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KEYWORDS Abstract Fluoride anion (F7) affects environmental, biological, and chemical processes signifi-
Perylene tetra- cantly. Therefore, its detection has received increasing attention, and sensitive, effective, and con-
(alkoxycarbonyl) derivative; venient probes for F~ detection need to be developed urgently. In this work, two perylene tetra-
Colorimetric and ratiometric (alkoxycarbonyl) (PTAC) based colorimetric and ratiometric probes, P1 and P2, were developed
probe; for the detection of F~. The interactions between F~ and these two probes were investigated by
Absorption spectrum; absorption, electrochemistry, '"H NMR, and density functional methods. Both the two probes were
Fluoride ion complexed with F~ with a ratio of 1:1. The detection limits of P1 and P2 were 0.22 uM and

0.87 uM, respectively. It was worth noting that the absorption peak of P1 showed a 190 nm red shift
when sensing F~, and P1 is the largest red shift value reported in F~ probes based on PTAC deriva-
tives. This phenomenon was resulted from the unique configuration and deprotonation of P1 that
can promote the intramolecular charge transfer (ICT). This strategy provides an example for the
development of other ion probes based on D-A type ICT mechanism.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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xial9@sdjzu.edu.cn (F. Zhang), xusisi20@sdjzu.edu.cn (S. Xu). species have become a hot topic due to the critical roles of such
anions in chemical and biological processes (Tao et al., 2014;
Wang et al., 2020; Gale and Caltagirone, 2018). Among them,
fluorine ion (F7) has attracted particular attention because of

by | its importance to human body (Anand et al., 2015; Chen et al.,
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urolithiasis, nephrotoxic changes, osteoporosis, and even can-
cer (Arundhati et al., 2015; Zhang et al., 2013; Satheshkumar
et al., 2014; Yang et al., 2015). The Environmental Protection
Agency (EPA, USA) recommends a maximum level of 2 ppm
F~ in drinking water (Baruah et al., 2015). Therefore, the
detection of F~ has attracted extensive attention, and great
efforts have been devoted to develop F~ probes with good sen-
sitivity, high selectivity, and fast response (Yin et al., 2019;
Roy et al., 2014; Khanmohammadi and Rezaeian, 2014;
Satheshkumar et al., 2014). The molecular engineering strate-
gies of F~ probes are limited by their specific chemical proper-
ties; including high charge density, small ionic radius, and hard
Lewis basic nature (Manivannan et al., 2013). To date, probes
for the detection of F~ based on various sensing mechanisms,
including the F-H bonding interaction, B-F complexion and
F~ induced chemical reaction have been reported (Tao et al.,
2019; Liu et al., 2016). In addition, different working models
were established based on UV-vis absorption, color change,
fluorescence emission or electrochemical properties (Zhang
et al., 2016; Baek et al., 2019; Ravichandiran et al., 2019;
Ravichandiran et al., 2021; Ravichandiran et al., 2021; Chen
et al., 2012).

In recent years, F~ probes based on the perylene diimide
derivatives (PDIs) have been successfully developed due to
their excellent chemical, thermal, weather, and photo stability
(Dibakar et al., 2013; Wang et al., 2014; Li et al., 2015; Wang
et al., 2018; K1m et al., 2015). However, the poor solubilities of
many PDIs limit their application (Lakshmi and Ojha, 2014;
Gupta et al., 2015). Perylene tetra-(alkoxy carbonyl) deriva-
tives (PTACs) have similar structure to PDIs, and showed
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Scheme 1  Structure of P1 and P2.

good solubility due to the presence of electron deficient car-
boxylic acid ester groups (Zhan et al., 2014; Zhang et al.,
2018). The F~ probes based on PTACs have aroused growing
interest (Gupta et al., 2015; Wang et al., 2018; Ma et al., 2017;
Paniz et al., 2016). The reported PTACs-based F~ probes were
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Scheme 2 The synthesis route of P1 and P2.



Probes for fluorine detection

3

normally constructed by introducing N—H or O—H moiety to
the perylene nucleus (Gupta et al., 2015; Paniz et al., 2016).
The intermolecular proton transfer (IPT) between H' and
F~ is the key step of its sensing process. The IPT process
facilitated the intramolecular charge transfer (ICT) from the
N~ part to the perylene ring as a moderate red shift in the
absorption spectrum. The design of probes with obvious color
changes is of great significance for naked-eye detection of F~,
and it endows PTAC-based F~ probes with large red shift.
PTAC with donor-acceptor (D-A) configuration can be
constructed by adding an electron donating group and an
electron withdrawing group on either side of the perylene
nucleus (Mani et al., 2019; Manna et al., 2019; Shi et al.,
2021). Predictably, F~ induced deprotonation of such mole-
cules via H-bonding can promote the ICT process, leading to
larger color changes and red shifts in absorption spectra
(Becke, 1993).

Herein, we designed a novel F~ probe P1 by adding a nitro-
based electron acceptor and a chloroacetamide-based electron
donor to the perylene nucleus, respectively (Scheme 1). Its ana-
logue P2 was also prepared by introducing only
chloroacetamide-based electron donor into the perylene core.
The probe P1 with unique configuration had a distinct color
change from red to green during F~ sensing. The observed
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(d

band red shift is due to the higher electron supply capacity
of the N™ moiety than the free N—H moiety. In addition,
deprotonation result in a donor-n-acceptor (D-n-A) configura-
tion and a new absorption band during the ICT process
because of the additional electron-withdrawing nitro unit in
P1. Therefore, it can be observed that the red shift of P1
toward F~ sensing reached to 190 nm.

2. Experimental

2.1. Chemicals and instruments

All chemicals used in this study were of analytical reagent
grade, used without further purification unless otherwise
noted. '"H NMR and '*C NMR spectra were recorded on a
Bruker Advance 300 (Germany) spectrometer in CDClz at
room temperature. FT-IR spectra were taken on a Bruker
Tensor-27 (Germany) spectrophotometer. Mass spectra were
recorded on a Bruker Maxis UHR-TOF (Germany) MS spec-
trometer. UV-vis absorption spectra were measured using a
Varian CARY-50 (America) spectrophotometer. CV curves
was recorded on a CH 1604C (China) electrochemical
analyzer.
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(a) Absorption spectra of P1 and P2 recorded in 10 uM CH,Cl, solutions; (b) Normalized absorption spectra of P1 in different

solvents; (c) Absorption spectra of P1 in CH,Cl, at different concentrations; (d) CV spectra of P1 and P2 recorded in 10 uM CH,Cl,

solutions.



4

Y. Ma et al.

2.2. Computational details

The geometrical optimization was carried out using Density
Functional Theory with B3LYP method and the standard 6-
31G* basis. Computations were performed using the Gaussian
03 program package (Becke, 1998; Ong et al., 1999; Parthiban
and Elango, 2015).

3. Results and discussion

3.1. Synthesis of the probes

The synthetic route of probes Pl and P2 are shown in
Scheme 2. Probe P2 was synthesized as described previously
(Paniz et al., 2016). Probe P1 was obtained by nitro-
substitution reaction of probe P2 with fuming nitric acid in
dichloromethane (CH,Cl,). The molecular structures were
characterized by '"H NMR, '3C NMR, FTIR and mass spec-
tral techniques (see ESIf for details).

3.2. Photophysical and electrochemical properties

As can be seen from Fig. 1a, P1 showed the maximum absorp-
tion band centered at 503 nm in CH,Cl, solution, but did not
show fluorescence. Compared with that of P2 (472 nm), the red
shift of absorption peak was about 31 nm, which can be
explained by the extension of m-conjugation system due to
the introduction of nitro unit. The photophysical behaviors
of P1 and P2 in solvents with different polarities were investi-
gated (Fig. 1b and Fig. S-1a). With the increase of solvent
polarity, the maximum absorption band of P1 was red shifted.
P1 possessed a typical D-n—A structure, and so it exhibited
good solvatochromism and different photophysical properties
in different polar solvents, such as ethyl acetate, hexane, ace-
tonitrile, CH,Cl,, and tetrahydrofuran. The original and nor-
malized absorption spectra of Pl and P2 at different
concentrations were shown in Fig. Ic, Fig. S-1b, and Fig. S-
2, respectively. Both the maximum absorption wavelength
and spectrum shape showed scarcely any change with the con-
centration varied from 107® mol/L to 10~* mol/L. This sug-
gested that the m-m interactions did not occur at high
concentration (10~* mol/L) of P1 and P2. This is because the
carboxylic ester chains increased the solubility of the perylene
derivatives.

The electrochemical properties of P1 and P2 have been
studied by cyclic voltammetry (CV) (Fig. 1d). Both probes
had two reduction peaks of the perylene group in CH,Cl.
The peaks (—0.89 V for P1 and —1.05 V for P2) at front cor-
respond to the formation of radical anions, and the peaks
(=1.11 V for P1 and —1.23 V for P2) at back correspond to
the formation of dianion at a relatively negative potential.
Table S-1 summarizes the redox potentials, highest occupied
molecular orbital (HOMO), and lowest unoccupied molecular
orbital (LUMO) energy levels estimated by CV. The HOMO/
LUMO levels of Pl and P2 are —6.43/—3.91 and —6.42/-
3.75 eV, respectively. The first reduction and oxidation poten-
tials of P1 were larger than those of P2 due to the good
electron-withdrawing ability of nitro group, while the LUMO
and HOMO levels decreased.

3.3. Selectivity investigation of fluoride ion

The naked eye sensitivity of P1 and P2 to different anions
(AcO™, SO3~, H,POy, ClO7, Br—, I, Cl~, and F7) was inves-
tigated by adding 10 and 50 equiv. tetrabutylammonium salts
into CH,Cl, solutions. As can be seen from Fig. 2, after the
addition of F~, the color of Pl changed from red to green,
and the color of P2 changed from yellow-green to light brown.
However, after the addition of the other anions, there was little
change in the color of the two probes. The results showed that
P1 and P2 had macroscopic sensitivity and good selectivity for
the detection of F~.
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Fig. 2 The intensities of P1 (a) at 693 nm and P2 (b) at 561 nm
with 10 and 50 equiv. of different anions in CH,Cl, solution,
respectively (inset: color changes and the corresponding absorp-
tion spectra changes of P1 and P2 with anions).
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Absorption spectra showed that the strongest absorption
peak of P2 was red shifted by 89 nm after the addition of
F~. Interestingly, during the F~ sensing process, the strongest
absorption peak of P1 exhibited a large red shift of 190 nm,
resulting in a more obvious color change. It is worth noting
that this red shift is the largest value reported so far for F~
probes based on PTAC derivates.

3.4. Absorption spectral response toward fluoride ion

The influences of the amount of F~ on the absorption spectra
of P1 and P2 were studied by absorption titration test. As can
be seen from Fig. 3a, with the increase of F~ amount, the
intensity band at 503 nm (¢ = 17,771 L mol™' cm™!

decreased, while a new absorption peak appeared at 693 nm
and increased gradually. A large red shift during the F~ sens-
ing caused a noticeable color change from red to blue. When
7.0 equal amounts of F~ was added, the peak intensity at
693 nm (¢ = 9847 L mol~! cm™") reached the maximum value,
indicating that the mixture formed by P1 and F~ reached sat-
uration. The isosbestic point at 588 nm suggests that there is a
well-described binding equilibrium between P1 solution and
F~. Moreover, a quantitative linear relationship between the
absorbance of P1 (Ago3 nm/Asos nm) and the concentration of
F~ was obtained by ratio absorption method, indicating that
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P1 was a ratio probe (Fig. 3b). P2 also showed the above-
mentioned phenomena like P1. With the addition of F~ (from
0 to 10.0 equiv.), the absorption peak of P2 at 472 nm (¢ =
33,618 L mol~! ecm™") decreased, while a new absorption peak
appeared at 561 nm (¢ = 12,430 L mol~' cm™!) and gradually
increased. Due to the red shift (Fig. 3c), the color of P2 chan-
ged from yellow-green to light brown. Systematic titration
analysis showed that P2 was also a ratio probe for detecting
F~, with an isosbestic point at 502 nm (Fig. 3d). The linear
equations were estimated to be y = 1.6786 x 10* x —0.0275
(R = 0.9989) and y = 8.74 x 10° x —0.14133 (R = 0.9903)
for P1 and P2, respectively, where x was the concentration of
F~ (107> mol/L), and y was the absorbance intensity ratio
(A693 nm/As03 nm for P1 and Asgy nm/As72 nm for P2) measured
at a given F~ concentration.

According to the Job’s plot (Fig. S-3), when the value of
[F71/([probe] + [F7]) was 0.5, the intensity of absorption
bands reached the maximum, indicating that both probes
formed chemical complex of 1:1 with F~. The Benesi—Hilde-
brand plot also confirmed this result (Fig. S-4). The associa-
tion constants (Ka) between the two probes and F~ were
calculated by Benesi—Hildebrand method. The Ka of P1 and
P2 were 6.75 x 10> M~'and 9.09 x 10> M, respectively. This
indicated that P1 has a higher affinity for F~ than P2. The
detection limits (LOD) of the two probes were calculated to
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Fig. 3  Absorption spectra of P1 (a) and P2 (¢) in CH,Cl, upon addition of 0-7 and 0-10 equiv. of F~ anions, respectively (inset:
color changes of P1 and P2 when different amounts of F~ are added); Plot of the absorbance ratio (Ago3 nm/Aso3 nm) of P1 (b) and

(Ase1 nm/A472 nm) of P2 (d) versus F~ concentrations in CH,Cl,.
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be 0.22 uM for P1 and 0.87 pM for P2, respectively, using the
equation LOD = 3 s/K (where s and K were the standard devi-
ation of the three blank measurements and the slope of absor-
bance vs F~ concentration, respectively). The results further
showed that P1 has better F~ detection performance than P2.

3.5. 'H NMR titration spectral response toward fluoride ion

The interaction between F~ and probes were studied by mon-
itoring the 'H NMR spectra of probes in CDCls:
DMSO d¢ = 50:1 with the addition of tetrabutylammonium
fluoride. Fig. 4a shows part of '"H NMR spectra of P1 after
the addition of F~. It could be seen that free P1 showed a
signal peak of N—H proton at 9.09 ppm. When 2.0 equiv. of

F~ was added into the sample, the intensity of N—H signal
decreased significantly. The resonance signal of the proton dis-
appeared when 7.0 equiv. of F~ was added. Similar '"H NMR
titration experiments were performed in P2 solution (Fig. 4b).
After the addition of 10.0 equiv of F~ to P2, the N—H signal at
9.15 ppm completely disappeared, indicating that deprotona-
tion process may occur in the probes during F~ sensing.

3.6. Electrochemical response toward fluoride ion

The N—H moiety in both probes were related directly to the
REDOX of perylene nucleus, and hence, a small change in
the electron density of the N—H moiety would lead to a signif-
icant change of the REDOX nature of the perylene nucleus.
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Fig. 5 Changes of REDOX properties of P1 and P2 in CH,Cl, with the addition of 0-7 and 0-10 equiv. of F™ ions, respectively.
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Therefore, differential pulse voltammetry (DPV) was used to
investigate the changes of the electrochemical properties of
P1 and P2 in CH,Cl, after the addition of F~ ions. It can be
seen that the free receptor P1 exhibits two perylene-
characteristic reduction peaks (Fig. 5). The first peak
(—0.909 V) was related to the formation of the free anion
(P177) and the second peak (—1.247 V) was related to the for-
mation of the dianion (P1°7). In P2, these peaks appeared at
—0.849 V and —1.245 V, respectively. Notably, both reduction
peaks occurred at relatively lower potentials in P1, suggesting
that the electroreduction of the perylene moiety occurred more
easily in P1 than in P2. This was because of the presence of the
additional electron-withdrawing group (—NO,) in P1. When

P1

F~ ions were added, the first reduction peak moved towards
more negative potentials and eventually disappeared, and the
current intensity of the other reduction peak also decreased.
These changes suggested that the electroreduction capacity of
perylene nucleus with the addition of F~ ions was more diffi-
cult than that of the corresponding free receptors. This is
due to the fact that the N~ atom was relatively richer in elec-
trons after the N—H part is complexed with the F~ ion by
hydrogen bond. The intensity of the ICT transition (from
N~ atom to perylene) increased, making the perylene difficult
to reduce. The peak current intensity decreased with the
increase of F~ concentration, indicating that the diffusion
coefficient of the formed complex decreased [44].

P1”

Fig. 6 Geometry-optimized structures (upper graphs) and the MEP (lower graphs) of P1 and P1™ at the B3LYP/6-31G* level over an
electronic isodensity of 0.0004 ¢ A3 (the transition from electron-poor to electron-rich region is blue to red).

P1
Fig. 7 Computed HOMO (lower)-LUMO (upper) energy levels of P1 and P1™.
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Fig. 8 The proposed mechanism of interaction between P1 and F~ anions.

3.7. Density functional theory (DFT) simulations

The structural and electronic properties of P1, P2 and their
deprotonated product (P1~, P27) were investigated by molec-
ular simulation to further understanding the sensing mecha-
nism. According to the calculation (Fig. 6 and Fig. S-5), the
ground-state geometries of the perylene core showed distorted
angles caused by the bay substitutions. The dihedral angles
between the two naphthalene subunits of perylene ring were
4.13° for PI1, 1.3° for P2, 0.79° for P1™ and 0.62° for P2,
respectively, indicating that the presence of nitro group
reduced the rigidity and planarity of the perylene nucleus.
The electronic properties of the two probes and their deproto-
nated products can be better illustrated by mapped electro-
static potential (MEP). As can be seen from Fig. 6, the
electrostatic potential regions of P1 and P2 molecules were
almost neutral (marked in green). By contrast, in P1~ and
P27, the negative potential regions (marked in yellow) were
present in the N~ part and the entire perylene nucleus.

As shown in Fig. 7, the HOMO/LUMO energies of P1 and
P2 were —5.77/—3.07 ¢V and —5.61/—2.78 eV, respectively.
The HOMO-LUMO gap of P1 (2.70 eV) was lower than that
of P2 (2.83 eV), which was consistent with the observed red
shift of P1 in absorption spectrum. In addition, for P1 the
HOMO was delocalized throughout the whole perylene mole-
cule and amide group, while the LUMO was more distributed
across the perylene molecule and nitro unit. These characteris-
tics were similar for P1™. In contrast, the HOMO orbital of P2
centered on the amide system and perylene ring, while the
LUMO orbital was mainly distributed in the central perylene
nucleus and ester position with little change (Fig. S-6). From
these results it can be seen that the molecular orbital approxi-
mation favored the ICT process from amide to perylene mole-
cule. Due to the introduction of an electron-withdrawing
group (—NOy) in P1, the deprotonation can form D-n-A con-
figuration, which further polarized the electron density from
the electron-donating moiety (—N — (C=0) —CH,Cl) to
the electron-accepting groups (nitroperylene) (Fig. 8). This
mechanism leaded to the dramatic red shift in the spectrum
of P1 when detecting F~.

4. Conclusions

In summary, we have successfully designed and synthesized
two F~ probes, which show obvious color changes during
the detection process in CH,Cl, solvent. The absorption

properties have been well studied and the probes have good
selectivity towards F~ anion. '"H NMR titration and electro-
chemical experiments indicated that the deprotonation of
amide —NH fragment occurred in the probes in the presence
of F~ anion. DFT calculations suggested that the deprotona-
tion of P1 may facilitate the ICT process. The results showed
that P1 exhibited a dramatic red shift of up to 190 nm in the
presence of F~, with a low LOD of about 0.22 pM. Neverthe-
less, there is still much room for further optimization of the
probes we developed, like modifying them to work in various
kinds of solvents.
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