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Abstract: A dual-platform colorimetric and ratiometric chemosensor, namely 6-(2-
hydroxynaphthalen)-N-n-butyl-naphthalimide (HNA), based on Schiff base constructed from N-n-
butyl-4-amino-1,8-naphthalimide and 2-hydroxy-l1-naphthaldehyde has been designed and
fabricated for detecting fluoride anion (F-) in DMSO solution. HNA is a colorimetic and ratiometric
probe with superior selectivity and sensitivity. The color changes of HNA from yellow to purple
was observed by the naked eyes in the presence of F-. The absorbance in the UV-Vis spectra of HNA
was decreasing in 422 nm, while gradually increasing in 583 nm by adding F-. The limit of detection
(LOD) of HNA for detecting F- is low to 0.61 uM and the binding model of HNA and F- is in 3:2
stoichiometry. Meanwhile, HNA can be used to detect F- in real samples. Finally, the mechanism of
HNA for the detection of F- was investigated. The present work indicated that HNA would be a
superior potential chemosensor in monitoring F- selectively and sensitively.
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1. Introduction

Fluoride anion exists everywhere in nature and organisms, which is the most electronegative
atom with the smallest radius and the highest charge density [1-4]. Fluoride anion has stimulated the
increasing interests of researchers owing to its extensive applications in the osteoporosis treatment,
tooth protection, nerve agents detection and insecticides preparation, etc [5-8]. Fluoride anion is
beneficial or harmful relying on its intake. Excessive intake of fluoride anion can result in urolithiasis,
teeth and bone damage, systemic diseases of cardiovascular and nervous system, kidney infection,
and nephrotoxic changes, etc [9-12]. The concentration of fluoride anion up to 50 pM in drinking
water can prevent tooth decay, and up to 250 uM can cause teeth and bone damage [13,14]. Based on
the harm of excessive intake of fluoride ion, the Environmental Protection Agency (EPA, USA)
proposed that the concentration of fluoride anion at 2 mg L' and 4 mg L~ were the non-enforceable
and enforceable drinking water standard [15]. Hence, exploring sensitive and effective technologies
for detecting fluoride anion is strongly urgent.

Up to now, lots of methods have been exploited for the detection of fluoride anion, such as F
NMR, molecular absorption spectrometry (MAS), atomic absorption spectrometry (AAS), and
chromatography-mass spectrometry [16-20]. Although these technologies are very mature, they need
complicated operation, professional operator, high expense and complicated data analyses.

Colorimetric sensors are regarded as one of the most effective and convenient methods for
detecting inorganic ions, organic small molecules, pesticides, toxic vapor and so on [21-24].
Colorimetric sensors detection is dependent on the color variation of the analytes observed by naked
eyes, where guests and colorimetric sensors are bound together with different forces. There are many
structures used to build colorimetric sensors, such as anthracene, naphthalene, indole, dansyl and
imidazole, etc [25-30]. The advantages of colorimetric sensors are fast response, high sensitivity, good
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selectivity, simple operation and data analyses, reasonable price and intuitive color changes by naked
eyes [31]. Ratiometric sensors take the ratio of the absorption or emission intensities at two
wavelengths as signals and usually provide a higher accuracy in quantitative analyses. Ratiometric
sensors can eliminate the influence of external environment, detection substrate and photobleaching,
probe loading and retention during the experiment [32]. To date, some colorimetric and ratiometric
chemosensors for detecting fluoride anion were reported, which are mostly based on the
intermolecular interactions, such as desilylation of Si—~O/Si—C bonds, B-F complexation and hydrogen
bonding interaction [33-36].

In this work, N-n-butyl-4-amino-1,8-naphthalimide and 2-hydroxy-1-naphthaldehyde were
chosen to construct a dual-platform colorimetric and ratiometric chemosensor, namely 6-(2-
hydroxynaphthalen)-N-n-butyl-naphthalimide (HNA), for the detection of fluoride anion in DMSO
solution. The color changes of HNA from yellow to purple in DMSO solution was observed by the
naked eyes in the presence of fluoride anion. HNA is a ratiometric chemosensor with the absorbance
of the UV-vis spectra decreasing in 422 nm and increasing in 583 nm by adding fluoride anion. The
LOD of HNA for detecting fluoride anion is extremely low and HNA can be used to detect fluoride
anion in real samples. The mechanism of HNA for detecting fluoride anion has been investigated.

2. Results and Discussion
2.1. Colorimetric experiments

The UV-Vis spectra of HNA (105 M) towards F- and other anions (CI-, Br-, I, NOs-, HSO4~, SCN-
and ClO+) in TBA salts have been investigated in DMSO solutions. In Figure 1la, the maximum
absorption peaks of HNA and HNA with other anions (15 equiv.) were all at 422 nm in the UV-Vis
spectra. Once adding 15 equiv. (150 pL) F-, the maximum absorption peak of HNA was red-shifted
to 583 nm, where the color of HNA solution turned from yellow to purple observed by naked eyes,
while HNA solutions in the presence of other anions showed no obvious changes (Figure 1b).
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Figure 1. (a) UV-Vis spectra of HNA (10 M) in the presence of 15 equiv. F-, CI-, Br-, I, NOs-, HSO«,
SCN- and ClOxs. (b) Color changes of HNA (10 M) in DMSO with adding 15 equiv. F-, Cl, Br-, I,
NOs-, HSO4, SCN- and ClOx.

2.2. The spectral properties of HNA for the detection of F-

In order to further study the ability of HNA for the detection of F- as a selective chemosensor,
the competitive experiments were carried out. The maximum absorption of HNA in DMSO solution
displayed no obvious decreased after adding 15 equiv. other anions. As listed in Figure 2, the
maximum absorption peaks of HNA solutions with F- and with F- and other anions all centered at
583 nm, which implied that HNA would not be interfered by coexisting anions, the existance of F-
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induced the changes of UV-Vis spectra and HNA would be a selective chemosensor for detecting F-.
The colors of HNA solutions with F- and with F- and other anions all changed from yellow to purple.
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Figure 2. UV-Vis spectra of HNA (10 M) after adding 15 equiv. other anions in DMSO.

Next, an increasing amount of F- ranging from 0 to 16 equiv. was added to the solution of HNA
(105 M) and UV-Vis spectra was measured by titration experiments. The maximum absorption peak
at 422 nm decreased gradually, while the main peak at 583 nm appeared and increased (Figure 3a).
The absorbance peak reached to the maximum with the concentration of F- 15 equiv. Obviously, 161
nm red shift in the UV-Vis spectra resulted in the color changes of HNA solution by naked eyes,
which is a colorimetric and ratiometric chemosensors. Meanwhile, there existed an excellent linear
relationship between the ratiometric values (Asss/A422) and the concentration of F- (Figure 3b). The
LOD of HNA for detecting F- was low to 0.61 uM, which was calculated based on the equation of
LOD = 30/S. In the equation, S is meaning of the slope of the calibration and ¢ is the standard
deviation of the response in blank samples without F-[37,38]. Notably, the LOD of HNA for detecting
F- is much lower than the limit value in pollutant level for the detection of F- (210 uM) proposed by
the US Environmental Protection Agency (EPA) [39]. Some reported chemosensors for the detection
of F~ have been compared with HNA in Table 1 [40-44].
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Figure 3. (a) UV-Vis spectra of HNA (10 M) with the different concentrations of F- added. (b) The
linearity between the values of absorption and the concentrations of F-.

Probes Solution LOD Liner Applicatio Ref.
system ranges
e i EtOH/PBS 7.9 uM 0.1-0.6 mM No statement [43]
|
o
X
HsC,
e Y SN
§O%, 0 Seg
el ov e DME/PBS 120 M 120 pM-1.5 mM No statement [44]
H°d®§ DMSO/PBS  0.67 mM 25-100 uM Glass strips [45]
o]
Si-0
Qs
CHsCN 0.25 uM No statement No statement [46]
DMSO 1.096 uM 0-1 mM No statement [47]
9 NH/O DMSO 0.61 uM 0-130 uM Real samples HNA

detection

Table 1. Comparison of HNA with other reported sensors for the detection of F-.
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Finally, Job's plot has been introduced to investigate the stoichiometric proportion of HNA and
F-. In the the Job's plot, the maxima peak was at 0.6 in DMSO solution, which was based on the
formula of [F]/([ F] + [HNA]) (Figure 4). The data implied that the ratio of interaction between HNA
and F- was 3:2.
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Figure 4. The Job's plot of HNA (583 nm) with F- determined in DMSO by UV-Vis spectra.
2.3. Detecting F-in real samples

HNA sensor has been selected to detect F- in real samples. In this work, the standard addition
method for the detection of F- was chosen and the water source was collected from the local water of
the Songhua river. The final concentrations of F- in the water samples were 1.0 uM, 5.0 uM, 10.0 pM,
50.0 pM and 100.0 pM, and UV-Vis spectra and linear normalization equation were used to value the
data reliability for the detection of F~. The data are listed in Table 2, where the recoveries of HNA for
detecting F- were ranging from 96.1% to 104.6% and all RSD values were all within 3.98%. These data
implied that HNA as a chemosensor for the detection of F- in real samples is precise and feasible.

HNA Add (uM) Found (M) Recovery (%) RSD® (%)
0.1 0.103+ 0.002 101.3+2.0 3.66
1.0 1.046 +0.019 104.6+1.9 1.59
Songhua river 5.0 4.836+0.103 96.7 +2.1 3.98
10.0 9.794 +0.287 97.9+2.9 2.19
50.0 48.051 +1.165 96.1+2.3 2.72
100.0 100.76 +2.311 100.8 +2.3 1.83

Average of three repeated measurements of F~. "RSD means relative standard deviation.

Table 2. Results of detecting F- in real samples.
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2.4. The mechanism of HNA for the detection of F-

The possible mechanism of HNA for the detection of F-is the hydrogen bond interaction between
HNA and F- at low concentrations, while deprotonation of O-H proton at high concentrations of F-

(Scheme 1).
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Scheme 1. The possible mechanism of HNA for the detection of F-.
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To investigate this mechanism of HNA for detecting F- in detail, the orbital energies of HOMO-
1, HOMO (highest occupied molecular orbital), LUMO (lowest unoccupied molecular orbital) and
LUMO+1 of HNA, HNA+F- and HNA- have been calculated by the method of DFT (density
functional theory) at the B3LYP/6-31G* level (Figure 5). Obviously, the AEgap values of HNA, HNA+F-
and HNA- were 0.325 eV, 0.090 eV and 0.085 eV, respectively, which decreased gradually. The
electron affinities of HNA+F- and HNA- were relatively higher than HNA, resulting in the transfer
of electrons in HNA+F- and HNA- more easily than HNA. Meanwhile, the AEgp values of HNA+F-
and HNA- were smaller than HNA, and it implied that the interaction between HNA and F- was
hydrogen bond, while deprotonation at high concentration of F- [45-47]. Furthermore, the electrons
transitions of HNA+F- and HNA- in HOMO-1-LUMO and HOMO—LUMO+1 may produce the
same results.
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Figure 5. Molecular orbital shapes and energies of HOMO-1, HOMO, LUMO and LUMO+1.
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3. Materials and Methods
3.1. Materials and physical measurement

All the reactants and solvents used in this work were commercially available without
purification. Anions of F-, Cl-, Br-, I, NOs-, HSOs~, SCN- and ClOx- in this work were obtained from
tetrabutylammonium (TBA) salts and purchased from Sigma-Aldrich. Dimethyl sulfoxide (DMSO)
was purchased from Aladdin. High resolution mass spectrometer (HRMS) was measured on Agilent
6224. The "H NMR spectra were tested on a Bruker AVANVE 400 MHz nuclear magnetic resonance
spectrometer (Bruker, Germany) utilizing CDCls and DMSO-ds as the solvents, where TMS is the
internal standard. The fusion points were recorded on Shanghai Inesa melting point apparatus (WRS-
3) without correction. Finally, UV-Vis spectra were measured with the range of wavelengths from
200 nm to 800 nm on a Shimadzu UV-2700 spectrophotometer.

3.2. Synthesis
3.2.1. Synthesis of 4-nitro-N-n-butyl-1,8-naphthalimide (2)

A mixture of 4-nitro-1,8-naphthalic anhydride (1.22 g, 5 mmol) and n-butylamine (0.60 g, 8
mmol) were dissolved in ethanol solution (75 mL), then the reaction were reflux at 80 °C for 4 h. After
cooling to room temperature, the mixture was removed in vacuum to obtained crude compound.
And then the crude compound was purified used silica column chromatography (EtOAc/petroleum
ether, 1:30 v/v) to give a yellow solid was compound 2 [48]. Yield: 43 %. m.p.: 106.4-107.2 °C.'H NMR
(400 MHz, CDCls) 0 8.83 (d, ] =8.7 Hz, 1H), 8.71 (dd, ] =18.6, 7.6 Hz, 2H), 8.40 (d, ] = 8.0 Hz, 1H), 7.95-
8.03 (m, 1H), 4.02-4.31 (m, 2H), 1.73 (t, ] = 7.6 Hz, 2H), 1.39-1.54 (m, 2H), 0.95-1.02 (m, 3H) (Figure SI).

3.2.2. Synthesis of 4-amino-N-n-butyl-1,8-naphthalimide (3)

4-nitro-N-n-butyl-1,8-naphthalimide (0.95 g, 2.7 mmol) was dissolved in methanol (45 mL), then
the Pd/C (0.3 g) was added to the solution. The reaction was conducted under hydrogen atmosphere
in a high-pressure reactor for 2 h. Then it was filtered through a pad of celatom. The solvent was
concentrated under vacuum to given an orange solid was compound 3 [49]. Yield: 91 %. m.p.: 181.9-
182.2 °C.’"H NMR (400 MHz, CDCl3) 0 8.59 (d, ] = 6.9 Hz, 1H), 8.41 (d, ] = 8.1 Hz, 1H), 8.12 (s, 1H),
7.58-7.69 (m, 1H), 6.88 (d, ] = 8.1 Hz, 1H), 415 (d, ] =7.6 Hz, 2H), 1.71 (t, ] = 7.6 Hz, 2H), 1.36-1.51 (m,
2H), 0.97 (t, ] = 7.4 Hz, 3H) (Figure S2).

3.2.3. Synthesis of HNA

4-amino-N-n-butyl-1,8-naphthalimide (1.44 g, 1.2 mmol) was dissolved in ethanol solution (50
mL) and then 2-hydroxy-1-naphthaldehyde (2.06 g, 1.2 mmol) was added to the solution. The reaction
was reflux at 85 °C for 12 h. After the reaction was completed, the solvent was removed to obtained
the crude product. Then the crude product was purified used silica column chromatography (EtOAc:
petroleum ether, 1:20 v/v) to obtained HNA as orange solid [50] (Scheme 2). Yield: 42%. m.p.: 242.4-
243.7 °C. 'H NMR (400 MHz, CDCls) 6 9.63 (s, 1H), 8.68 (d, ] = 15.2 Hz, 3H), 8.24 (d, ] = 8.5 Hz, 1H),
7.96 (d, ] =9.1 Hz, 1H), 7.83 (t, | = 8.4 Hz, 2H), 7.63-7.54 (m, 2H), 7.43 (d, ] =7.8 Hz, 1H), 4.24-4.18 (m,
2H), 1.77 (s, 2H), 1.48 (d, ] = 7.6 Hz, 2H), 1.00 (t, | = 7.4 Hz, 3H) (Figure S3); HRMS (ESI): m/z calcd. for
C27H22N203: 423.17032 ([M+H]*), found: 423.17086 (Figure S4).
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3.3. General preparation for the spectral experiments

HNA was prepared to the solution (10# M) with the solvent of DMSO as stock solution. TBA
salts with different anions (F-, Cl, Br-, I, NOs-, HSO47, SCN- and ClO+") were prepared to the solution
(102 M) with deionized water. 1 mL HNA stock solution was added to 10 mL volumetric flask, which
was diluted to the concentration of 10° M with DMSO solution. Next, 150 uL different anions
solutions were added to 10> M HNA solutions by micro syringe, respectively. In order to investigate
the ability of HNA for the detection of F-, different concentrations of F- were titrated to 10> M HNA
solution, where the final concentrations of F- were ranging from 0 to 16 equiv.

3.4. Detecting fluoride anion in real samples

The standard addition method was introduced for the detection of F- in real samples. Different
amounts of F- were added to 105 M HNA solutions, where the final concentrations of F- were 1.0 uM,
5.0 uM, 10.0 uM, 50.0 uM and 100.0 uM. The concentrations of F- in three real samples should be
calculated on the basis of absorbance measured by UV-Vis spectra and linear normalization equation
of absorbance and concentrations of F-.

3.5. Computational details

All the calculations were conducted with the Gaussian 09W software package [51]. The
geometries were optimized by the B3LYP functional [52,53]. The 6-31G* basis set was utilized for all
atoms. All geometry optimizations were carried out without symmetry constraints in conjunction
with the PCM continuum solvation model [54], which used the solvent of water.

4. Conclusions

In summary, a colorimetric and ratiometric chemosensor HNA based on Schiff base was
designed and synthesized. The color changes of HNA could be observed by the naked eye in the case
of detecting F-, while other anions showed no color changes. HNA exhibited superior sensitivity and
selectivity for the detection of F- with low LOD of 0.61 pM. The recognition mechanism of HNA for
the detection of F- was further verified by the method of theoretical calculation. The interaction
between HNA and F- was hydrogen bond, while deprotonation at high concentration of F-.
Moreover, HNA could be used for detecting F- in real samples conveniently and precisely.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/xxx/s1.
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