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Abstract: 3,5-Dihydroxyphenyl-5-(dimethylamino)naphthalene-1-sulfonate, also referred to as sensor
R1, was synthesized and characterized by 'H- and '3C-NMR, IR, HRMS, and single-crystal X-ray
diffraction. Connections in the packing crystal structure of sensor R1 occur through hydrogen
bonding interactions. However, no -7t stacking interactions between molecules of sensor R1 were
observed. Addition of fluoride ion to a solution of sensor R1 resulted in the appearance of a new
absorption band at 310 nm, which corresponded to the deprotonated species, and quenching of
the peak at an emission wavelength of 562 nm. For the addition of other anions, there was a slight
decrease in corresponding peaks in the UV-visible and emission spectra of sensor R1. According to
the 'H-NMR study, the aromatic proton resonances of sensor R1 shifted upfield when adding fluoride
ion. Analysis of the solutions prepared using Job’s method revealed that the complexation ratio of the
complex formed between sensor R1 and fluoride ion was 1:1. The Stern—Volmer quenching constant
(Ksy) between sensor R1 and fluoride ion was characterized as 7157 M~1.

Keywords: hydrogen bonding; fluoride ion; sensor

1. Introduction

To date, many crystals have been found to display a variety of changes in numerous
applications, the nature of which is dependent on the specific structure form of the crystal.
Organic molecule crystals, which display charge specificity in binding to anions, cations,
or neutral molecules, are generally used as chemical sensors [1-9]. In addition, organic
crystals strongly bind to anions via hydrogen bonding, n—m stacking, and electrostatic
interactions, resulting in a change in photo properties. Photophysical changes in molecules
lead to shifts in absorption and emission bands in terms of the wavelength becoming longer
or shorter, and whether there is enhancement or quenching of emission [10-13]. Anions
are important analytes that present many advantages and disadvantages in numerous
aspects, such as those arising in environmental fields, biological systems and industrial
plants [14-16]. For example, the fluoride ion, which can be used as a nucleophile in organic
reaction, is the smallest in size of the halide anions and regarding its strength of basicity.
Fluoride ion is an anion important for growth of bones and teeth in the human body.
However, excess levels of fluoride ion result in the development of bone growth disorders
and dental fluorosis, among other issues [17,18]. Therefore, fluoride ion can give rise
to both benefits and drawbacks depending on the intake level. Numerous researchers
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have attempted to detect fluoride ion by using fluorescence molecules that can be rapidly
measured. During the past 10 years, fluoride ion sensors have been developed based on the
occurrence of fluoride ions in numerous processes such as complexation, deprotonation,
transformation of molecules, etc. [19-23] This paper describes the synthesis and crystal
structure of 3,5-dihydroxyphenyl-5-(dimethylamino)naphthalene-1-sulfonate, referred to
as sensor R1. In addition, we studied the behavior of binding between sensor R1 and
various anions using ' H-NMR, UV-visible and fluorescence spectroscopy.

2. Experiment
2.1. Materials

For experiments, all anions (F~, CI~, Br—, I, H,PO4~, CH3COO~, CcHsCOO™)
were in the tetrabutylammonium form and were purchased from Sigma-Aldrich, MO,
USA. Phloroglucinol and dansyl chloride were purchased from Tokyo Chemical Industry
Company Limited, Tokyo, Japan. Potassium carbonate was purchased from Carlo erba
Reagents S.A.S., Val de Reuil, France. Acetonitrile, ethyl acetate and dichloromethane were
purchased from RCI Labscan Limited, Bangkok, Thailand. Deuterated DMSO for NMR
solvent was also purchased from Merck, Darmstadt, Germany.

2.2. Methods
Crystallographic Methods

The single crystal X-ray diffraction data of the sensor R1 were collected using a Bruker
D8 Quest CMOS diffractometer with graphite monochromatic MoK radiation. The graphi-
cal pictures of crystal R1 were captured and processed using OLEX2 and Mercury 3.10.3 [24]
software. CCDC 2212336 contains the supplementary crystallographic data for sensor R1.
These data can be obtained via http://www.ccdc.cam.ac.uk/conts/retrieving.html (ac-
cessed on 12 October 2022). The structures were solved and refined by OLEX2 [25] with the
olex2.solve structure solution program using charge flipping and by SHELXL [26] refine-
ment package using least squares minimization, respectively. Anisotropic displacement
parameters were refined for all non-hydrogen atoms. Analysis of hydrogen atoms was
carried out through a mixture of independent and constrained refinement.

2.3. Apparatus

Fluorescence spectra were collected by FL 8500. HRMS data were obtained on a Bruker
micrOTOF-Q III. UV-vis spectra were obtained using a Perkin Elmer lambda 365. The 'H-
and '®C-NMR spectra were collected on a 400 MHz NMR Bruker spectrometer. Infrared
spectra were collected by a Perkin Elmer system 2000 Fourier transform infrared spectrometer.

2.4. The Synthesis of 3,5-Dihydroxyphenyl-5-(dimethylamino)naphthalene-1-sulfonate, Sensor R1,
as Shown in Scheme 1

A mixture of phloroglucinol (3 g, 24 mmol) and K,COs (1.133 g, 8.21 mmol) in CH3CN
15 mL was stirred and refluxed at 130 °C for 1 h. Dansyl chloride (2.218 g, 8.22 mmol) in
CH3CN 28 mL was slowly added to the reaction. Then, the mixture was continually stirred
and refluxed at 130 °C for 4 h, followed by evaporation in a rotary evaporator. Then, the
mixture was extracted using water and dichloromethane. The dichloromethane layer was
purified by column chromatography using 1.5:8.5 of EtOAc/CH,Cl, as an eluent. The
product was afforded as a yellow solid at a yield of 18.64%. H-NMR(ds-DMSO) &: (9.62,
s, OH, 2H), (8.62, d, ArH, 1H), (8.22, d, ArH, 1H), (8.11, d, ArH, 1H), (7.75, t, ArH, 1H),
(7.63, t, ArH, 1H), (7.35, d, ArH, 1H), (6.05, s, ArH, 1H), (5.75, s, ArH, 2H), (2.87, s, CH3,
6H) 1*C-NMR(ds-DMSO) &: 159.4, 152.2, 150.8, 132.4, 131.5, 130.8, 129.7, 129.6, 129.3, 124.0,
118.7, 116.1, 101.9, 100.2, 45.5 FT-IR (cm~!): 3268.23, 2917.39, 1611.88, 1460.39, 1301.63,
1160.44, 987.91, 623.20. Mp.:135 °C HRMS (m/z): C18H1sNOsS calculated 360.0906 and
found 360.0914 [M+H]*.
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Scheme 1. The pathway for synthesis of R1.

3. Results and Discussion
3.1. Crystal Structure of Sensor R1

HO OH
K,CO; o
—>
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N
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Crystals of sensor R1 were grown in a mixed solvent of EtOAc/CH,Cl, = 1.5:8.5 (v/7).
Experimental parameters for single-crystal X-ray analysis of the compound are given in
Table 1. The compound was crystalized as a monoclinic system with P2; /c space group,
and its molecular structure is presented in Figure 1. The structure of sensor R1 was found
to be tetrahedral around the sulfur atom with angles of O1-51-C7; 102.31(9), O2-51-C7;

109.2(1) and O3-51-C7; 113.3(1), respectively.

Table 1. Crystal data and structure refinement parameters for sensor R1.

Crystal Data Sensor R1
Empirical formula C1gH19NOgS
Formula weight 377.40
Temperature(K) 296
Crystal system monoclinic
Space group P2;/c
a/A 8.1631(3)
b/A 9.3968(3)
c/A 23.5699(9)
«/° 90.00
B/° 97.8630(10)
v/° 90.00
Volume /A3 1790.98(11)
Z 4
Peale &/cm> 1.400
w/mm~! 0.216
F (000) 792.0
Crystal size/mm?> 0.24 x 0.2 x 0.1
Radiation MoK« (A =0.71073)
20 range for data collection/° 4.672 to 54.968
Index ranges —-10<h<10,-12<k<12,-30<1<30
Reflections collected 36,616
Independent reflections 4106 [Rint = 0.0773, Rsigma = 0.0345]
Data/restraints/parameters 4106/12/254
Goodness-of-fit on F2 1.017

Final R indexes [I > 20 (I)]
Final R indexes [all data]
Largest diff. peak/hole/e A~3

Ry = 0.0451, wR, = 0.0965
Ry = 0.0797, wR, = 0.1141
0.14/-0.31
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Figure 1. Molecular structure of sensor R1 drawn with 50% thermal ellipsoid probability. Hydrogen
atoms have been omitted for clarity.

The occurrence of intramolecular H-bonding of S=O ... H was observed in sensor
R1 with a distance of 2.456 A. Moreover, the structural analysis also revealed two water
molecules engaged in H-bonding with the same hydroxyl group of the benzene ring, as shown
in Figure 2. The lengths of these interactions were found to be 1.843 and 1.756 A, respectively.

Figure 2. Hydrogen bonding in sensor R1.

The packing images of sensor R1 for front view and side view are presented in
Figure 3. According to the tetrahedral structure, no differences between each plane and 7—m
interactions were observed in sensor R1. Notwithstanding, apart from the abovementioned
H-bonding, S=0O ... H-O-H and (CH3),N ... H-O-H interactions were also observed in
the packing form with distances of 2.170 and 2.183 A, respectively. Additionally, these
water molecules appeared in the fragment that jointly connected each molecule of sensor
R1. The relevant data of bond lengths, bond angles, and torsion angles are presented
in Table 2.
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(b)

Figure 3. Packing images of sensor R1: (a) front view and (b) side view.

3.2. The Binding Behavior of Sensor R1 and Different Anions Characterized by ' H-NMR Spectroscopy

From comparison of the "H-NMR spectra for sensor R1 binding with various anions
in dg-DMSO, it can be seen that the addition of fluoride ions resulted in obvious changes.
The peak for OH proton in the sensor R1 spectrum disappeared, and the peaks for aromatic
protons shifted upfield, as seen in Figure 4. For peaks in the aromatic region, changes
from 7.35-8.62, 5.75, and 6.05 ppm to 7.31-8.57, 5.26, and 5.78 ppm, respectively, were
observed upon addition of fluoride ions, as shown in Figure 4. The triplet peak around
16.12 ppm was related to bifluoride species, and was indicative of the deprotonation when
adding excess fluoride ions, as shown in Figure S1 [27]. This is explained by fluoride ions
interacting with the hydroxyl group of R1 through strong hydrogen bonding interactions.
The hydroxyl moiety is then loosened as a result of the deprotonation process. Moreover,
the resonance signals of aromatic protons shifted upfield due to the increase in their electron
density. For CH3COO™, HPO,~, and CgH5COO™, the hydroxyl proton peak of sensor R1
vanished, and there were slight changes in those for aromatic protons. In the case of C1~7,
Br~, and I, the protons of sensor R1 barely shifted due to the weaker interaction between
sensor R1 and these anions.
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Table 2. Selected bond lengths (A), bond angles (°) and torsion angles (°) in sensor R1.

Sensor R1
Selected bond lengths
N1-C17 1.468(4) C1-01 1.421(2) C5-05 1.367(2) S1-02 1.430(2)
N1-C18 1.460(3) C3-04 1.370(2) 51-01 1.594(2) S1-03 1.418(2)

Selected bond angles
C12-N1-C18 116.1(2) 01-51-03 103.02(9)
C17-N1-C12 112.7(2) 02-51-03 118.5(1)
C17-N1-C18 109.6(2) S1-01-C1 118.5(1)
C7-51-01 102.31(9) 04-C3-C2 117.3(2)
C7-51-02 109.2(1) 04-C3-C4 121.3(2)
C7-51-03 113.3(1) 0O5-C5-C4 117.7(2)
01-51-02 108.93(9) 05-C5-C6 121.3(2)
Selected torsion angles
C17-N1-C12-C11 —110.0(3) 03-51-C7-C8 —49.9(2)
C17-N1-C12-C13 71.1(3) 03-51-C7-C16 135.2(2)
C18-N1-C12-C11 17.5(3) S1-01-C1-C2 70.2(2)
C18-N1-C12-C13 —161.4(2) S51-01-C1-Cé —111.3(2)
02-51-01-C1 —66.5(2) 05-C5-C4-C3 —179.5(2)
02-51-07-C8 175.6(2) O5-C5-C6-C1 —179.8(2)
02-51-07-C16 0.7(2) 04-C3-C2-C1 179.0(2)
03-51-01-C1 166.8(1) 04-C3-C4-C5 —179.9(2)
o e w L]
G T |
. J
[ T - -
E
|
[ O 'Y /S| A .
D
_ I T T k
c
- . [ — | [ ‘ I
B
i S N U T - I
A
JL P T | L
D2 100 98 96 94 92 90 88 86 84 82 B0 7.8 76 74 72 70 68 66 64 62 &0 58 56 54 52 50 4.
Chemical Shifc (ppm)

Figure 4. TH-NMR spectrum of sensor R1 (1 x 1072 M) (A) with 6 equivalents of different anions of
Br~ (B),I” (C),Cl™ (D), F~ (E), H,PO4~ (F), CH3COO™ (G), and C4H5COO™ (H) in dg-DMSO.
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3.3. Characterization of the Binding Interaction of Sensor R1 and Different Anions by
UV-Vis Spectroscopy

The absorption wavelength of sensor R1 in DMSO was at 354 nm. To the sensor R1
solution, 80 equivalents of different anions were added, as shown in Figure 5. Following
addition of fluoride ion to the sensor R1 solution, the maximum absorption band of sensor
R1 changed from 354 to 310 nm, indicating the appearance of the deprotonated form of
sensor R1. For other anions, it was found that the intensity of the absorption band at 354 nm
decreased, as presented in Figure 5. For the other anions, the maximum absorbance of
sensor R1 slightly changed because of weak hydrogen bonding interactions. The graph bar
shows that the addition of fluoride ion to sensor R1 resulted in the maximum difference in
absorbance (AA) at 310 nm when compared with other anions, as shown in Figure 6. These
collectively indicated that of the tested anions, sensor R1 had the strongest interaction
with fluoride ion. The addition of other anions indicates that the interaction between
sensor R1 and other anions was rather weak. In the titration results following addition
of 0-80 equivalents of fluoride ion to the solution sensor R1, a new absorption band at
310 nm appeared, corresponding to the deprotonated species in solution, as presented in
the Figure 7. For addition of 0-80 equivalents of CH3COO™, the intensity of the absorption
band at 354 nm decreased, as seen in Figure 8. The other anions gave similar results, all
showing a decrease in intensity of the peak at an absorption wavelength of 354 nm because
of the weak interaction. A 1:1 complexation ratio between sensor R1 and fluoride ion
was confirmed using Job’s plot analysis. The maximum absorption of complexation was
observed for the mole fraction ratio of 0.5, as shown in Figure 9.

1.5 -
o 1.0-
[Z]
=
<
=
o
=
7]
=
<
0.5
CI', Br, CH,COO,
H,PO,’, C;H,COO", I
0.0 . : : . ,

! I
300 400 500 600
Wavelength (nm)

Figure 5. The absorption spectra of sensor R1 (1 x 10~* M) and sensor R1 in DMSO with 80 equivalents
of different anions.
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F Cr Br CH,COO H,PO, CH.COO I

Figure 6. Bar graph of absorbances at 310 nm for different mixtures of sensor R1 with various anions.

Absorbance

0 equiv

|

80 equiv

0.0 T T T T T
300 400 500

Wavelength (nm)

Figure 7. UV-vis spectra of titration between sensor R1 (1 x 104 M) and fluoride ion in a range of

concentrations (0-80 equivalents) in DMSO.
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Figure 8. UV-vis spectra of titration between sensor R1 (1 x 10~* M) and CH3COO™ in a range of
concentrations (0-80 equivalents) in DMSO.
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Figure 9. Job’s plot between sensor R1 and fluoride ion.

3.4. Complexation Study of Sensor R1 and Various Anions by Fluorescence Spectroscopy

In the fluorescence emission wavelength of sensor R1 in DMSO, a main band at 562 nm
and a shoulder band at 700 nm were observed, as presented in Figure 10. With the addition
of F~ ion, an emission band of sensor R1 at 562 nm was quenched due to the appearance
of the deprotonated form of sensor R1. For the other anions, there was only a decrease
in the intensity of the emission band at 562 nm of sensor R1, as shown in Figure 11. The
graph shows that addition of the fluoride ion, in contrast to the other anions, resulted
in complete quenching of sensor R1 fluorescence. In color testing under a UV lamp at a
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wavelength of 365 nm, the yellow brightness fluorescence of sensor R1 disappeared upon
addition of fluoride ion. When adding other anions, the solution color of sensor R1 was the
same as the original color of R1, as shown in Figure 12. The relationship between sensor
R1 and fluoride ion was evaluated using a Stern—Volmer plot, as shown in Figure 13. The
Stern—Volmer quenching constant (Ksy) between sensor R1 and fluoride ion was calculated
as 7157 M~L. These results indicate that sensor R1 favors binding to fluoride ion over
other anions because the fluoride ion has the smallest size and strength of basicity, which
facilitate binding with sensor R1. The other anions may still weakly interact with sensor
R1. The limit of detection between sensor R1 and F~ was determined as 3.70 ppm using an
equation of 30/slope [28].

30000
25000
20000
-g 0 equiv
=
£ 15000
=
=
60 equiv
10000 —
5000 -

400 500 600 700 800
Wavelength (nm)

Figure 10. The fluorescence spectra in DMSO of titration between sensor R1 (5 x 10~> M) and F~ ion
in the range of concentrations of 0-60 equivalents.

30000

25000
2z 20000 .
= 0 equiv
=
: |
£ 15000 -

60 equiv
10000

. r . r .
400 500 600 700 800
Wavelength (nm)

Figure 11. The fluorescence spectra in DMSO of titration between sensor R1 (5 x 10~° M) and CI~
ion in the range of concentrations of 0-60 equivalents.
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Figure 12. The color change resulting from combination of sensor R1 and different anions under UV
lamp 365 nm, in order of (A) only sensor R1, (B) R1+F~, (C) R1+Cl~, (D) R1+Br~, (E) R1+CH3COO~,
(F) R1+H,PO4~, (G) R1+C¢H5COO™, and (H) R1+1™.

32 -1 Equation y=a+b'x
Plot B ]
Weight No Weighting
304 soe 7o a5k 30113018 "
Residual Sum of Squares 1.86074
Pearson's r 0.99544
284 [Rsme osssss
26
e
:l 24
>
L]
22
20
18
16
14 . , . , . , . , . :
0.0010 0.0015 0.0020 0.0025 0.0030 0.0035

[F] (M)

Figure 13. Stern-Volmer plot of fluorescence quenching due to interaction between sensor R1 and
fluoride ion.

4. Conclusions

Sensor R1 was successfully synthesized using a one-step protocol. The crystal structure
of sensor R1 is in the space group of P21 /c. The two molecules of sensor R1 are stabilized
through hydrogen bonding interaction. The 'H-NMR results show that the resonance
signal for the hydroxyl group of R1 disappears, and that the aromatic moiety shifts upfield
upon addition of fluoride ion. The formation of the deprotonated species was confirmed by
the appearance of a new band at the 310 nm absorption wavelength and the emission band
at 562 nm for sensor R1, which was quenched after adding F~ ion. Therefore, the results
support the use of R1 as a fluorescence sensor for fluoride ion.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /cryst12121836/s1, Figure S1: 'H-NMR spectrum of sensor R1
(1 x 1072 M) and excess fluoride ions (10 equivalents).
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