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A colorimetric and turn-on fluorescent sensor for fluoride
ions, based on 2-hydroxy -1-naphthalene formaldehyde bis-
Schiff base, was readily synthesized. The sensor in DMSO
exhibits high sensitivity and good selectivity for fluoride ions
from aqueous medium. The F'-response mechanism involves
hydrogen bonding and deprotonation process in the sensor,
which induced color changes from pale yellow to deep yellow
and prominent fluorescence enhancement. The response time
of sensor S for fluoride ions reached the plateau region less
than 1s. Test strips based on sensor S were prepared, the test
strips could conveniently detect fluoride ions in solutions. The
detection limit was determined to be 1.4x10® mol/L (2.66 x
10 ppm), which is far lower than the WHO guideline of
drinking water at levels of about (5.3-7.9)x10° mol/L (100.7-
150.1) ppm]. Thus the sensor can be used to detect fluoride
ions in drinking water.

Because of the crucial roles of anions in biological systems and
chemical processes, the design and synthesis for the molecular
sensors that can detect the anions with specific selectivity are
always of major interest'”. Among the range of anions, fluoride
ion has attained significance because of its role in preventing
dental decay® and the treatment of osteoporosis®. Thus, it is
necessary to add fluoride to toothpaste and drinking water'”.
However, fluoride is absorbed easily by the body and excreted
slowly from the body''. The presence of excess fluoride ions
results in dental and skeletal fluorosis, bone diseases, mottling of
teeth, lesions of the thyroid, liver and other organslz'“’. Therefore,
as the World Health Organization limit being followed in most of
the nations, fluoride is considered beneficial in drinking water at
levels of about 5.3x 107 mol/L (100.7 ppm) but harmful once it
exceeds 7.9 x 107 mol/L (150.1 ppm)'”"’. Thus, the detection of
fluoride ions has attracted considerable attention. Owing to its
simplicity and exquisite sensitivity, fluorescent sensors are highly
attractive for the selective detection of fluoride ions. Although a
number of fluorescent sensors for fluoride ions have been
developed in recent years’®. However, many of the reported
sensors suffer from complicated synthesis procedures, turn-off
fluorescence response, slow response or low sensitivity.
Therefore, there is still a high demand for sensors for fluoride
ions with good selectivity and high sensitivity.

Herein, based on our previous work’™*!, we report a
chemosensor S based on 2-hydroxy-1-naphthalene formaldehyde
Schiff base. The chemosensor S in DMSO solution could act as a

colorimetric and turn-on fluorescent sensor for fluoride ions from

so aqueous medium. Upon the addition of water solution of fluoride
ions, sensor S could immediately show remarkable color change
and significant fluorescence enhancement. The detection limit for
F~ was determined to be 1.4 X 10 mol/L (2.66 x 10 ppm).
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55 Scheme 1 Synthesis of sensor S.
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Fig. 1 Fluorescence intensity of sensor § (2.0 X 107 mol/L) at
467 nm in DMSO with 50 equiv of different anions (F, CI', Br', I’
, AcO’, H,PO,4, HSO,, ClOy, using their thetetrabutylammonium

6 (TBA) salts as sources; CN” and SCN’, using their sodium salts as
sources.) in aqueous solution. The excitation wavelength was set
at 420 nm. (Insert) Fluorescence changes of the sensor S (2.0 X
107 mol/L) in the presence of 50 equiv of (F, CI', Br, I', AcO,
H,PO4, HSO,, ClO4, CN and SCN™ (0.01 mol/L)).

6s  The synthetic route for sensor S is shown in Scheme 1. 2-
hydroxy-1-naphthalene formaldehyde schiff base was obtained by
refluxing  2-hydroxy-1-naphthalene formaldehyde (6mmol,
1.033g) with 1-4-butyl diamine (3mmol, 0.264g) in ethanol
(50mL) at 80 [J for 24h. The obtained residue was recrystallized

70 by alcohol to yield the product, S, as yellow solid (1.023 g, 86%)
(Fig. S1). '"H-NMR (ds-DMSO, 400 MHz) & 14.17(s, 2H, -O-H),
9.13 (s, 2H, CH=N), 8.07(d, 2H, J=4Hz, -ArH), 7.72(d, 2H,
J=4Hz, -ArH), 7.62(d, 2H, J=8Hz, -ArH), 7.41 (t, 2H, J=8Hz, -
ArH), 7.18 (t, 2H, J=6Hz, -ArH), 6.72 (d, 2H, J=8Hz, -ArH),
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3.73 (s, 4H, CH=N-CH,), 1.87 (s, 4H, -CH,). IR (Fig. S2) (KBr,
em’™!) v: 3426(-OH), 1634(C=N); MS-ESI (Figure S3) calcd for
Cy6H,4N,0, [L + H]": 396.4810; found: 397.1322.
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s Fig. 2 Fluorescence spectra of sensor S (2.0 X 10” mol/L) in
DMSO with different concentrations of F~ (0.01 mol/L) (0-50
equiv) in aqueous solution. The excitation wavelength was set at
420 nm. (Insert) Fluorescence changes of the sensor S (2.0 X
107 mol/L) in DMSO in the presence of 50 equiv of F~.
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Fig. 3 Fluorescence spectra of sensor S (2.0 X 107 mol/L) in
DMSO with other different anions (F°, CI', Br, I', AcO", H,POy,
HSO4, ClO4,CN" and SCN 50 equiv each). The excitation
wavelength was set at 420 nm.

15 As shown in Fig. S4, sensor S in DMSO was non-fluorescent
in the absence of fluoride ions. Upon addition of 50 equiv. of
fluoride ions in aqueous solution, a dramatic fluorescence
emission enhancement (30-fold) was observed with a maximum
at 467 nm (Fig. 1). Fluorescence of S (measured 0.5 mL 2.0 X

20 10* mol/L diluted to 2.0 X 10 mol/L) in DMSO increased
gradually when titrated with F~ (measured 0.5 mL 0.1mol/L
diluted to 0.01 mol/L), and saturated at about 50 equiv by
exhibiting a 30-fold increase (Fig. 2). However, the addition of
other anions couldn’t induce similar response. There was a good

»s linear correlation between the fluorescence intensity and the
concentration of fluoride ions in the range of 0-50 equiv (Fig.
S5). The linear equation was expressed as Y=111.7847xX-
3022.424 (R =0.9964, where Y denotes the fluorescence intensity

and x denotes the ratio of fluoride ion with S: n(F’)/n(S)). The
30 detection limit was determined to be 1.4x10° M (2.66 x 10*
ppm)*.

In order to evaluate the selectivity of the sensor for fluoride
ions, we investigated the fluorescence behavior of sensor S with
other typical anions. The results presented in Fig. 3 show that

35 other anions ( CI, Br, I', AcO", H,PO,’, HSOy, ClOy, using their
thetetrabutylammonium (TBA) salts as sources; CN” and SCN,
using their sodium salts as sources.) in aqueous solution had no
effect on the fluorescence behavior of sensor S, even at that high
concentrations (50 equiv of sensor S). Therefore, the sensor S

40 displayed excellent selectivity for fluoride ions in aqueous

solution over other competing anions.
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Fig. 4 UV/vis absorption spectra of sensor S (2.0 X 10 mol/L)
in DMSO containing different amounts of F~ (0-50 equiv) in
45 aqueous solution.

Sensor S (2.0 X 107 mol/L) in DMSO is colorless with an
absorption maximum at 402 nm (Fig. S6). Upon the addition of
50 equiv of F~ (0.01 mol/L) in aqueous solution, an apparent red-
shift near 20 nm (from 402 to 423 nm) instantly appeared. With

so increasing addition amounts of fluoride ions, the absorption band
at 402 nm progressively decreased and a new band centered at
423 nm gradually formed with a clear isosbestic point at 340 nm.
Meanwhile, the absorption spectra of sensor S at 428 nm
underwent two different phases. At first phase, with increasing

ss addition of fluoride ions, as shown from Fig. 4, an isosbestic
point appeared at about 428 nm (signed by purple arrow).
However, with continuous addition of fluoride ions, the
absorption spectra of sensor S no longer cross the isosbestic point
at 428 nm. Which indicated that sensor S interact with F~ by

o hydrogen bonding at first phase, and deprotonation during
addition of fluoride ions (second phase).

To demonstrate the selectivity of sensor S as a colorimetric
sensor, similar experiments were carried out on sensor S with
other typical anions (CI', Br, I', AcO", H,PO,’, HSO,, ClO,, CN°

esand SCN’) by observing the absorption spectral change. As
shown in Fig. S7, only fluoride ions could induce the sensor to
form a deep yellow color with a red-shift near 20 nm, whereas
other typical anions had no influence on the absorption spectra.
The above results proved that sensor S in DMSO could be used as

70 a highly selective colorimetric sensor for fluoride ions in aqueous
solution.
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Fluorescence outputs of § (2.0 X 107° mol/L) at 467 nm (A =
420 nm) in the presence of F” and H" as inputs. (c) Molecular
logic gate table and the respective symbolic representation of the
1s INHIBIT logic gate function.
I » 5 As known, chemosensors always have a problem of long
/ \ M\ ‘;" "‘.‘ :'II"". response time. For example, reaction-based” F~ sensor or

4004 | ‘.‘"‘ \ i 0 [ supramolecular gel-based F~ sensor often need several minutes to
g ‘I.w"l \ ."; "‘u,‘ I‘-‘" II"‘. ‘,-" ‘I"". response F~.**> In our case, the binding process of F~ to S was
< 200 / \ [ [ i 20 found to be very fast (Fig. S8). After adding the aqueous solution
- ‘,.‘" "",‘ ;" \ .-"‘I I"‘-. \ of fluoride ions, the fluorescence emission intensity of S
200 [ w I‘ﬂ,l | \ \ increased at 467 nm and reached the plateau region less than 1s,
J .“I "‘,I / ‘,.‘" "".‘ .-"‘I II"‘. and remained better stable. These results indicated that the sensor

100 / \/ o \ \ | \ S in DMSO could instantly detect F".
, Frees, H \/ o \/ w | H s The reversibility in the response of S has been demonstrated
o : ‘ . = . = during its four cycles of titrations carried out with F~ (blue)
0 2 4 vl © 8 10 followed by HCIO, (black) in a sequence as shown in Fig. 5a.

Further, after addition of F~ the solution of sensor S exhibits a

remarkable fluorescence change and shows by showing ON
30 behaviour. Titration of this fluorescent complex with HCIO,

results in quenching the fluorescence intensity and hence acts as
500 OFF switch. The repeated demonstration of ON/OFF behaviour
of the system by fluorescence as well as the visual color change
clearly suggests that S in DMSO is reversible.

400+ 35 Since the fluorescence emission of sensor S could be
E accurately controlled by alternative addition of F” and H' ions, the
% 5004 fluorescence emission of S can be defined as the logic gate
= output, which provides an entry for developing a molecular logic
"E gate using H" and F as two inputs. For inputs, the addition and
£ 200+ 40 the absence of F” and H" can be defined as 1 and 0, respectively.
= For output, we define the normalized fluorescence intensity at

i 420 nm of S enhance as 1 and not enhance as 0. Based on the

above definitions, the fluorescence enhancing of S is observed
only in the addition of F, so that the output is read as “1”. Under

o NN — N N ss other circumstances, the fluorescence of S is not enhanced

00 10 01 " leading to the output being read as “0”. The respective symbolic
Output of fluorescent signals representation of the INHIBIT (INH)* function and the
corresponding truth table are illustrated in Fig. 5c. Thus S can act
as INH logic gate.
Input(s) Output so  To investigate the prac?ical application Qf sensor S, test str'ips
S were prepared by immersing filter papers into a DMSO solution
F Liz of S (0.1 M) and then drying in air. The test strips containing S
(C) 7 were utilized to sense F". As shown in Fig. S9, when F~ was added
. to the test kits, the obvious fluorescence change was observed
H D ss under the 365 nm UV lamp. However, potentially competitive
ions exerted no influence on the detection of F~ by the test strips.
Inputs Output Therefore, the test strips could conveniently detect F™ in aqueous
- solution.
(INHIBIT Logic pate)
F )i
(Intensity), App—4670m
0 0 Low,Fhu. 0
1 0 High,Flu. 1
0 1 Low.Flu 0
1 1 Low.Flu 0

5
Fig. 5 (a) Fluorescence experiment showing the reversibility of
the sensor for F~ fluorescence intensity obtained during the
titration of S with F~ followed by HCIO,. Above are the vials
showing visual fluorescent color, where (1) = Free S; (2) = S+F’;

10 (3)=(2) + HCIO4; (4) = (3) +F; (5) = (4) + HCIOy; (6) = (5) + F; JAL A

(7) = (6) + HCIO; (8) = 7 + F; (9) = 8 + HCIO,. (b)

185 180 17.5 1.0 165 160 15.5 150 145 14.0 135 130 125 120 1L5 1.0 105 10.0 0.5 90 &5 80 7.5 7.0 65 60 55
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60
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Fig. 6 Partial '"H NMR spectra of sensor S (2.5 X 107 mol/L) in
DMSO-ds upon the addition of F". (a) Free, (b) 0.1 equiv of F', (c)
1 equiv of F, (d) 4 equiv. of F.(Insert) The structure of the
sensor S.

The further anion-S recognition mechanism was observed from
'H NMR titration experiments (Fig. 6) in DMSO-d;. Before the
addition of anions, the "H NMR chemical shifts of the O—H and
Ar-H* (Fig. 6 inset) protons on S were at 8 14.16 and 8.06 ppm,
respectively. After adding 1 equiv. of fluoride ions, the
10 resonances for O—H protons disappeared, and a weak broad signal

appeared at & 14.28 ppm, which indicated the formation of O-

H-F hydrogen bonds. With continuous addition of fluoride ions,

this signal disappeared, which suggested that the O—H groups

perhaps underwent a deprotonation process. Simultaneously, a
15 new weak broad signal appeared at & 16.09 ppm, which indicated

the formation of HF, *’. Meanwhile, the Ar-H* proton signal at &

8.06 ppm showed a downfield-shift, which indicated the

formation of C-H*+N intramolecular hydrogen bonds, which led

to a significant fluorescence enhancement and color change (Fig.
20 7).

w

Fig. 7 Proposed mechanism for the recognition of the sensor with
fluoride ions.

Conclusions

2:

G

In summary, we have developed a colorimetric and turn-on
fluorescent sensor based on 2-hydroxy -1-naphthalene
formaldehyde bis-Schiff base. The sensor S in DMSO displayed
high sensitivity and good selectivity for the detection of fluoride

30 ions in aqueous solution. Test strips based on S were prepared,
which could conveniently detect F~ in aqueous solution. The
detection limit was 1.4x10®° M (2.66 x 10™ ppm), which is far
lower than the WHO guideline of drinking water at levels of
about (5.3-7.9)x10° M [(100.7-150.1) ppm]. Thus the sensor can

35 be used to detect fluoride ions in drinking water.
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