and F

-
 was 10 µM. 

 

Fig. 5 Fluorescent intensity changes of L
2
H (10 µΜ) upon addition of various different anions. 

The black bar represents the fluorescence intensity of L
2
H; the blue bars represent the 

fluorescence intensities of L
2
H response to different anions (50 µΜ): (1)F

-
, (2) Cl

-
, (3) Br

-
, (4) I

-
, 

(5) S
2-

, (6) HS
-
, (7) PO4

3-
, (8) BrO3

-
, (9) H2PO4

-
, (10) HCO3

-
, (11) SO3

2-
, (12) HSO4

-
, (13) S2O3

2-
, 

(14) HPO4
2-

, (15) CO3
2-

, (16) Ac
-
 and (17) HSO3

-
; the red bars represents the fluorescence 

intensity that occur upon the subsequent addition of 50 µΜ F
-
 to above solution.  

3.3 Studies on the mechanism of L
2
H versus fluoride 

In order to validate the proposed process, 
1
H NMR titrations were performed in CDCl3-THF 

mixed solvent. As shown in Fig. 6, significant spectral changes were observed with gradual 

addition of certain concentrations of F
-
. It was noticeable that the phenol OH proton signal (10.70 
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ppm) was disappeared as soon as fluoride anion was added to the mixed solution of L
2
H. As 

increasing concentrations of fluoride, the signals of H (2, 3, 4, 5, 6, 7) protons were gradually shift 

upfield while the other H (1, 8) protons were shift downfield. Also the signal of [HF2]
-
 was 

observed at low field and shown in Fig. S5. However, the signals of protons were very weak when 

the amount of fluoride reached up to 1.5 equiv., so the titration experiments was not completed as 

the initial scheme designed to reach 2 equiv.. Even so, the results suggesting that the interaction 

between L
2
H and fluoride anion undergo a two-step reaction: hydrogen bond formation and 

deprotonation. The final deprotonation of L
2
H by fluoride anion enhanced the electron-donating 

ability of phenolic O
-
 to HBT core acceptor and facilitated the intramolecular charge transfer 

process.  

 

Fig. 6 Partial 
1
H NMR spectra of probe L

2
H in the presence of a different amount of F

-
 in 

CDCl3-THF (V/V, 2/3) mixed solvent. 

3.4 DFT computational studies 
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Fig. 7 Optimized geometry structures of L
2
H (Enol, a), L

2
H (Keto, b), L

2
H -F

─
 (c) and (L

2
)

-
 (d). 

 

Fig. 8 Frontier molecular orbitals (HOMO, LUMO) for (a) L
2
H (Enol); (b) L

2
H (Keto); (c) L

2
H 

-F
─
; and (d) (L

2
)

─
, and the HOMO-LUMO energy gaps obtained by DFT calculation. 

To better understand the spectral behaviors of L
2
H before and after binding with F

-
, 

theoretical calculations were performed. The results of these calculations were shown in Fig. 7 and 

Fig. 8. L
2
H intrinsically displayed two fluorescence emission peaks at 355 nm and 460 nm (Fig. 

S6), which was due to L
2
H in presence in of tautomeric forms, Enol and Keto. After binding with 

F
-
, the O—H…F hydrogen bond was formed which was resulted from the weak interaction 

between hydrogen and fluoride. The optimized geometry structures of four forms were shown in 

Fig.7. In Fig.8, in the process of L
2
H interact with fluoride, both the molecular orbital diagrams of 

HOMOs and LUMOs are redistributed in four forms. The energy gap between the HOMOs and 

LUMOs in four forms is become smaller after interacted with fluoride. The changes are in good 

agreement with the red shift in the absorption observed upon treatment of L
2
H with fluoride. 
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4. Conclusions 

In conclusion, we had developed two HBT-based chemosensors (L
1
H, L

2
H) containing 

hydroxyl group for detection of fluoride anion. Spectroscopic studies indicated that an aldehyde 

group in conjugation with L
1
H core at the adjacent position of hydroxyl group would elevate the 

sensitivity towards fluoride tremendously. The studies suggested that the process of L
1
H and L

2
H 

sensing fluoride anion involved a two-step reaction: hydrogen bond formation and deprotonation. 

The final deprotonation of the chemosensors by fluoride anion enhanced the electron-donating 

ability of phenolic O
-
 to HBT core acceptor and facilitated the intramolecular charge transfer 

process resulting in the red-shift in both UV-vis absorption and fluorescence spectra. The 

mechanism of L
2
H binding with fluoride was confirmed by 

1
H NMR titration experiments and 

DFT computational calculations. 
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