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The sensing mechanism of 3-hydroxyflavone-based (3-HF) fluorescent chemodosimeter 3-
triisopropylsilylflavone (3-TPSF) for detecting fluoride (F7) has been theoretically investigated. The
calculated Laplacian bond order confirms that the Si—O bond of 3-TPSF is the reaction site of F~. The free
energy barrier of 18.33 kcal mol™! indicates that F-triggered desilylation reaction can occur and then form
the anionic state of 3-HF (3-HF ™) with a fluorescence peak at 545 nm. 3-HF~ captures H* of the mixed
aqueous medium to be transformed into 3-HF with an intramolecular hydrogen bond (O;—H---O,). The
energy barrier of 1.86 kcal mol™ in the S, state obtained from the constructed potential energy curves
confirms that the excited state intramolecular proton transfer (ESIPT) in 3-HF occurs to form a tautomer
structure, which produces a long-wavelength emission of 549 nm. The fluorescence emitted from both 3-

HF~ and 3-HF agrees with the experimental value of 530 nm appearing after adding F~. Charge transfer
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Accepted 22nd December 2021 analyses indicate that the extent of intramolecular charge transfer in 3-HF ™~ is more intense than that of 3-

TPSF, which induces a large Stokes shift of 180 nm. Therefore, the sensing mechanism is attributed to the

DOI: 10.1039/d1ra06431b combination of a large charge transfer feature and ESIPT that are caused by desilylation reaction. The
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1. Introduction

Fluoride (F7), as the smallest anion, has attracted extensive
attention because of its great role in chemical sciences, medi-
cine and the biological processes.'* It has a high electronega-
tivity and widely exists in the natural environment, industry and
biology. A proper intake of this element is beneficial to dental
health and bone growth.*® The World Health Organization
recommends that the acceptable intake level of F~ in drinking
water is 1.5 mg L™ '.°'* Ingestion above this level can be
hazardous to living organisms, which may lead to fluoride
poisoning, urinary stones and even death.”'*™** Furthermore,
the discharge of industrial wastewater containing F~ can not
only cause water and soil pollution, but also damage the
ecological environment and even threaten human health.">"”
Consequently, the development of analytical methods for effi-
cient recognition and quantitative detection of F~ in environ-
ment and organism is required.

In recent years, researchers have invested a great deal of
efforts to develop various analytical techniques for F-,
including electrochemical methods, atomic absorption
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significant fluorescence change makes 3-TPSF a chemodosimeter for detecting F~.

spectroscopy, fluorescent chemosensors and so on.'®* Among
these techniques, the fluorescent chemosensors have attracted
great attention because of their simplicity, reliability and non-
invasive detection.”*** To date, a large number of chemo-
sensors have been developed for detecting of F~.>*?* These
chemosensors are designed by using three main strategies,
including hydrogen bonding between F~ and NH groups
(amide, pyrrole, indole, urea and so on), B-F complexation, and
F -triggered desilylation.”**** The chemosensors based on
a hydrogen-bond strategy are usually disturbed by other basic
anions such as H,PO,” and AcO~ because they have similar
surface charge density and basicity to F~.** In addition, the
increase of the ionic strength and hydration enthalpy of F~ in
water often makes the hydrogen bond ineffective in aqueous
medium.* The chemosensors based on B-F complexation can
detect F~ in drinking water and fluorine-containing chemical
agents, but their cytotoxicity limits their biological applica-
tions.** While F-triggered desilylation-based chemosensors can
alleviate the problems faced by the first two strategies, so it has
attracted more and more attention.

Recently, a novel flavone-based fluorescent chemodosimeter
3-triisopropylsilylflavone (3-TPSF) has been designed and
synthesized to selective identify F~".*5. 3-TPSF is produced by
a triisopropylsilyl group masking the hydroxyl group of 3-
hydroxyflavone (3-HF). As one of flavone derivatives, 3-HF can
exhibit the excited state intramolecular proton transfer (ESIPT)
process and has favorable fluorescence properties. In addition,
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fluorescent sensors with ESIPT can avoid the self-absorption
due to the large Stokes shift in ESIPT process, which has been
studied theoretically.*** 3-TPSF interacts with F~ to induce
a unique fluorescence response. Zhang et al. believed that the
fluorescence change is ascribed to ESIPT triggered by F~
cleaving the Si-O bond. In experiment, they measured the
changes of the absorption and emission spectra after the
addition of F~ by the titration experiments. However, the
detailed sensing process cannot be directly obtained. In addi-
tion, the ESIPT process and the evolution of structure in the
recognition process need to be further theoretically verified.
In this work, the sensing mechanism of the chemodosimeter
3-TPSF is explored by utilizing density functional theory (DFT)
and time-dependent density functional theory (TD-DFT)
methods. The structural changes and electronic characters of
3-TPSF and its products in the ground (S,) and excited (S,) states
are investigated. Laplacian bond order (LBO) of all bonds in 3-
TPSF is calculated to predict reaction sites of F~. The potential
energy curves in the S, and S; states are constructed to inves-
tigate the tautomerization process from the normal (N) form to
the proton-transferred (T) form. The absorption and emission
spectra in a mixed solvent are simulated and compared with
experimental measurements. The work is intended to provide
a theoretical verification of the fluorescence sensing mecha-
nism and an in-depth understanding of the sensing process.

2. Computational details

In this study, the DFT and TDDFT methods are applied to
optimize the structures in the S, and S; states, respectively.>***
The mPW1PW91 functional and TZVP basis set is used for all
calculations due to the consistency with the experimental
results.”®*” There are no constraints on the optimization of
these structures. The transition state is searched by using the
keyword opt = TS. Frequency analyses are performed to confirm
that the optimized structures are corresponding to the local
minima. The searched transition state is confirmed to have only
one imaginary frequency by frequency analyses and further
confirmed by the intrinsic reaction coordinate (IRC) calcula-
tion. Since the experiments were conducted in a mixed solvent
of acetonitrile (ACN) and water, the mixed solvent effects of ACN
and water are introduced through the integral equation
formalism variant of the polarizable continuum model
(IEFPCM).***° The potential energy curves in the S, and S, states
are constructed by fixing the hydroxyl bond length. The
absorption spectra are simulated by the vertical excitation
energy on the Sy-structure and the emission spectra are calcu-
lated based on the S;-structure. All calculations above are per-
formed by Gaussian 16 package.®® Bond order and the
component percentage of electron density are analyzed by
Multiwfn package.®*

3. Results and discussion
3.1. Optimized geometric structures

The optimized geometric structures of the fluorescent chemo-
dosimeter 3-TPSF and its products at the mPW1PW91/TZVP
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theoretical level have been shown in Fig. 1. The vibrational
frequencies of these structures are calculated and confirmed
that these structures are all local minima. 3-TPSF is a novel
fluorescent chemodosimeter, which is based on the flavonol.
For 3-TPSF, the hydroxyl group is masked by a triisopropylsilyl
group to recognize F~, which prevents proton transfer in both
the S, and S; states. As seen in the Fig. 1, the dihedral angles
0(c1-c2-o1-si) and d(ca-c3-ca-cs) Of 3-TPSF in the S, state are
—5.38° and 33.27°, respectively. Upon photo-excitation, they
change to 1.28° and 14.87° separately. The changes of the two
dihedral angles indicate that the structure of 3-TPSF has been
twisted during the photo-excitation. The addition of F~ triggers
the desilylation reaction to form the anionic state of 3-HF
(named 3-HF ). 3-HF ™ is almost a planar structure with the
dihedral angle 6(c2-c3-ca-cs) of —0.14° and 3.28° in the Sy and S,
states, respectively, and then capture H' of the mixed aqueous
medium to be transformed into 3-HF. For 3-HF, the hydroxyl
group is recovered and forms an intramolecular hydrogen bond
0,-H:--0, with the adjacent O, atom. The lengths of the O,-H
and H---0, bonds of the N form in the S, state are 0.976 A and
1.980 A, respectively. After photo-excitation to the S; state, the
bond length of O;-H is lengthened to 1.000 A and that of H---0,
is shortened to 1.797 A. In addition, the bond angle 6o, u.-0,) is
increased from 119.55° in the S, state to 125.27° in the S, state.
These changes can indicate that the strength of the intra-
molecular hydrogen bond O,-H:---O, increases in the S; state,
which will promote the proton transfer process. The benzene
ring is not coplanar with the chromone moiety and the dihedral
angle 6(c2-c3-ca-cs) is reduced from 19.99° in the S, state to 2.43°
in the S; state, indicating that the N form of 3-HF tends to be
more planar after photo-excitation. For the T form, the bond
length of O;--H is lengthened from 1.785 (S,) to 2.012 A (S;) and
that of H-O, is shortened from 1.000 (S,) to 0.977 A (S;) with
a concomitant decrease of the bond angle 6o,...i-0,) from
125.50° (Sy) to 117.23° (S;), confirming that the hydrogen bond
0O;--*H-0O, is more stable in the S, state. The dihedral angles
0(c2-ca-ca-cs) in the S, and S; states are —0.01° and 2.35°,
respectively, meaning that the T form has a relatively planar
structure.

3.2. Reaction site and Si-O cleavage process

In order to predict the reaction site of F, Laplacian bond order
(LBO) of all bonds in 3-TPSF is calculated and shown in Fig. 2.
LBO is defined according to the Laplacian electron density in
the fuzzy overlap space, which is proposed by Lu et al.®> LBO can
exhibit bonding strength because it has a good correlation with
the bond dissociation energy. In general, the larger LBO value of
a bond, the stronger the bonding strength is. As can be seen
from the Fig. 2(a), the calculated LBO of Si-O bond is 0.195,
which is smallest among all bonds in 3-TPSF, indicating that
the bonding strength of Si-O bond is the weakest. Therefore, it
can be determined that the Si-O bond is the cleavage site of F.
In order to explore the dynamics characteristics of the desily-
lation reaction, the free energy profile of the desilylation process
is calculated. The energy of the reagent is chosen as zero for
reference and other calculated energies are relative energies.
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Fig.1 Optimized structures of the fluorescent chemodosimeter 3-TPSF and its products at the mPW1PW91/TZVP theoretical level. Light blue: H;

gray: C; yellow: S; red: O; fuchsia: Si.

The energy diagram is shown in Fig. 2(b). It can be seen from
the Fig. 2(b) that the formation of intermediate requires
absorbing an energy of 5.69 kcal mol . A transition state in this
desilylation reaction is searched at the position of the Si-O
bond cleavage and the F-Si bond formation, which is further
confirmed by IRC (shown in Fig. S17). The calculated free energy
barrier between the transition state and the reactant is
18.33 kcal mol !, which is a moderate reaction barrier, indi-
cating that 3-TPSF has a rapid response speed to F~. The Si-O
bond of 3-TPSF is cleaved by F~ to form 3-HF and fluoro-
triisopropylsilane (FTPS), whose energy is 27.77 kcal mol™*

lower than that of the reactant. 3-HF~ has strong electron-
donating ability and can capture H' from the mixed aqueous
medium to be transformed into 3-HF.

3.3. Excited state intramolecular proton transfer in 3-HF

3-HF is transformed from 3-HF~ by combining with H" of the
mixed aqueous medium, which has the hydrogen-bonding
donor group. The phenoxy anion combines with one H' to
form the phenolic hydroxyl group, which can form an intra-
molecular hydrogen bond (O;-H:--O,) with the adjacent O,
atom. Structural parameters in the Section of 3.1 have

AG (kcal/mol)

=30

’ 3-TPSF+F

s | \ 1 . | s | s | s 1 " | )

Fig. 2 Laplacian bond order (LBO) for all bonds (a) and the free energy profile of the desilylation process (b) of 3-TPSF.
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Fig. 3 The calculated potential energy curves of 3-HF in the Sp and S; states at the mPW1PW91/TZVP theoretical level.

Table 1 The calculated vertical excitation energies (nm), the corre-
sponding transition oscillator strengths and compositions of the first
six absorbing transitions for 3-TPSF, 3-HF ™~ and 3-HF

Transition A (nm) f Composition CI (%) Expt (nm)
3-TPSF Sy, — S 343 0.3535 H — L 98.21% 335
So = S3 282 0.1385 H-2 — L 80.17% 305
H-1 - L 3.26%
H — L+1 11.37%
So — Se 266 0.1407 H-5 — L 7.85%
H-4 - L 7.28%
H-3 - L 28.00%
H-2 — L 7.75%
H — L+1 40.37%
So = S1 455 0.3824 H — L 99.59% 455
3-HF So — S4 307 01171 H — L+1 32.43%
H — L+3 64.21%
So — S1 338 0.4911 H — L 97.92%
So = S; 286 0.1565 H—4 — L 12.41%
H-1 - L 80.22%
H-1 - L 3.24%
3-HF So — Se 246 0.1607 H — L+1 3.04%
H-5— L 64.10%
H-3 — L+1 19.88%
H — L+2 7.03%

confirmed that the intramolecular hydrogen bond O,-H:-:-O, is
enhanced in the S; state, which can provide a driving force for
proton transfer. To explore the detailed process of proton
transfer, the potential energy curves of 3-HF in the S, and S;
states are scanned by keeping the O;-H bond length fixed at
a series of values, which can describe energetic pathways of
proton transfer qualitatively. Fig. 3 displays the potential energy
curves of the S, and S; states and the energy of the initial
structure in the S, state is selected as a zero reference. It can be
seen from the Fig. 3 that the energy barrier for the isomerization
of the N form into the T form in the S, state is 11.96 kcal mol™*,
which is too high for the isomerization to occur. While for the S;

© 2022 The Author(s). Published by the Royal Society of Chemistry

state, only an energy barrier of 1.86 kcal mol™" exists between
the N form and the T form, which is relatively low to overcome
easily. Therefore, proton transfer process is more likely to occur
in the S; state and then to form the T structure, which is rela-
tively stable due to the lower energy.

3.4. Electronic spectra

The UV-vis absorption technique is used to examine the
recognition behavior of chemodosimeter 1 towards various
anions including ¥, C17, Br, I, ClO, , AcO™ and HSO, .*
The experiment found that only F~ induces the decrease of the
absorption bands at 305 nm and 335 nm as well as the
appearance of a new absorption band at 455 nm.* In order to
attribute these absorption bands, the absorption spectra of 3-
TPSF, 3-HF ~ and 3-HF are calculated according to the optimized
geometries of the S, state at the TD-DFT/mPW1PW91/TZVP
theoretical level. The calculated vertical excitation energies,
the corresponding transition oscillator strengths and compo-
sitions of the first six absorbing transitions are shown in Table 1
and the simulated absorption spectra are exhibited in Fig. 4. It
can be known from the Table 1 that the S, — S, transition of 3-
TPSF is at 343 nm with the oscillator strength of 0.3535, which
corresponds to the absorption peak of 335 nm measured in the
experiment.* The S, — S; transition is at 282 nm, which agrees
with the experimental value of 305 nm.** For 3-HF, the calcu-
lated absorption peak of 455 nm corresponding to the S, — S;
transition reproduces the experimental data of 455 nm.*
Therefore, the new absorption band appearing after adding F~
is assigned to the anionic state of 3-HF, which is confirmed that
the anion state of 3-HF is first formed after adding F~ and then
formed 3-HF by combining with H'. While for 3-HF, three
permitted singlet transitions (So — S;,So — Sz and Sy, — Sg) are
at 338 nm 286 nm and 246 nm, respectively, which are all not
consistent with the measured values after the addition of F~,
further confirming the formation of 3-HF ™ first.
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Fig. 4 The calculated absorption and fluorescence emission spectra of 3-TPSF, 3-HF~ and 3-HF at the mPW1PW91/TZVP theoretical level.
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The fluorescence emission experiment in the mixed aqueous
medium explores the recognition characteristics of 3-TPSF. The
experiment shows that the weak emission peak at 400 nm
decreases with the addition of F~ and is accompanied by an

2266 | RSC Adv, 2022, 12, 2262-2269

enhanced fluorescent peak at 530 nm, which has a large Stokes
shift of 180 nm. To investigate the optical properties of 3-TPSF,
3-HF  and 3-HF, the emission spectra are calculated according
to the optimized structures of the S; state and shown in Fig. 4.
The calculated emission band of 3-TPSF is centered at 420 nm,
which matches the experimental result of 400 nm. For 3-HF,
the emission peak is calculated at 545 nm, which coincides with
the newly observed emission peak (530 nm) upon addition of
F~. While for 3-HF, the emission peaks of the N and T structures
are calculated at 410 nm and 549 nm, respectively. The long-
wavelength fluorescence of the T structure that is induced by
ESIPT is tally with the newly emerged fluorescence peak of
530 nm after the addition of F~. Thus, the new fluorescence of
530 nm measured in experiment is contributed by 3-HF~ and
the T structure of 3-HF.

3.5. Frontier molecular orbitals (FMOs)

In order to understand the properties of the reactants and
products in the S, state deeply, the charge distributions should
be investigated. Frontier molecular orbitals can give a clear
picture of charge transfer and charge distribution. For 3-TPSF,
3-HF~ and 3-HF, the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO)
that are only involved in the S, — S, transition are calculated
and displayed in Fig. 5. For 3-TPSF, the electron density of the
HOMO and LUMO is mainly distributed on the flavone skeleton
and the electronic transition from HOMO to LUMO is a mm*-
type transition. In addition, it can be noted that the contribu-
tion of the triisopropylsilyl moiety and the benzene ring of the
chromone moiety to LUMO is less than that to HOMO, meaning
that the charge on the triisopropylsilyl moiety and the benzene
ring of the chromone moiety is transferred during the transition
from HOMO to LUMO. For 3-HF, it can be seen that the elec-
tron density of the HOMO and LUMO are distributed on
different parts. For HOMO, the electron density is mainly
localized on the pyridone ring and the benzene ring in the right
side. While for LUMO, the electron density distributed on the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 The sensing mechanism scheme of 3-TPSF for F~.

chromone moiety is increased. For 3-HF, the electron density of
the HOMO and LUMO is located over the entire molecular
framework and the S, — S; transition is also a wr*-type tran-
sition. In the transition from HOMO to LUMO, the electron
density on the hydroxide radical moiety is significantly reduced
and that on the O, atom of the carbonyl group is increased. The
changes of the charge distribution on the atoms involved in the
intramolecular hydrogen bond O;-H-:--O, can be used to
explore the proton transfer process. The natural bond orbital
analyses show that the negative distribution on the O; atom is
decreased from —0.645 to —0.639 and that on the O, atom is
increased from —0.627 to —0.645. The decrease of the electron
density on the hydroxide radical moiety can affect the intra-
molecular hydrogen bond O,-H---O,, and the increase of the
electron density on the O, atom can strengthen hydrogen bond
and facilitate proton transfer. These charge density changes
indicate that the S, state involves charge transfer.

In order to quantitatively study the electron density variation
of 3-TPSF, 3-HF and 3-HF during the electron excitation, we
divide 3-TPSF, 3-HF  and 3-HF into two parts, respectively, and
calculate the component percentage of electron density on each
part by Multiwfn package. Fig. 6 shows the division of molecular
systems and the part 1 of 3-TPSF component percentage of
electron density. For 3-TPSF, it can be seen from the Fig. 6 that
part 1 and part 2 have 9.28% and 90.72% electron density on the
HOMO, respectively. While on the LUMO, the electron density
of part 1 is increased to 28.16% and that of part 2 is decreased to
71.84%. This means that about 18.88% electron density is
transferred from part 2 to part 1 in the transition process. For 3-
HF, the electron density of part 1 is increased from 8.27% on
the HOMO to 36.41% on the LUMO and that of part 2 is
decreased from 91.73% on the HOMO to 63.59% on the LUMO,

© 2022 The Author(s). Published by the Royal Society of Chemistry

indicating about 28.14% electron density transferring from part
2 to part 1. While for 3-HF, the electron density of part 1 and
part 2 changes from 10.34% and 89.66% on the HOMO to
28.02% and 71.98% on the LUMO, respectively, implying that
about 17.68% electron density is transferred from part 2 to part
1. This discussion results are consistent with the frontier
molecular orbital analysis and further provide a quantitative
description of the electron density change. In addition, it can
conclude that the intramolecular charge transfer degree in 3-
HF™ is stronger than in 3-TPSF, which will induce a long-
wavelength absorption or emission.

3.6. Fluorescence sensing mechanisms

According to our theoretical analysis above, the sensing mech-
anism scheme is described in Fig. 7. The fluorescent chemo-
dosimeter 3-TPSF exhibits different photophysical behavior
before and after the addition of F~. The triisopropylsilyl group
in 3-TPSF is used as a sensing group to detect F~. The calcula-
tion results show that the added F~ cleaves the Si-O bond of 3-
TPSF to form 3-HF , which makes the fluorescence peak shift
from 400 nm to 530 nm. 3-HF~ with a calculated emission at
545 nm captures H' of the mixed aqueous medium to be
transformed into 3-HF. The hydroxyl group in 3-HF is recovered
and forms an intramolecular hydrogen bond O,-H:--O, with the
adjacent O, atom. Upon photo-excitation, ESIPT occurs in 3-HF
and form a T structure with an emission at 549 nm. Therefore,
the fluorescence of 530 nm measured after the addition of F~ is
attributed to 3-HF and the T structure of 3-HF, which is red-
shifted compared to the original fluorescence emission of 3-
TPSF. The different fluorescence behaviors make 3-TPSF act as
a fluorescent chemodosimeter to recognize F~.
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4. Conclusions

In this work, the detection mechanisms of 3-hydroxyflavone-
based (3-HF) fluorescent chemodosimeter 3-triisopropylsilyl-
flavone (3-TPSF) for fluoride (F~) have been investigated by the
DFT and TDDFT calculations. The calculated Laplacian bond
order (LBO) shows that the Si-O bond in 3-TPSF is the cleavage
site of F~ due to the weakest bonding strength of Si-O bond.
The free energy barrier of 18.33 kcal mol ™" indicates that F-
triggered desilylation reaction can occur and then form the
anionic state of 3-HF (3-HF ) with a fluorescence peak at
545 nm. 3-HF ~ capture H' of the mixed aqueous medium to be
transformed into 3-HF with an intramolecular hydrogen bond
(04-H:--0,). The calculated structural parameters confirm that
the hydrogen bond O;-H:--O, is enhanced in the S, state, which
facilitates the excited state intramolecular proton transfer
(ESIPT). The energy barrier of 1.86 kcal mol " in the S; state
obtained from the constructed potential energy curves indicates
that ESIPT in 3-HF occurs to form a T structure, which produces
a long-wavelength emission of 549 nm. The fluorescence
emitted from 3-HF ™ and 3-HF both agree with the experimental
value of 530 nm appearing after adding F~. Charge transfer
analyses indicate that the extent of intramolecular charge
transfer in 3-HF~ is more intense than in 3-TPSF, which induces
a large Stokes shift of 180 nm. Therefore, the sensing mecha-
nism is attributed to the combination of a large charge transfer
feature and ESIPT that are caused by desilylation reaction. The
significant fluorescent change makes 3-TPSF a chemodosimeter
for detecting F~.
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