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A novel fluoride (F~) colorimetric and fluorescent probe (P1) based on a core-extended perylene tetra-
(alkoxycarbonyl) (PTAC) derivative was developed. The probe exhibited high sensitivity and selectivity for
distinguishing F~ from other common anions through significant changes of the UV-Vis and
fluorescence spectra. Job's plot analysis revealed that the stoichiometry of the P1-F™ interaction is 1: 1.
The association constant between P1 and F~ was estimated to be 9.7 x 102 M~! and the detection limit
of F~ was about 0.97 pM. An approximately 76 nm red-shift in the absorption and fluorescent quenching
response was observed when F~ was associated with P1. The emission intensity (/574) decreased linearly
along with the F~ concentration from 3 x 107> M to 2 x 10~* M. The mechanism of intermolecular
proton transfer (IPT) was deduced based on the changes in the absorption, fluorescence,
electrochemistry, and *H NMR titration spectra. The density functional theory (DFT) theoretical results of
the P1-F~ complex are in good agreement with the experimental results. The rapid detection of F~ ions
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1. Introduction

The construction of organic molecular scaffolds with high
selectivity and sensitivity for anion recognition is a research
hotspot in supramolecular chemistry."”> Among the various
types of anions, fluoride (F~) ions receive lots of attention
because they play important roles in several environmental,
biological and industrial processes.*”* For example, F~ is
important for preventing enamel demineralization and dental
caries caused by the use of orthodontic appliances, and is also
used to treat osteoporosis.*” However, high intake of F~ from
drinking water is known to cause fluorosis, urolithiasis, neph-
rotoxic changes, and even cancer.*** The United States Envi-
ronmental Protection Agency (EPA, USA) has recommended an
allowable F~ concentration of 2 ppm in water." Therefore, it is
important to develop tools for the effective detection of F~
anions. The quantitative analysis of F~ can be performed by ion
chromatography, ion-selective electrodes, and standard Will-
ard-Winter methods. However, these methods have limitations
like low mobility, high cost or complicated procedures.*” Thus,
highly sensitive, selective, rapid, and convenient F~ detection
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in the solid state and living cells was also studied.

methods need be further developed. Efforts have been devoted
to discovering effective fluorescent probes for F~ because they
have outstanding sensitivity, short response time, and are non-
damaging and non-invasive.'>**

Perylene diimides (PDIs) have been widely used as industrial
pigments.* Their application as fluorescent probes has received
great attention in recent years because of their exceptional
photo, thermal, chemical, and weather stability.'**®* However,
due to the aggregation of the perylene core, many PDIs have
poor solubility and weak fluorescence, which limit their appli-
cations."” Perylene tetra-(alkoxycarbonyl) (PTAC) has four
electron-deficient carboxylic ester chains attached to the per-
ylene core, and shows excellent solubility and fluorescence in
organic solvents.” In order to further improve the optical and
electronic properties of PTAC, the development of core-
extended PTAC derivatives has been conducted in the past
decade.”"** PTAC fluorescent probes containing heteroatoms,
such as S- and O-, and N-heterocycles in the perylene skeleton
have been explored.**

In the past few decades, the feasibility of using N-H units,
including amide, amine, pyrrole, imidazole, indole, and urea/
thiourea, in probes to bind F~ through hydrogen bonding
interactions has been well demonstrated.”*>® Recently, we re-
ported PTAC-based F~ probes in which the hydrogen bond
donor chloroacetamide fragment was directly attached to the
perylene core. An intermolecular proton-transfer (IPT) process
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between F~ and H atom at the amide N position played a key
role in their sensing properties.” Herein, we describe a novel
core-extended PTAC derivative (P1) (Scheme 1) that can be used
as a colorimetric and fluorescent probe for F~ detection. P1
showed an obvious color change and drastic fluorescence
quenching in the presence of F~ ions. These optical properties
arose from the IPT process between F~ and the H atom of an
N-H group, which resulted in efficient intramolecular charge-
transfer (ICT) transition from the N* moiety to perylene, and
caused an observed red-shifted absorption spectrum for the
probe. This is the first example of a PTAC probe containing
a seven-atoms ring in the perylene bay position. This study is
expected to provide guidance for the design of a novel perylene
fluorescent F~ probe.

2. Experimental methods

2.1. Materials and instrumental methods

All the chemical reagents were analytically pure, obtained from
commercial sources, and used directly without further purifi-
cation. Tetrabutylammonium salts (purchased from Aladdin,
Shanghai, China) were used for the anion studies. "H NMR and
3C NMR spectra were obtained on a Bruker Advance 400
spectrometer in CDCl; at room temperature. FT-IR spectra were
obtained using a Bruker Tensor-27 spectrophotometer. Mass
spectra were recorded on a Bruker Maxis UHR-TOF MS spec-
trometer. Electrochemistry was measured using a CH 1604C
electrochemical analyzer, employing glassy carbon (diameter:
1.6 mm; area 0.02 cm?), a platinum wire, and Ag/AgNO; (Ag/Ag™)
as the working electrode, counter electrode, and reference
electrode, respectively. Tetrabutylammonium hexa-
fluorophosphate (TBAPFg) (0.1 M) in dichloromethane was used
as the electrolyte. UV-vis absorption spectra were obtained with
an Agilent Cary 5000 spectrophotometer. Fluorescence spectra
measurements were obtained on a Hitachi F-7100 spectrofluo-
rometer. The solutions of the probes were typically 1 x 10> M
for the UV-vis and emission studies. Fluorescence microscopic
images were obtained using an Olympus (Japan) BH2 fluores-
cence microscope with an excitation range of 450-490 nm.

2.2. Molecular details

Both the structure optimization and property calculations were
determined through the Becke's three-parameter gradient-
corrected hybrid density function B3LYP method and the
standard 6-31G* basis set. All the calculations were performed
using the Gaussian 03 program installed on a Windows PC.*****

Scheme 1 Structure of P1.
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2.3. Live cell imaging

Human lung cancer A549 cells, obtained from the Chinese Type
Culture Collection (Shanghai Institute of Cell Biology, Chinese
Academy of Science, China), were cultured in Dulbecco's
modified Eagle's medium (DMEM) containing 10% fetal bovine
serum (FBS) and streptomycin/penicillin (100 U mL™') in
a humidified incubator at 37 °C and 5% CO,. After confluence,
the cells were separated with trypsin solution, rinsed with
DMEM, centrifuged at 125 g for 3 min, and then resuspended
and subcultured according to the standard protocol. The
culture medium was removed, and A549 cells were incubated
with P1 (50 pM in DMSO buffered with PBS, pH = 7.54) at 37 °C
for 20 min. After washing with PBS three times to remove excess
P1, the cells were further incubated with F~ (1.5 mM in H,0) at
37 °C for 10 min and imaged using an Olympus BH2 fluores-
cence microscope.

2.4. Synthesis and characterization

Scheme S17 outlines the synthesis of the seven-numbered
heterocycle annulated PTAC derivative P1. It was prepared
according to a published procedure.** Compound 3 (1.0 g, 1.44
mmol), zinc powder (0.5 g, 8.0 mmol), and ammonium chloride
(0.8 mg, 16.0 mmol) were dissolved in 100 mL tetrahydrofuran
(THF). After the mixture was stirred at room temperature for 3 h,
the ammonium chloride and zinc powder were collected by
filtration. The crude product was purified by silica gel column
chromatography to give a dark brown solid as the compound 2
(0.76 g, 80%). Compound 2 (0.4 g, 5.0 mmol), paraformaldehyde
(0.12 g, 4.0 mmol), and catalyzed formic acid were dissolved in
100 mL ethanol under air. The solution was refluxed for 12 h.
The precipitate was collected by filtration. The crude product
was purified by silica gel column chromatography (eluent: 2%
ethyl acetate in dichloromethane) to give a red solid as the pure
P1 (0.25 g, 62%, mp: 300-302 °C). *H NMR (400 MHz, CDCl,,
6 ppm): 8.17 (d, 1H,J = 7.7 Hz), 7.98 (d, 1H, J = 7.7 Hz), 7.91 (d,
1H, J = 7.2 Hz), 7.88 (s, 1H), 7.80 (s, 1H), 7.52 (s, 1H), 6.00 (m,
1H), 5.03 (d, 2H, J = 7.2 Hz), 4.34 (m, 8H), 1.80-1.73 (m, 8H),
1.57-1.46 (m, 8H), 1.02-0.98 (m, 12H) (Fig. S11). >C NMR (100
MHz, CDCl;, 6 ppm): 169.01, 168.96, 168.03, 167.82, 157.15,
144.18, 131.76, 129.47, 128.45, 125.67, 122.15, 120.82, 79.45,
65.37, 65.29, 65.25, 65.21, 30.70, 30.68, 30.62, 29.72, 19.31,
19.26, 13.85 (Fig. S21). FT-IR (KBr, cm '): 3380, 2958, 2863,
1707, 1611, 1525, 1449, 1382, 1240, 1191, 1154, 1058, 953, 904,
828, 800, 742, 494, 427 (Fig. S31). HRMS: C4;H,5sNO, (M7),
caled, 695.3094; found 694.2994 (Fig. S47).

3. Results and discussion

3.1. Absorption spectral response toward F~

The carboxylic ester chain connected to the perylene core
increased the solubility of perylene derivatives in organic solu-
tions, but a satisfactory water solubility was still lacking. The
interaction between P1 and anions was studied by spectropho-
tometric titration by adding the standard solution of tetrabu-
tylammonium salt into a CH,Cl, solution of P1. The free P1 had
an intense absorption band at 501 nm and a weak absorption

© 2022 The Author(s). Published by the Royal Society of Chemistry
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band at 379 nm (Fig. 1a). The main band at 501 nm (¢ =13 100 L
mol ™" ecm™ ") was a typical m-m* transition absorption band for
PDI dyes.** When F~ (0-30.0 equiv.) was added into the solution
of P1, the intensity bands at 501 and 379 nm decreased grad-
ually, and new bands appeared at 577 and 413 nm, which were
caused by the hydrogen binding interaction between N-H of P1
and F~ anions. The light orange-yellow color of the probe
solution turned to blue-gray (Fig. 1a inset). Two well-defined
isosbestic points were observed at 436 and 530 nm, indicating
that a new species was formed when P1 was treated with F~.
From the Job's plot, it could be determined that the stoichi-
ometry of the P1-F interaction was 1 : 1 (Fig. S51).

Analogous investigations were carried out with a variety of
anions, such as Cl~, Br~, I", SO,>~, AcO™, ClO,~, and H,PO, .
After adding 100 equiv. of these anions, the absorption spectra
of P1 showed no obvious change (Fig. 1b inset). It was note-
worthy that the absorption band was not altered by the anions
with weak alkalinity, such as Cl~, Br~, I", SO,*>", AcO™, ClO, ",
and H,PO, . These results provide strong evidence that the red-
shifted peak at 577 nm was caused by the N-H deprotonation of
P1. The association constant (K,) between P1 and F~ was esti-
mated to be 9.7 x 10> M~* by the Benesi-Hildebrand method
(Fig. S67).*® Moreover, the limit of detection (LOD) of F~ was
about 0. 97 uM (i.e. 0.018 ppm), which was well below 2 ppm
(the allowed concentration level in drinking water set by the
USEPA).*® All the above measurements were completed within
10 s, indicating that the probe had a real-time capability.

3.2. Fluorescence response toward F~

The F~ ions binding properties of P1 were then studied in
CH,ClI, solution by emission spectroscopy. Upon excitation at
501 nm, the free P1 showed a maximum fluorescence emission
peak at 574 nm due to an efficient photoinduced-electron-
transfer (PET) process from the lone pair of electrons (seven-
atom ring moiety) to the excited perylene fluorophore. With
the increase in F~ concentration, the fluorescence of P1 at
574 nm decreased gradually (Fig. 2a). Fig. 2b shows the corre-
lation between the emission response of P1 at 574 nm and F~
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Fig. 1
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concentration in CH,Cl,. The emission intensity (I5;4)
decreased linearly along with the increase in F~ concentration
from 3 x 107> M to 2 x 10~* M (Fig. S71). The linear fitting
equation was y = —77.8x + 1937.8, where y is the fluorescence
intensity of 574 nm and x is the concentration of F~. The F -
sensing process could be clearly seen not only by the color
change under ambient light but also by the bright fluorescence
under a UV lamp. During the fluorometric titration of P1 with
F~ ions, the bright orange-yellow color solution of P1 turned to
deep blue (Fig. 2a inset). These results met our expectation that
P1 could be used as a sensitive naked-eye probe for F~ ions.

To study the photostability of P1 in CH,Cl, solution, we
monitored the fluorescence spectra of P1 under continuous
300 W Xe lamp irradiation. After irradiation for 20 min, the
fluorescence intensity remained unchanged, which proved that
P1 had high photostability. To evaluate the selectivity of P1 for
the detection of F~, competitive experiments were also carried
out with 30 equiv. of F~ and 100 equiv. of various other anions
(Cl7, Br—, I, SO4°7, AcO™, ClO,~, and H,PO, ). The fluores-
cence spectra of P1 and F~ were not significantly affected by the
subsequent addition of competing anions, and the fluorescence
switching behavior was not affected even when all the anions
existed simultaneously (Fig. 3). The experimental results
showed that P1 could have high selectivity for F~ in colorimetric
and fluorescent sensors.

3.3. Electrochemical response toward F~

The F~ binding site (N-H moiety) was directly attached to the
redox active perylene moiety, and any small perturbation in the
electron density of the N-H moiety (by forming H-bond with F ™)
may result in a significant change in the redox property of the
perylene moiety. Therefore, the electrochemical properties of P1
in CH,Cl, solution, in the absence and presence of F~ ions, were
studied by differential pulse voltammetry (DPV) technique
(Fig. 4). It was clear from the figure that P1 exhibited two
reduction peaks characterized by the perylene moiety. The first
peak (—0.902 V) corresponded to the formation of radical
anions, and the second peak (—1.242 V) belonged to the
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(a) Absorption spectra changes of P1 (10 uM) in CH,Cl, solution in the presence of F~ ions only (0—30 equiv.). (b) Absorption spectra of P1

(10 puM) in CH,Cl, solution in the presence of various anions (100 equiv.). The inset shows a photograph of visible color under ambient light.
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(a) Fluorescence changes of P1 (10 uM, excitation at 501 nm) in CH,Cl, solution in the presence of 0—30 equiv. of F~. The inset shows

a photograph of visual fluorescence color under a hand-held UV lamp. (b) The fluorescence intensity (/574 nm) as a function of equiv. of F~ anions.
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Fig. 3 Fluorescence changes of P1 (10 uM) after treatment with
various relevant analytes (30 equiv. for F~, 100 equiv. for other anions)
in CH,Cl, solution. The inset shows a photograph of the visual fluo-
rescence color under a hand-held UV lamp.
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Fig. 4 Redox property changes of P1 in CH,Cl, upon addition of F~
ions.
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formation of dianions.*” The first reduction potential of P1 was
shifted toward a more negative value (—1.017 V) by introducing
strong electron-withdrawing F~ ions. The addition of F~ made
the electron reduction in perylene more difficult than in the free
probe. This was due to the fact that the complexation of the N-H
group with F~ ions, through H-bonding, made the (-N"-CH,—
O-) group relatively electron rich and thus increased the
intensity of ICT transition from the (-N~-CH,-O-) moiety to the
perylene core, and consequently made it difficult to reduce P1.
The peak current decreased with the addition of F~ ions, sug-
gesting that the formed P1-F~ complex had a lower diffusion
coefficient. Elango reported a similar electrochemical behavior
of probes containing N-H groups in the presence of F~.%*

3.4. Visual detection of F~ in the solid state

In order to explore the potential application of P1 in the solid
state, fluorescence microscopy was used to test the utility of P1
in F -dependent fluorescence imaging. As shown in Fig. 5,
a quantifiable 10 mM solution of P1 was adsorbed on a glass
coverslip, and revealed bright red fluorescence under excitation
with a blue-filter source of 460-490 nm. Upon the addition of an
F~ ions spot (30 mM), it was adsorbed on the glass coverslip,
changing the color of the center to a weak red fluorescence. To
check the feasibility of using silica-coated plates, these plates
were dropped in a quantifiable P1 solution (10 mM) and then
dried in air. When different concentrations of F~ solution were
dropped on the plates, a distinct color change from light
yellowish-orange to undertint was immediately observed under
UV light (Aex = 365 nm) (Fig. 6). Competitive anions did not have
a significant influence on F~ detection in the silica-coated
plates. Therefore, P1 was a prospective probe for detecting F~
ions in the solid state. These studies strengthen the possibility
of P1 being used as a candidate probe for the rapid and
convenient detection of F~ ions.

3.5. Nature of the interaction between P1 and F~

In order to further understand the actual mechanism of the
interaction between P1 and F~, '"H NMR studies were carried
out in CDCl; (Fig. 7). It was found that free P1 showed

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Fluorescence microscopic images of P1 (a) before and (b) after the addition of F~ ions deposited on a glass slide.

Fig. 6 Fluorescence response of P1to F~ ions (0-30 equiv.) on silica-
coated slides under a hand-held UV lamp.

resonance for the N-H proton at 6 = 5.98 ppm. Upon the
addition of F~ to P1, the peak corresponding to the N-H proton
moved downfield and broadened, and finally disappeared. After
the addition of 30 equiv. of F~, a new triplet signal appeared at
15.85 ppm, indicating the formation of an HF,  dimer.** The

presence of this new species indicated the deprotonation of the
NH group. These results indicated that the binding between P1
and F~ was formed through H-bonding between H' (N-H
proton) and F~ (N-H---F~). The formation of the H-bond fol-
lowed by deprotonation of the N-H fragment would increase the
electron density of the seven-atoms ring moiety, which facili-
tated the ICT transition from the seven-atoms ring moiety to the
perylene moiety, and consequently caused the red-shift of Ajcr
and the obvious color change.

3.6. Quantum chemistry computation

To gain further insight into the sensing mechanism, geometry
optimization and quantum chemical calculations for P1 and
P1-F~ complex were investigated using density functional
theory (DFT) implanted in the Gaussian 03 program employing
the basis set B3LYP/6-31G. As shown in Fig. 8, the probe P1
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Fig. 7 Partial 'tHNMR spectra of P1 in the presence of TBAF in CDCls.
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Fig. 8 Optimized structures of P1 and P1-F".

bonded F~ at the N-H position of the seven-atoms ring group.
After being captured by F~, the N-H bond of P1 was obviously
elongated from 1.012 to 1.536 A, and the distance between
active proton and F~ was 1.005 A. Moreover, the angle of the
N-N-C in the seven-atoms ring moiety decreased from 122.7° to
120.6°. These results indicated that the strong H-F interaction
may lead to the deprotonation of P1, and the lone pair electrons
in the nitrogen atom may increase the electron density of the
seven-atoms ring moiety and facilitate ICT transition. The
deprotonation also caused a new absorption band with a red-
shift of 76 nm.

The electron density distributions of the HOMO and LUMO
of P1 and its F~ ions complex are shown in Fig. 9. As expected,
the electron density in the HOMO was mainly distributed on the
seven-atoms ring moiety, while the LUMO was located on the
perylene moiety in the free probe, which clearly indicated that
P1 was an ICT probe.*” The HOMO/LUMO energy levels of P1
and P1-F were estimated to be —5.12/—2.31 eV and —1.71/
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—0.52 eV, respectively. The energy gap AE (= Enomo — Erumo)
determined the ease of ICT from the HOMO to the LUMO. In all
the cases, the observed red-shifts in the electronic spectra
indicated that the binding of F~ ion caused a conformational
change affecting the HOMO level. Electrochemical experiments
showed that the LUMO energy increased with the cathodic-shift
of the reduction potential.** The binding of F~ ion to P1 had
effects on both the HOMO and LUMO energy, and the AE of the
P1-F complex was relatively low. Thus, the theoretical results
were in good agreement with the experimental results for the
P1-F~ complex.

3.7. Application in live cell imaging

The cell permeability and F~-sensing ability of P1 in the human
lung cancer A549 cell line were further determined. Strong
intracellular fluorescence was observed when A549 cells were
incubated with P1 (50 uM in DMSO, pH = 7.4) at 37 °C for

‘Q’gs

X

P1-F-

>

Fig. 9 Energy diagrams of HOMO (down) and LUMO (up) orbitals of P1 and the formation of the P1-F~ complex.
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Fig. 10

(a) Fluorescence images of A549 cells stained with P1 (50 pM) for 20 min at 37 °C, (b) merged bright field images of A549 cells and (c)

fluorescence image of A549 cells incubated with P1 (50 uM) and subsequently treated with NaF (1.5 mM) for 10 min.

20 min (Fig. 10a). After being treated with the probe, the cells
remained intact morphologically (Fig. 10b). When the same
cells were further incubated with 1.5 mM NaF in PBS buffer at
37 °C for 10 min, no significant fluorescence was observed
inside the cells (Fig. 10c). These results indicated the abilities of
P1 to permeate living cell membranes and sense intracellular F~
ions.

4. Conclusions

In this study, a colorimetric and fluorescent F~ probe was
developed based on a core-extended PTAC derivative. The IPT
process between F~ and H atom (at the N position of the seven-
atom ring moiety) and the subsequent ICT transition from the
N’ moiety to the perylene moiety played a key role in its sensing
performance. The F -ions sensing via H-bonding interaction
could be easily monitored by absorption, fluorescence and "H
NMR spectral techniques as well as by electrochemical studies.
The probe could also be utilized for the fluorescence imaging of
F~ in the solid state and in live cells. This is the first example of
a PTAC probe containing a seven-atoms ring in the perylene bay
position. This novel design strategy would be helpful for the
development of chemical probes for F~ ions.
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