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Abstract: Fluoride ion plays a pivotal role in a range of biological and chemical applications how-
ever excessive exposure can cause severe kidney and gastric problems. A simple and selective
molecular sensor, 4,5-di(thien-2-yl)-2-(4-(1,2,2-triphenylvinyl)-phenyl)-1H-imidazole, DTITPE, has
been synthesized for the detection of fluoride ions, with detection limits of 1.37 x 10~7 M and
2.67 x 10713 M, determined by UV-vis. and fluorescence spectroscopy, respectively. The variation in
the optical properties of the molecular sensor in the presence of fluoride ions was explained by an
intermolecular charge transfer (ICT) process between the bis(thienyl) and tetraphenylethylene (TPE)
moieties upon the formation of a N-H—F~ hydrogen bond of the imidazole proton. The sensing
mechanism exhibited by DTITPE for fluoride ions was confirmed by 'H NMR spectroscopic studies
and density functional theory (DFT) calculations. Test strips coated with the molecular sensor can
detect fluoride ions in THF, undergoing a color change from white to yellow, which can be observed
with the naked eye, showcasing their potential real-world application.

Keywords: bis(thienyl) imidazole; tetraphenylethylene; molecular sensor; fluoride anion; fluorescence

1. Introduction

The detection and recognition of anionic analytes has developed into an extremely
active research field in recent years [1-14]. Anions play a crucial role in a range of biological
and chemical processes, and their detection, even at extremely low concentrations, has
been the motivation for continuous improvement in sensor development over the last
few decades [15,16]. According to the previous literature, the probable toxic dose (PTD)
of fluoride was defined at 5 mg/kg of body mass. The PTD is the minimal dose that
could trigger serious and life-threatening signs and symptoms which require immediate
treatment and hospitalization [17]. The fluoride anion, having the smallest ionic radii,
hard Lewis basic nature and high charge density, has emerged as an appealing subject
for sensor design due to its association with a wide range of organic, medicinal, and
technological procedures.

Moreover, fluoride ions play a significant role in dental health [18] and has been
utilized for the treatment of osteoporosis [19-21] and for military uses, including the re-
finement of uranium for nuclear weapons [22]. It is readily absorbed by the human body
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but is only discharged slowly, therefore continuous exposure to fluoride can cause serious
kidney and gastric issues. Despite recent progress in the development of molecular sensors,
highly anion-selective sensors remain a challenge. Several fluoride detection techniques,
such as 'F NMR spectroscopic analysis [23]. titrimetric, voltametric, potentiometric, and
electrochemical methods, as well as ion-exchange chromatography, frequently show high
detection limits [24-30]. However, these methods have significant drawbacks associated
with the requirements of delicate instrumentation and tedious manipulations [31]. Ad-
ditionally, 'F NMR spectroscopy is only able to detect fluoride up to micromolar levels.
Moreover, neither the spectroscopic nor electrochemical methods can be miniaturized for
use in the investigation of in vivo biological processes.

In 2001, Tang and co-workers reported the aggregation-induced emission (AIE) of
1-methyl-1,2,3,4,5-pentaphenylsilole which provided new guidance in the design of flu-
orescent probes [32]. Many fluorescent sensors based on AIE have been developed to
detect acidity /basicity, explosives, carbohydrates, proteins, and anions [33-36]. AlE-active
fluorescent molecular sensors can be used in aqueous media and offer good practical
use in biological systems. Tetraphenylethylene (TPE) is one of the most prominent and
extensively modified scaffolds for use in AIE applications [37—44].

Simple organic molecules containing imidazole rings possess binding sites which can
behave as selective and highly sensitive molecular sensor systems (Figure 1). The imidazole
proton can function as an excellent hydrogen bond donor for anion sensing, the acidity
of which can be regulated by changing the electronic properties of the substituents on the
imidazole ring [45]. Due to their good accessibility, imidazole compounds have been widely
used as a supramolecular chemistry [46], and photoelectric material [47]. The emissive
properties of imidazole derivatives enhance their utility in fluorescence studies [48] and
some examples of imidazole-based molecular sensor for the detection of fluoride ions are
shown in Figure 1. The tri-benzimidazoyl star-shaped molecules 1a are deprotonated by
fluoride ions, resulting in a color change from blue to light cyan [49]. In the presence of
fluoride (or copper ions), solutions of the (3-carboline-imidazopyridine hybrid 1b undergo
significant changes in their absorption and emission spectra, corresponding to color change
from colorless to yellow [50]. In polar organic solvents, the compound (9H-pyreno[4,5-
d]imidazole-10-yl)-4-benzaldehyde 1c can efficiently detect fluoride ions at sub-millimolar
levels; hydrogen bond formation and subsequent deprotonation takes place, resulting
in a significant colorimetric response. Fluorescence studies indicates the sensing ability
of the compound is via intramolecular charge transfer (ICT) processes [51]. Similarly,
2-(2-thienyl)-1-H-naptho[2,3-d]imidazole-4,9-dione 1d from hydrogen bonds with fluoride
(or cyanide) ions and undergo a bathochromic shift characteristic ICT transition bond [52].

According to Ye’s investigation, refs. [45,53,54] the mechanism behind the anion
sensing ability of imidazole-based sensors is via the formation of N-H—X~ hydrogen bonds
or by deprotonation (mono-proton transfer), resulting in changes to their optical properties.
Fluoride ions have a strong affinity towards the N-H group, promoting hydrogen bonding
with the imidazole molecular sensor. Supported by density functional theory (DFT) and
time-dependent density functional theory (TD-DFT) studies, imidazole rings containing
fluorophores have been shown to act selectively as fluoride sensors via hydrogen bond
formation and, in some cases, subsequent deprotonation [45,53,54]. In an effort to combine
the desirable properties of tetraphenylethylene and imidazole moieties for the development
of highly selective sensors, the present work describes the synthesis, characterization
and optoelectronic properties of a TPE-linked bis(thienyl) imidazole derivative and its
application as a fluoride sensor.
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Figure 1. Examples of (a) tri-benzimidazoyl-, (b) 3-carboline-imidazopyridine-, (c) pyrenoimidazolyl-,
and (d) napthoimidazole dione-based molecular sensors used for fluoride detection.

2. Materials and Methods

All chemicals were obtained from Sigma Aldrich (St. Louis, MO, USA) and used
as received. Tetrahydrofuran was used for the sensing experiments, which was freshly
dried and distilled prior to use. 'H and '3C NMR spectra were recorded on Bruker Avance
400, Varian Inova 500 or Bruker Avance 300 MHz spectrometer (Karlsruhe, Germany) at
room temperature. Chemical shifts () are reported in ppm and referenced to TMS (*H) or
residual solvent signals (}3C) and coupling constants (]) are reported in Hz. Mass spectra
were obtained using a Bruker Autoflex Speed (MALDI-TOF, Karlsruhe, Germany) or Water
Quattro Micro (ESI) spectrometer (Karlsruhe, Germany). UV-vis. spectra were recorded
on an Agilent Cary 60 spectrometer in the range of 200-600 nm as THF solutions. FT-IR
spectra were recorded on a Perkin Elmer Spectrum (Akron, OH, USA) 100 spectrometer as
KBr discs.

2.1. Computational Methods

Computational calculations were performed using the Gaussian 09 software suite.
The initial geometries of the DTITPE probe were constructed using Gauss View 05 and
optimized using the DFT/Becke, 3-parameter, lee—yang—parr(B3LYP)/6-31+G(d,p) level
in the gas phase. The optimized stable DTITPE structure was used to construct the new
structures of DTITPE.F~, and DTITPE~ which were then optimized using the same meth-
ods. The frequency calculations indicated the presence of a local minimum state. Fur-
ther, the stable geometries were used for the calculation of excitation parameters using
the TDDFT/B3LYP(6-31+G(d,p))/conductor-like polarizable continuum model (CPCM)
method in THF. Major portions of the absorption spectra for the interpretation of orbital
transitions were acquired using the GaussSum 2.2.5 software package. The contribution per-
centages of the individual units present in the molecular probes to the respective molecular
orbitals were calculated [55].

2.2. Synthesis of 4-(1,2,2-Triphenylvinyl)benzaldehyde

To a mixture of 4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzaldehyde (0.9 g,
6.0 mmol), 2-bromo-1,1,2-triphenylethylene (1.6 g, 5.0 mmol) and tetrabutylammonium
bromide (1.61 g, 5.0 mmol) in a 50 mL round-bottom flask was added toluene (25 mL)
and aqueous NayCOj solution (2.0 M, 6 mL). [Pd(PPh3)4] (104 mg, 0.1 mmol) was then
added and the mixture was vigorously stirred under nitrogen at 90 °C for 16 h. After
cooling to room temperature, the reaction mixture was extracted with dichloromethane
and the solvents removed by evaporation. The crude solid residue was purified by column
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chromatography (silica gel), eluting with hexane/dichloromethane (1:1) to give, after work
up, 1.35 g of product as a yellow solid. Yield: 75%. 'H NMR (500 MHz, CDCl5): & 9.93 (s,
1H, CH), 7.64 (d,] =8.3 Hz, 2H, Ar H), 7.22 (d, ] = 8.2 Hz, 2H, Ar H), 7.17-7.11 (m, 10H, Ar
H), 7.07-7.02 (m, 5H, Ar H). '3C NMR (75 MHz, CDCl3): § 191.86, 150.57, 143.07, 143.03,
142.92,139.80, 134.33, 131.96, 131.30, 131.26, 130.90, 129.17, 127.95, 127.77, 127.08, 126.90.
ESI-MS (m/z): 361 [M+H]*.

2.3. Synthesis of 4,5-Di(thien-2-yl)-2-(4-(1,2,2-triphenylvinyl)phenyl)-1H-Imidazole (DTITPE)

In a 100 mL round-bottom flask fitted with an efficient reflux condenser were placed
4-(1,2,2-triphenylvinyl)benzaldehyde (0.36 g, 1 mmol), 1,2-di(thienyl-2-yl)ethane-1,2-dione
(0.22 g, 1 mmol), and ammonium acetate (1.15 g, 15 mmol). Glacial acetic acid (15 mL) was
added and the solution was stirred at reflux for 12 h. The reaction mixture was cooled
to room temperature and poured into ice-cold water. The precipitated solid was isolated
by filtration, washed sequentially with water and diethyl ether then dried under reduced
pressure. The crude product was purified by column chromatography, eluting with 1:1
ethyl acetate/dichloromethane to give 0.8 g of product as a colorless solid. Yield: 85%. 'H
NMR (CDCl3, 400 MHz): 6 9.30 (s, 1H, imidazole NH), 7.61-7.59 (d, | = 8.2 Hz, 2H), 7.38
(s, 1H, CH), 7.10 (td, ] = 6.1, 3.3 Hz, 15H), 7.06-7.02 (m, 7H).'>*C NMR (CDCl3, 75 MHz): &
146.01, 143.52, 143.34, 140.21, 132.00, 131.43, 131.38, 131.34, 127.89, 127.80, 127.72, 126.74,
126.68, 124.79. IR (KBr, cm~1): 3380, 2976, 1567, 1444, 1269, 1076, 904, 698; MALDI-TOF
(m/z): 563.6 [M+H]*

2.4. UV-Vis. and Fluorescence Studies

DTITPE (1.68 mg, 1 mmol) was dissolved in THF (3 mL) and a 9 pL aliquot of this
solution was diluted to 3 mL with THF to give a final stock solution concentration of 1
uM. A stock solution of tetra-n-butylammonium fluoride (TBAF) (0.1 mM) was prepared
in anhydrous THF. Aliquots of the THF stock solutions of DTITPE and TBAF were com-
bined and thoroughly mixed at room temperature and their fluorescence emission spectra
(400-650 nm) recorded upon excitation at 360 nm, and also UV-vis. spectra was collected.

2.5. Determination of Association Constants

The association constant of the DTITPE.F~ adduct was determined using fluorescence
and UV-vis. absorption spectroscopy and the Benesi-Hildebrand Equations (1) and (2)

1/(A - AO) = 1/{K(Amax - AO) C} + 1/(Amax - AO) (1)

1/(I - IO) = 1/{K(Imax - IO) C} + 1/(Imax - IO) (2)

where A and A are the absorbances at 405 nm in the presence and absence of fluoride ions,
respectively, and Amax is the maximum absorbance when various concentrations of F~
were titrated to the sensor DTITPE solution. Similarly, I and Ij are the emissions at 635 nm
in the presence and absence of fluoride ions, respectively, and Imax is maximum emission
when various concentrations of F~ were titrated to the sensor DTITPE solution. K is the
association constant, determined from the plots of the reciprocal concentration and change
in absorbance or emission graphs.

2.6. Determination of Detection Limits and Quantification Limits for DTITPE

The detection limits and quantification limits of DTITPE for fluoride ion were deter-
mined using UV-vis. and fluorescence titration data. Using Equations (3) and (4), where
0 is the standard deviations (obtained from the average of 10 titrations of the sensor and
the fluoride ion solution) and k is the slope from the plot of concentration of fluoride ion
versus absorbance of DTITPE.

Detection limit = 30/k 3)

Quantification limit = 100 /k 4)
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3. Results
3.1. Synthesis and Characterization of DTITPE

The molecular sensor 4,5-di(thien-2-y1)-2-(4-(1,2,2-triphenylvinyl)-phenyl)-1H-imidazole
(DTITPE) was synthesized via a condensation reaction between 4-(1,2,2-triphenylvinyl)
benzaldehyde and 2,2’-thenil in the presence of ammonium acetate (Scheme 1) and isolated

as a white solid in 85% yield.

0 |

O H /| 0 CH;COONH, \ N O O
S | \
+ S CH3COOH, s NH
] o) Reflux, 12hrs.
\ STN
— DTITPE

Scheme 1. Synthesis of the molecular sensor DTITPE.

The 'H NMR spectrum of DTITPE showed a broad singlet resonance at & 9.30 due
to the imidazole proton, and a doublet (J = 8.2 Hz) at § 7.61, assignable to two protons
of the substituted aryl ring of the tetraphenylethylene moiety. The resonances due to
the remaining aromatic and thienyl protons appear as multiplets around 6 7.0-7.5. The
MALDI-TOF mass spectrum of DTITPE showed the expected [M+H]* ion peak at m/z 563.6.

The molecular structure of DTITPE was also confirmed by single-crystal X-ray diffrac-
tion (Figure 2). Light-yellow colored square-shaped crystals of DTITPE, obtained from
THF /hexane by slow evaporation, crystallized in the orthorhombic Pna2; space group
(Table S4). The structure confirmed the presence of TPE with a di(thienyl) substituted
imidazole group bound to one of the phenyl rings; the imidazole and attached phenyl
ring are almost co-planar. In the structure of DTITPE, the thienyl group containing S1 was
disordered by a 180° rotation about the C28—-C30 bond. The bond lengths and angles in
DTITPE are within normal ranges.

L g N C3 ol >}
) I P i
Fe " .y 7 e g )
C ( (__/ Cl = Cl
C36 \ N2 (;\“___‘.,\ / dcu4
C
o ~ \(':7 J/ / = 3
2 / cu\ {ox IS
C28 " — g s e oA\ 0
/ NI, c16™
('\I-P C30 d \ i
c7@l
32 / N
A st cis

C33
4

Figure 2. Molecular structure of DTITPE. Ellipsoids show 50% probability levels. The thienyl group
containing S1 was disordered (0.749:0.251) by a 180° rotation about the C28-C30 bond and only the
major position is shown.

Upon the addition of TBAF to a solution of DTITPE in THF, changes in the NMR spec-
trum were observed. The 'H NMR spectrum showed the disappearance of the imidazole
proton resonance as well as a downfield shift of the two o-phenyl proton resonances, from 5
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7.61 to 6 8.10 ppm, due to a de-shielding effect, consistent with the formation of a hydrogen
bond between the imidazole proton and fluoride ion (DTITPE.F ™).

3.2. Optical Studies of the Molecular Sensor DTITPE

DTITPE is a stable compound as a solid and in solution, providing an ideal platform
for performing sensing studies. The H-bonded DTITPE.F~ species formation was further
supported by absorption and emission spectroscopic titrations. The UV-vis. and fluores-
cence emission spectrum of a 3 x 10~% M solution of DTITPE in THF was monitored during
the incremental addition of fluoride ions (2.3 x 1077 to 5.1 x 107 M) and (3.0 x 1077 to
9.0 x 10~ M) respectively. Under ambient light, the addition of fluoride ions to a THF
solution containing DTITPE resulted in a color change from colorless to yellow. The UV-vis.
and fluorescence emission spectra were collected until no further spectral changes took
place at a final fluoride ion concentration of 5 x 10~¢ M.

The UV-vis. absorption spectrum of DTITPE in THF showed a band centered at
350 nm. No significant spectral changes were observed after the addition of THF solutions
containing acetate, hydrogen sulfate, dihydrogen phosphate, iodide, bromide, or chloride
ions (Figure 3a). In contrast, however, upon the incremental addition of tetrabutylam-
monium fluoride (TBAF) to the DTITPE solution, a gradual decrease in the intensity of
the absorption band at 350 nm and the appearance of a new absorption band at 405 nm
was observed (Figure 3b). From the intercept of the Benesi-Hildebrand plot of the UV
data, the DTITPE versus fluoride association constant was found to be 3.30 x 10° M1
at slope k=3.03 x 107°. The slope for the plot between the absorbance intensities at
various concentrations of fluoride anion added to the sensor solution was calculated as
k = 6.55 x 10%. Using Equation (3) and the UV-vis. spectroscopic titration data, the detec-
tion limit of DTITPE was found tobe 1.37 x 10~7 M. The limit of detection of DTITPE is
one order of magnitude less than those of related imidazole-derived chemosensors, such
as the phenazine (1.8 x 107® M) [56] and anthraimidazoledione-based (0.5 x 10~¢ M) [57]
fluoride sensors (See Table S4). Furthermore, using Equation (4) and the results from the
UV-vis. titration experiments, the quantification limit of the DTITPE from UV-vis. data
was calculated to be 4.58 x 1077 M.

The fluorescence emission spectrum of DTITPE in THF showed an intense emission
band at 510 nm (Figure 3c) when excited at 345 nm. From the intercept of the Benesi-
Hildebrand plot of the fluorescence data, the association constant for DTITPE towards
fluoride ions was found to be 4.38 x 10° M~ ! at slope k =2.28 x 10~°. The emission spectra
of the sensor solution were also recorded, and the standard deviation was found to be
o = 0.003. Plotting the fluorescence intensities against various concentrations of F~, the
slope was found to be k = 3.00 x 10'°. The detection limit of DTITPE was calculated to
be 3.00 x 107! M using the results of the fluorescence spectroscopic titration experiment.
Furthermore, the quantification limit of DTITPE was calculated to be 1.00 x 1072 M.



Chemosensors 2021, 9, 285

7 of 14

0.3
DTITPE :

@) e — =
® HSO, . ~—of
Q.2 ol “5‘3,(,“;_)
P Br
S ¢ ,
20.14 - A
< ——

0.0 L v v
300 400 500 600
Wavelength(nm)

® ] oo 2
8 [ oo s
Q0.2 -
© /\

Q
s A\
0.1 ‘
Q
<
0.04— r s
300 400 500
Wavelength (nm)

(©) o =

©2.04 .. sl §

F LA o ~ s = lo;

x ol AL Tes ° 45:‘:

3,1.5- . 2 1

lg 0 000000 oooooo(; IG'I:ODOZ 0000003 ‘ V',
1.04

3

=

= 0.5-

TR
0.0

400 500 600
Wavelength (nm)

Figure 3. (a) UV-vis. spectra of a THF solution of DTITPE (3 x 10~® M) in the absence and presence
of various anions. (b) UV-vis. titration spectra of DTITPE in THF (3 X 107° M) upon incremental
addition of TBAF solutions (2.31 x 1077 to 5 x 10~® M). (c) Fluorescence emission titration spectra

of DTITPE (3 x 10~% M) upon incremental addition of TBAF (3 x 10~7 to 9 x 10~° M).

3.2.1. Aggregation Induced Emission (AIE)

To determine if DTITPE exhibited aggregation induced emissive (AIE) properties,
solutions of the 1 x 107> M of DTITPE in THF containing 0 to 90% of water (by volume)
were prepared. Under UV irradiation the solutions were weakly emissive, the intensity
of which increased with increasing water fraction (f,,) (Figure 4a); a similar trend was
also observed in the fluorescence spectra of the solutions (Figure 4b) upon excitation
at 360 nm. Solutions containing up to 70% water only showed a low intensity band
centered around 540 nm. At f;;, = 80%, the fluorescence intensity increased significantly,
which increased further at f;, = 90% due to restricted rotation of the phenyl rings of the

tetraphenyl ethylene moiety.
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4x10"
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Figure 4. (a) Solutions of DTITPE (1 x 10~ M) in THF containing, from left to right, increasing amounts of water (f,,
0-90 vol%) under UV irradiation (top: 185 nm; bottom 365 nm). (b) Fluorescence emission spectra of DTITPE (1 x 1075 M)
in THF containing increasing amounts of water (fz,, vol%).

3.2.2. Mechanochromism

Mechano-responsive luminescent materials containing AIE moieties exhibit tunable
emissions by the application of an external stimuli, ref. [58] such as mechanical stress. Such
materials are of significant interest due to their wide-ranging applications in mechano-
sensors, optical storage, security papers, miniature photonic devices and logic gates [59-62].
In the solid state, DTITPE exhibits mechanochromic behavior. Under UV irradiation
(365 nm) at ambient temperature, DTITPE emits blue light, with an emission maximum at
448 nm. Upon grinding, the emission is red-shifted to 479 nm and green light is emitted
(Figure 5). This process is reversible, and in the presence of dichloromethane vapor the
original blue light is restored.

"vc*‘\ Grinding W 'ﬁ
‘-‘- > A e X
> 124 B3 ) C—
- TR ST
7] | < S Bes
c Synthesized
[} ——— Ground
:E 0.8 Fumed
T
(]
N
©
£ o044
-
[®]
4
0.0 T T T T T
350 400 450 500 550 600

Wavelength(nm)

Figure 5. Fluorescence emission spectra of DTITPE as synthesized (red line), after grinding (green
line) and after exposure to CH,Cl, vapor (blue line). Inset: photographs of the ground and CH,Cl,-
fumed solids under UV irradiation (365 nm).

3.3. Computational Studies

In order to understand the electronic structure and the distribution of electron density
in DTITPE, both before and after interaction with fluoride ions, DFT calculations were
performed using Gaussian 09 software at the B3LYP/6-31+G(d,p) level. Absorption spectra
were also simulated using the CPCM method with THF as solvent (Figure S23). The
optimized geometries of the parent DTITPE molecule, DTITPE containing an imidazole
hydrogen—fluoride interaction (DTITPE.F~), and the deprotonated sensor (DTITPE)™
the gaseous phase are shown in Figures S17, 519 and 521, respectively, and the electrostatic
potential (ESP) maps and the corresponding frontier molecular orbitals are shown in
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Figures S18, S20 and S22, respectively. The calculated bond lengths and dihedral angles of
DTITPE, DTITPE.F~ and DTITPE™ are shown Table S1.

In DTITPE, the imidazole N-H bond length was calculated to be 1.009 A, which
elongated to 1.474 A in the presence of F~ ion as a result of hydrogen bond formation to give
the complex DTITPE.F~ (Figure 6). In the adduct DTITPE.F~ (Scheme 2), the H—F bond
length was calculated to be 1.025 A, significantly shorter than characteristic H—F bond
lengths, which typically range between 1.73 to 1.77 A [63,64]. From geometrical aspects, it
can be seen that the DTITPE, DTITPE.F~, and DTITPE™ molecules are non-planar in nature
with the tetraphenyl groups as well as the two thienyl groups existing in two different
planes (Table S1) [65]. In each compound, the dihedral angle between two cis-oriented
phenyl rings in the TPE moieties range from ~11.9° to 14.09°, whereas the angle between
two trans-oriented groups ranges from ~—165.8° to —167.8° (Figures S17, 519 and S21).

Figure 6. Optimized geometric structures of DTITPE (left) and DTITPE.F~ (right), showing the
elongation of the imidazole N-H bond length upon interaction with fluoride.

\ =
ls \_NH
S\\ “e-
DTITPE DTITPE.F

Scheme 2. Plausible reactivity of DTITPE towards fluoride ions.

The frontier molecular orbital (FMO) of DTITPE (Figure S18) indicates that the elec-
tron density distribution in the HOMO is mostly located on the bis(thienyl) imidazole
and di-substituted benzene ring, whereas in the LUMO, it is mainly located over the en-
tire molecule except for one thienyl group. In the case of the hydrogen bonded species
DTITPE.F~ (Figure S20), the electron density distribution in the HOMO is mostly lo-
cated on the bis(thienyl) imidazole ring while in the LUMO, it is mostly found on the
tetraphenylethylene moiety. In DTITPE™ (Figure S22), the electron density distribution pat-
tern in both the HOMO and LUMO are similar to that in the hydrogen bonded DTITPE.F~
analogue (Figure 520). These results suggest that the hydrogen bonded DTITPE.F~ and
the deprotonated DTITPE™ species undergo a charge transfer from the HOMO to the
LUMO [65]. More precisely, they both exhibit intramolecular charge transfer (ICT) from the
bis(thienyl) imidazole ring to the tetraphenyl ethylene unit. The calculated band gaps (AE)
between the HOMO and LUMO of the DTITPE, hydrogen bonded DTITPE.F~, and depro-
tonated DTITPE™ were found to be 3.42, 2.38, and 1.25 eV, respectively (Table S2). This
red-shift was observed in the theoretical UV-vis. spectrum for DTITPE upon formation of a
hydrogen bond with F~, as shown in Figure S23 and Table S3, which is in good agreement
with experimental results (Figure 3). The electron distribution in the molecule is altered as
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a result of the hydrogen bond, which improves the push-pull effect of an intramolecular
charge transfer (ICT) process [54]. Additionally, the abstraction of the imidazole N-H
proton decreased the bandgap, which would suggest a red-shift of the peak maxima in its
DEFT absorption spectrum [65]. Moreover, DTITPE optimized geometry was further used
for the calculation of excitation parameters using the TD-DFT. The computation revealed
that the observed absorption band in DTITPE is caused by the transition from HOMO to
LUMO orbitals (So to S1) (Figure 3 and Figure S23, Table S3). The most stable geometry of
the DTITPE.F~ and DTITPE™ were used to calculate the excitation parameters and their
results suggested that HOMO-1 to LUMO, HOMO to LUMO+1, and HOMO-4 to LUMO
orbitals are responsible for the observed singlet electronic observed in DTITPE.F~ and
DTITPE- (Figure 7, Figures S18, S20 and S22, and Table S3). The TD-DFT calculations
indicated that there is decrease in the ground state to the excited state gap, which causes a
bathochromic shift.

J

J o J

% P LUMO

LUmo
' Al
-1.82 eV
3.42 eV
HOMO
' ' -5.24eV

Figure 7. Energy levels diagram of DTITPE and DTITPE.F~ calculated by DFT.

From the electrostatic potential maps (ESP) (Figures S17b, S19b and S21b), the most
electronegative portion of DTITPE is located near the imidazole ring nitrogen, both before
and after interaction with fluoride, and the dipole moment increases from ~3.1 D for
DTITPE to ~12 D for DTITPE.F~ (Table S2). This could be useful to assist molecular
packing and would also be expected to augment intermolecular charge transport (ICT)
processes [66].

3.4. Detection of F~ Anions Using a Silica Gel Dip-Strip Method

The promising result that a THF solution of DTITPE underwent a color change in the
presence of fluoride ions (Figure 8a) prompted us to investigate its potential application
to in-field sensing devices. Silica gel sheets were treated with 1 x 107> M solutions of
DTITPE by a dip-coating method and the solvent was allowed to evaporate. Immersion of
the test strips into THF solutions containing OAc~, H,PO,~, HSO4~, C1~ Br—, or I ions
showed no obvious changes, however upon immersion into a solution containing F~ ions,
the test strip underwent a color change from white to yellow within seconds, which could
be observed with the naked eye (Figure 8b). Under UV irradiation (254 nm), a color change
from blue to light yellow was observed for test strips exposed to fluoride ions (Figure 8c).
These results are very promising for the use of DTITPE in selective sensing devices for the
real time detection of fluoride ions in THF solution.



Chemosensors 2021, 9, 285

11 0f 14

Figure 8. Color change of 1 x 107> M of DTITPE in the presence of various anions (a) in THF solution,
and on silica gel strips under (b) ambient light and (c) UV irradiation (254 nm).

4. Conclusions

In conclusion, the molecular sensor DTITPE was synthesized and fully characterized.
In the presence of fluoride ions, a colorless solution of DTITPE immediately turned yellow
and from a Job’s plot experiment, a 1:1 stoichiometric ratio between DTITPE and F~ ion
was determined. These results are consistent with the formation of a species containing a
hydrogen bond between the imidazole proton of DTITPE and the fluoride ion, a conclusion
which was supported by NMR spectroscopic results and DFT calculations. Using UV-
vis. and fluorescence emission spectroscopy, fluoride detection limits of DTITPE were
calculated to be 1.37 x 1077 and 3.00 x 10713 M, respectively. Furthermore, using the
Benesi-Hildebrand equation, the association constants were found to be K = 3.30 x 10°
M1 and 4.38 x 10° M1, as determined from the UV-vis. and fluorescence emission data,
respectively. Moreover, DTITPE was successfully applied to a silica gel dip strip which
could be used to selectively detect fluoride ions in solution.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
3390/ chemosensors9100285/s1, Figure S1: 'H NMR spectrum of 4-(1,2,2-triphenylvinyl) benzalde-
hyde (400 MHz, CDCl3): 6 9.90 (s, 1H), 7.62 (d, 2H), 7.21 — 7.18 (m, 2H), 7.12 (dd, | = 3.7, 3.2 Hz, 9H),
7.01 (ddt, ] =4.7, 2.3, 1.6 Hz, 6H), Figure S2: 13C NMR spectrum of 4-(1,2,2-triphenylvinyl) benzalde-
hyde(75 MHz, CDCl3):  191.86, 150.57, 143.07, 143.03, 142.92, 139.80, 134.33, 131.96, 131.30, 131.26,
130.90, 129.17, 127.95, 127.77, 127.08, 126.90, Figure S3: ESI mass spectrum of 4-(1,2,2-triphenylvinyl)
benzaldehyde: m/z calculated mass for Cy;HyoO m/z =360.1 and found m/z = 361 [M+H]", Figure S4:
'H NMR spectrum of DTITPE (400 MHz, CDCl3) 5 9.30 (s, 1H), 7.61 — 7.59 (m, 2H), 7.38 (s, 1H), 7.10
(td, ] = 6.1, 3.3 Hz, 15H), 7.06 — 7.02 (m, 7H), Figure S5: 13C NMR spectrum of DTITPE (75 MHz,
CDCl3) 6 146.01, 143.52, 143.34, 140.21, 132.00, 131.43, 131.38, 131.34, 127.89, 127.80, 127.72, 126.74,
126.68, 124.79, Figure S6: MALDI-TOF mass spectrum for DTITPE: m/z calculated for C3yNy;Sy:
563.2; found: 563.6 [M+H]*, Figure S7: 'H NMR spectrum of DTITPE.F~ (400 MHz, CDCl3): &
8.03 (d, ] =8.4 Hz, 2H), 7.40 (d, ] = 2.9 Hz, 2H), 7.15 (dd, ] = 5.1, 0.9 Hz, 2H), 7.12 — 7.04 (m, 10H),
7.04 — 6.97 (m, 6H), 6.94 (dd, ] = 5.0, 3.6 Hz, 2H), Figure S8: 13C NMR spectrum of DTITPE.F~
(101 MHz, CDCls): 6 143.86, 143.78, 142.89, 140.90, 131.40, 131.37, 129.87, 127.72, 127.59, 127.10,
126.43, 126.37, 125.28, 124.09, Figure S9: MALDI-TOF mass spectrum for DTITPE ™, calculated mass
m/z = 561.15 and found m/z = 562.5 [M+H]", Figure S10: FT-IR spectra of TITPE and TITPE.F~, Fig-
ure S11: Benesi-Hildebrand plot for the determination of the binding constant of DTITPE in THF
using fluorescence emission data, Figure S12: Determination of the detection limit of DTITPE in THF
using fluorescence emission data, Figure S13: Benesi-Hildebrand plot for the determination of the
binding constant of DTITPE in THF using UV-vis. absorption data, Figure S14: Determination of the
detection limit of DTITPE in THF using UV-vis. absorption data in THF, Figure S15: Determination of
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the stoichiometric ratio between DTITPE and F~ in THF by Job's plot, Figure S16: a 'H NMR Spectra
of DTITPE and DTITPE.F—, b, 1TH NMR spectrum of the molecular sensor DTITPE with incremental
addition of TBAF, in CDClj at room temperature, Figure S17: Optimized geometry of DTITPE, (b)
Electrostatic potential (ESP) (isovalue = 0.02) surfaces of DTITPE, (c) Top view of DTITPE, and d)
Side view of DTITPE, Figure S18: DFT optimized electronic distributions of DTITPE for various
HOMO and LUMO energy levels, Figure 519: (a) Optimized geometry of DTITPE.F~ (b) Electrostatic
potential (ESP) (isovalue = 0.02) surface of DTITPE.F~ (c) Top view of DTITPE.F~, and (d) Side
view of DTITPE.F~, Figure S20: DFT optimized electronic distributions of DTITPE.F~ at various
HOMO and LUMO energy levels, Figure S21: (a) Optimized geometry of deprotonated DTITPE™,
(b) The electrostatic potential (ESP) (isovalue = 0.02) surface of DTITPE™, (c) Top view of DTITPE™,
and (d) Side view of DTITPE™, Figure S22: DFT optimized electronic distributions of DTITPE™ at
various HOMO and LUMO energy levels, Figure 523: Theoretical UV-vis. spectra for DTITPE and
DTITPE.F~ calculated using TD-DFT/B3LYP/6-31+G(d,p) with the CPCM method using THF as
solvent, Table S1: Calculated bond lengths and dihedral angles of DTITPE, DTITPE.F~ and DTITPE™
using B3LYP/6-31+G(d,p) method, Table S2: Calculated HOMO and LUMO energies and band
gaps for DTITPE, DTITPE.F~ and DTITPE™~ calculated using B3LYP/6-31+G(d,p) method, Table S3:
Theoretical energy levels and MO character for DTITPE, DTITPE.F~ and DTITPE ™ calculated using
TD-DFT/B3LYP/6-31+G(d,p) with CPCM method using THF as solvent, Table S4: Comparison of
the imidazole derived molecular sensors and their sensing properties, Table S5: Crystal data and
structure refinement for DTITPE.
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