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Abstract: Inspired by the distinguished regulated photochemical and photophysical properties of
2-(2′-hydroxyphenyl)benzazole derivatives, in this work, the novel bis(2′-benzothiazolyl)hydroquinone
(BBTHQ) fluorophore is explored, looking at its photo-induced behaviors associated with different
substituted atomic electronegativities, i.e., BBTHQ-SO, BBTHQ-SS and BBTHQ-Se compounds. From
the structural changes, infrared (IR) vibrational variations and simulated core-valence bifurcation
(CVB) indexes for the dual hydrogen bonds for the three BBTHQ derivatives, we see that low atomic
electronegativity could be conducive to enhancing hydrogen bonding effects in the S1 state. Particu-
larly, the O4-H5· · ·N6 of BBTHQ-SO and the O1-H2· · ·N3 of BBTHQ-SSe could be strengthened to
be more intensive in the S1 state, respectively. Looking into the charge recombination induced by
photoexcitation, we confirm a favorable ESDPT trend deriving from the charge reorganization of the
dual hydrogen bonding regions. By constructing the potential energy surfaces (PESs) along with the
ESDPT paths for the BBTHQ-SO, BBTHQ-SS and BBTHQ-Se compounds, we not only unveil stepwise
ESDPT behaviors, but also present an atomic electronegativity-regulated ESDPT mechanism.

Keywords: excited state hydrogen bond; excited state double proton transfer; atomic electronegativity;
charge reorganization; potential energy surface

1. Introduction

As one of the most elementary chemical events, proton transfer (PT) should be ubiqui-
tous throughout nature—which is very significant due to its reversibility [1]. In particular,
excited state intramolecular proton transfer (ESIPT) is recognized as being vital in the
excited-state dynamics field via its photo-induced excitation behaviors [2–4]. Undeni-
ably, among the photochemical and photophysical reactions of organic compounds, ESIPT
tautomerism between a proton donor and acceptor is one of the most studied and most
promising photoreactions. For organic compounds with ESIPT characteristics, the most use-
ful result after excitation may be the double fluorescence phenomenon. Short wavelength
fluorescence is derived from the initial structure, while the long wavelength emission is
derived from the proton-transfer tautomer structure. It has to be said that the isomer struc-
ture before and after proton transfer is in transient dynamic equilibrium in the excited state,
while they own different electronic structural properties. It is because of this characteristic
that ESIPT compounds exhibit different spectral behaviors in different surrounding envi-
ronments. Due to the large Stokes shift (i.e., 6000–12,000 cm−1) [5], the easily modulated
switching between these two fluorescence configurations greatly promotes the design of
novel photoelectric materials, the screening of fluorescent probe materials, the preparation
of single molecules in LEDs, etc. [6–10].

There is no denying that applications toward chemical sensing should be by far the
most important aspect of ESIPT probes, which has been demonstrated in the detection of
environmental molecules and biomolecules [11–14]. As we all know, multi-hydrogen bonds
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cannot be avoided in practical applications—especially in real environments or in vivo.
Therefore, the application of chemical sensing in environments where multiple hydrogen
bonding chains exist could be very complicated. Given the potential intrinsic properties
in the mimicking of proton dynamics in biological systems, in recent years, the ESIPT
behaviors involved in incorporating the transfer of two or more protons are of very great
interest and fascinatination [15]. As the most basic and simplest molecular model of multi-
proton transfer, a novel molecular system containing two intramolecular hydrogen bonds
and capable of excited state intramolecular double proton transfer (ESDPT) has attracted
much attention, as the clarification of the mechanism of this kind of ESDPT reaction has
laid a solid foundation for people to further explore the dynamics of multi-proton transfer
behaviors in biosystems [16–18]. Hypothetically, for ESDPT compounds, when the dual
protons are able to perform PT reactions in an excited state, the fluorescence peak of the
isomer structure with the double proton transfer might be larger than that of the isomer
structure with the single proton transfer, which reveals an interesting feature of perspective
biological labels and scintillators [19]. Particularly, these doubly active groups can, in fact,
have robust features—and in some cases better overall properties and applicability—than
mono ESIPT probes and other types of chemosensors. In addition, if fluorescence wave-
lengths can be larger than in the near-infrared (NIR) region, then such molecular materials
will be more practical, since the light in the NIR range possess the characteristics of fast
analysis speeds, a wide range of detection samples, high signal-to-noise ratios, and so
forth. In particular, for the applications of NIR light, sample pretreatment is simple or they
require no pretreatment, which cannot damage the sample that is to be tested and also
cannot pollute the surrounding environment. Thus, it is necessary to elaborate and regulate
relative ESDPT behaviors reasonably.

As is well known, in regulating the excited state dynamic behaviors of complex
molecules, the push–pull electronic groups are usually substituted to change the surround-
ing environments (i.e., solvent effects or pH values), to extend π-conjugation structures
and so forth [20–24]. Nevertheless, it is relatively uncommon to regulate the excited state
process by changing the atomic electronegativity. There is no denying that fluorescent
molecular probes containing oxygen group elements have been shown to be very signifi-
cant in the field of detection for biologically important analytes [25–27]. For fluorophores
with ESIPT reaction characteristic, Meng and coworkers explored the sulfur-substituent
3-hydroxythioflavone experimentally [28], which revealed the occurrence of ESIPT and
that the large redshift of the proton-transfer tautomer could be largely affected by the low
atomic electronegativity of the sulfur atom compared with the oxygen atom. Moreover, Sun
and colleagues clarified the tunable ESIPT behavior and the related antioxidant activities of
3-hydroxyflavone derivatives from a computational point of view [29]. Cao and cowork-
ers also reported a computational investigation of the atomic electronegativity-regulated
ESIPT reaction and antioxidant activity of the myricetin fluorophore [30]. Even though
the classical work by Lee and coworkers reported the reactional activity of organic com-
pounds having a certain correlation with atomic electronegativity [31], until now, there
have been limited reports on atomic electronegativity being associated with ESDPT reac-
tions experimentally and theoretically. Kungwan and coworkers reported a computational
investigation on the excited state mechanism and dynamical behaviors of the typical bis(2′-
benzothiazolyl)hydroquinone (BBTHQ) compound, which showed the ESDPT process in
the S1 state [32]. In fact, only the stepwise ESDPT path was considered in Ref. [32]; the
possibility of synergistic dual PT behavior was neglected. Inspired by the potential atomic
electronegativity-regulated ESDPT behaviors and the significance of the overall dynamics
of BBTHQ itself, in this work, we take BBTHQ as the target molecule for probing into the ef-
fects of the atomic electronegativity of oxygen group elements on ESDPT behavior in detail.
In this work, we mainly focus on exploring and clarifying ESDPT behaviors associated with
the different atomic electronegativities of oxygen group elements (O, S and Se) stemming
from photoexcitation, as shown in Scheme 1. It is undeniable that the molecular structure
of BBTHQ itself possesses symmetry, so to avoid symmetrical excited-state behavior caused
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by this symmetry, we only investigate the structures after unilateral replacement by the O,
S and Se elements. As shown in Figure 1, the BBTHQ-SO, BBTHQ-SS (i.e., BBTHQ itself),
and BBTHQ-SSe are present. Using density functional theory (DFT) and time-dependent
DFT (TD-DFT) methods, we clarify the presence of photo-induced behaviors and an ESDPT
mechanism associated with atomic electronegativity for the BBTHQ-SO, BBTHQ-SS, and
BBTHQ-SSe compounds.
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2. Results and Discussion
2.1. Photo-Induced Hydrogen Bonding Strengthening

In Figure 1, we show the main research objects of this work—i.e., BBTHQ-SO, BBTHQ-
SS and BBTHQ-SSe. Meanwhile, the proton-transfer tautomers of these three compounds
are shown in Figure S1, ESI† (Supplementary Materials). Firstly, before making a compre-
hensive study, it was necessary to examine the choice of functional, because a reasonable
choice of functional can truly reveal the full picture of the excited state dynamics. To
vividly describe these dynamics and for comparison with the experimental absorption
peak of BBTHD-SS [32], the most common different functionals were adopted to probe the
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vertical excitation features (listed in Table S1, ESI†, Supplementary Materials)—including
PBE0 [33], Cam-B3LYP [34], M062X [35], mPW1PW91 [36] andωB97XD [37]. The closest to
the experimental value (440 nm) was 446 nm with the B3LYP, which confirms the rationality
and correctness of adopting the B3LYP functional to explore BBTHQ and its derivatives in
this work.

It is well known that the variations of hydrogen bonding structural parameters before
and after photoexcitation can reflect the excited state activity of molecules [38]; therefore,
we first investigated the structural changes in the intramolecular double hydrogen bonds
in the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe compounds between the S0 and S1 states.
In Table 1, we present the optimized molecular structural parameters related to the dual
intramolecular hydrogen bonds (O1-H2· · ·N3 and O4-H5· · ·N6) in both the S0 and S1
states for BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe. Similarly, the structural parameters
of the optimized PT tautomers involved in BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe are
listed in Tables S2–S4, ESI† (Supplementary Materials). Compared with the case of the
S0 state, although it can be seen that the dual hydroxy lengths were elongated and that
the distances of the hydrogen bonds H2· · ·N3 and H5· · ·N6 were shortened with the
augmentation of the bond angles (∆(O1-H2· · ·N3) and ∆(O4-H5· · ·N6)) in the S1 state, it is
worth noting that the degree of the structural changes in the BBTHQ-SO, BBTHQ-SS and
BBTHQ-SSe should be different. In fact, it could be clearly seen that the variables of the
H2· · ·N3 lengths were 0.11849 Å, 0.13823 Å and 0.14262 Å for the BBTHQ-SO, BBTHQ-SS
and BBTHQ-SSe fluorophores going from the S0 to the S1 state—while for the H5· · ·N6
distances, in the same time, the variables were 0.14178 Å, 0.13823 Å and 0.13614 Å. This
indicates that although photoinduced excitation can increase the strength of hydrogen
bonds in the excited state [38], for BBTHQ-SO, the strengthening of the O4-H5· · ·N6
increased significantly—while for BBTHQ-SSe, the strengthening of the O1-H2· · ·N3 was
more obvious.

Table 1. Parameters of the bond lengths (Å) and bond angles (∆◦) involved in O1-H2· · ·N3 and
O4-H5· · ·N6 for the BBTHQ-SO, BBTHQ-SS and BBTHQ-Se forms in the S0 and S1 states.

BBTHQ-SO BBTHQ-SS BBTHQ-SSe

S0 S1 S0 S1 S0 S1

O1-H2 0.98488 1.01016 0.98858 1.02371 0.98914 1.02617
H2· · ·N3 1.80813 1.68964 1.75430 1.61607 1.74982 1.60720

O4-H5 0.98870 1.02551 0.98858 1.02371 0.98865 1.02306
H5· · ·N6 1.75141 1.60963 1.75430 1.61607 1.75384 1.61770

∆(O1H2N3) 145.17 148.19 146.01 149.76 146.14 150.03
∆(O4H5N6) 146.04 150.09 146.01 149.76 146.01 149.71

In order to further qualitatively reveal the changes in the hydrogen bonding interac-
tions after photoexcitation, we further investigated the infrared (IR) stretching vibration
behavior of the hydroxyl moieties (O1-H2 and O4-H5) of the double hydrogen bonds. Con-
sidering the practicability and correctness of the IR vibration spectrum for clarifying the
strength of the chemical bonds between the ground state and the excited states [39–45], the
IR results of the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe are shown in Figure 2. Obviously,
the stretching IR results of the hydroxyl group all showed a redshift in the S1 state, which
reveals that photoexcitation can indeed cause excited-state hydrogen bonding interactions
to become stronger. It is noteworthy that for BBTHQ-SO, the IR of the O4-H5 had a larger
redshift than that of the O1-H2—while for BBTHQ-SSe, the IR of the O1-H2 showed a larger
redshift than that of the O4-H5.
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To provide intuitive information concerning hydrogen bond strength from a quantita-
tive perspective, based on the electron localization function (ELF) [46], we also calculated
the core-valence bifurcation (CVB) index of the dual hydrogen bonds O1-H2· · ·N3 and
O4-H5· · ·N6 in the S0 and S1 states. As listed in Table 2, the present simulated CVB in-
dexes could be obtained using Multiwfn software (Version 3.8) [47]. Generally, hydrogen
bonds can be written as D-H···A, where D is the hydrogen bond donor atom and A is
the hydrogen bond acceptor atom. ELF (C-V, D) represents the value of the core value
dichotomy on the D atom, ELF (DH-A) represents the value of dichotomy between V (D, H)
and V (A), where V (D, H) is the valence basin composed of the D and H bonded with it
and V (A) is the valence basin of the atom. According to the Multiwfn software [47], the
CVB index could be expressed as follows: CVB index = ELF(C−V, D)− ELF(DH−A).
In agreement with the widely accepted conclusion, CVB is generally negative when the
hydrogen bond present is extremely strong and has covalent characteristics. If hydrogen
bonds shows a medium strength, the CVB value will be near 0. A positive value on the
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CVB index indicates weaker hydrogen bonding interactions [46], and the more negative the
CVB index, the stronger the hydrogen bond [47]. From Table 2, it could be clearly seen that
the dual hydrogen bonds O1-H2· · ·N3 and O4-H5· · ·N6 of the BBTHQ-SO, BBTHQ-SS and
BBTHQ-SSe belonged to strong hydrogen bonding interactions in both the S0 and S1 states.
Furthermore, the CVB index of the S1 state was more negative than that of the S0 state,
indicating that the dual hydrogen bonds O1-H2· · ·N3 and O4-H5· · ·N6 were enhanced in
the S1 state. The most remarkable thing is that the S1-state CVB value of the O4-H5· · ·N6
was more negative than that of the O1-H2· · ·N3 one for the BBTHQ-SO; however, the
S1-state CVB value of the O1-H2· · ·N3 was more negative than that of the O4-H5· · ·N6 for
the BBTHQ-SSe. This result could again confirm the conclusion mentioned above that the
O4-H5· · ·N6 of BBTHQ-SO and the O1-H2· · ·N3 of BBTHQ-SSe should be further enhanced
following photoexcitation.

Table 2. Simulated ELF(C-V,D), ELF(DH-A) and CVB parameters related to the O1-H2· · ·N3 and
O4-H5· · ·N6 of the BBTHQ-SO, BBTHQ-SS and BBTHQ-Se compounds in the S0 and S1 states.

BBTHQ-SO BBTHQ-SS BBTHQ-SSe

S0 S1 S0 S1 S0 S1

O1-H2· · ·N3

ELF(C-V,D) 0.0993 0.1010 0.1010 0.1035 0.1011 0.1038
ELF(DH-A) 0.1592 0.2240 0.1888 0.2826 0.1932 0.2929
CVB index −0.0599 −0.1230 −0.0878 −0.1791 −0.0921 −0.1891

O4-H5· · ·N6

ELF(C-V,D) 0.1010 0.1036 0.1010 0.1035 0.1010 0.1034
ELF(DH-A) 0.1901 0.2876 0.1888 0.2826 0.1891 0.2811
CVB index −0.0891 −0.1840 −0.0878 −0.1791 −0.0881 −0.1777

2.2. Vertical Excitation

For further probing into the atomic electronegativity-associated effects on the pho-
tophysical properties for the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe compounds, here,
we mainly focused on simulating the vertical excitation behavior in a hexane solvent.
The transition properties of the absorption behaviors of the BBTHQ-SO, BBTHQ-SS and
BBTHQ-SSe are listed in Table S5, ESI† (Supplementary Materials). It could be seen that the
maximum absorption peaks of these three compounds were located at 433.30 nm, 446.18 nm
and 450.46 nm, respectively. This indicates that the maximum absorption peak should be
redshifted with decreases in atomic electronegativity according to the order (O→ S→ Se).

Moreover, to further uncover the charge redistribution behavior resulting from pho-
toexcitation [48–56], we also explored the frontier molecular orbitals (MOs) for the BBTHQ-
SO, BBTHQ-SS and BBTHQ-SSe compounds. Since the S0 → S1 transition could mainly be
reflected by the HOMO→ LUMO transition with an orbital contribution greater than 98%,
shown in Table S2, we only present the HOMO and LUMO orbitals for the BBTHQ-SO,
BBTHQ-SS and BBTHQ-SSe in Figure 3. Clearly, all the HOMOs and LUMOs exhibited π
and π* features, respectively. Attentively, during the HOMO→ LUMO transition for the
three compounds, the electronic densities over the O1 and O4 atoms decreased, whereas
those over the N3 and N6 atoms increased in the meantime. To visualize this kind of
intramolecular charge transfer (ICT) behavior, the charge density difference (CDD) results
for the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe were considered between the S1 and S0
states, with the isovalue set to 0.005 (seen in Figure 3). The yellow moieties of the CDD
indicate increased charge densities, while the blue regions represent reductions in charge
densities during the S0 → S1 transition. Apparently, after photoexcitation, the driving force
could be induced by the net charge densities shifting from hydroxy moieties to N3 and
N6 atoms, which could facilitate the ESPT reaction for the BBTHQ-SO, BBTHQ-SS and
BBTHQ-SSe.
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The ESIPT phenomenon should be, essentially, the result of heavy atoms being af-
fected by light, causing changes in their electron charge and other properties. By utilizing
advanced techniques such as Mulliken’s charge analysis and NPA charge methods to
investigate hydrogen bonding moieties within the target molecules, we may be able to
gain a better understanding of how this entire process works. The computational Mul-
liken’s charge and NPA charge of the O1, H2, N3, O4, H5 and N6 atoms for the BBTHQ-SO,
BBTHQ-SS and BBTHQ-SSe compounds are listed in Table 3. Comparing the results of
the simulated Mulliken’s charge and the NPA charge, it is not difficult to find that the
results of the two different methods are consistent in their changing behavior. Here, we can
clearly see that after photoexcitation, the negative charge of the hydrogen bonding donor
O atoms increased, while the negative charge of the hydrogen bonding acceptor N atoms
decreased. It is worth noting that for the BBTHQ-SO, the change in the negative charge of
the N6 atom was significantly larger than that of the N3 atom between the S0 and S1 states.
Meanwhile, in the BBTHQ-SSe molecule, the change in the negative charge of the N3 atom
was significantly larger than that of the N6 atom. This is consistent with the conclusion
obtained from the above structural analysis (i.e., the O4-H5· · ·N6 of BBTHQ-SO and the
O1-H2· · ·N3 of BBTHQ-SSe should be further enhanced via photoexcitation).

Table 3. The Mulliken’s charge and NPA charge of the O1, H2, N3, O4, H5 and N6 atoms for the
BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe compounds in hexane solvent in both the S0 and S1 states.

Mulliken’s Charge NPA Charge

Atoms S0 S1 S0 S1

BBTHQ-SO

O1 −0.282 −0.276 −0.652 −0.650
H2 0.297 0.297 0.505 0.503
N3 −0.148 −0.151 −0.492 −0.496
O4 −0.283 −0.279 −0.653 −0.651
H5 0.305 0.305 0.502 0.497
N6 −0.109 −0.121 −0.471 −0.477

BBTHQ-SS

O1 −0.284 −0.280 −0.654 −0.652
H2 0.304 0.305 0.503 0.497
N3 −0.112 −0.123 −0.471 −0.478
O4 −0.284 −0.280 −0.654 −0.652
H5 0.304 0.305 0.503 0.497
N6 −0.112 −0.123 −0.471 −0.478

BBTHQ-SSe

O1 −0.284 −0.280 −0.654 −0.653
H2 0.305 0.305 0.503 0.497
N3 −0.122 −0.135 −0.471 −0.479
O4 −0.285 −0.280 −0.653 −0.652
H5 0.304 0.304 0.502 0.496
N6 −0.113 −0.124 −0.478 −0.485
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2.3. ESDPT Behaviors

Although the strengthened hydrogen bond and photo-induced charge recombination
can reflect the occurrence of an ESPT reaction, the specific excited state dynamical process
is unclear. Therefore, in this part, we mainly focus on clarifying the relevant ESPT reaction
mechanism. Due to the existence of the double hydrogen bonds O1-H2· · ·N3 and O4-
H5· · ·N6 in the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe, the ESDPT process is naturally
the focus of this work. Along with dual hydrogen bonding paths, we constructed the
potential energy surfaces (PESs) of both the S0 and S1 states for these three compounds
using a restrictive optimization method [57–60]. To be more specific, by limiting the bond
length of the O1-H2 and O4-H5 from 0.90 Å to 2.10 Å in accordance with a step size of
0.10 Å to optimize the overall structures, the PESs formed by the reaction coordinate of the
O1-H2 and O4-H5 could be sufficient to illustrate the overall kinetic process involved in this
work for BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe in the S0 and S1 states. The S0-state PESs
are shown in Figure S2, ESI† (Supplementary Materials). In fact, with the increase of the
length of the O1-H2 and O4-H5 bonds, we can clearly see that the total potential energy was
constantly increasing, which indicates that BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe cannot
undergo a forward proton transfer reaction in the S0 state. However, due to photoexcitation,
the three compounds exhibited significantly different dynamic behaviors in the S1 state
compared with the S0 state.

As shown in Figure 4, we present the S1-state PESs of the BBTHQ-SO, BBTHQ-SS and
BBTHQ-SSe. In addition, for the sake of narration, we also present the projective plane of
the S1-state PES in Figure 4. In the S1-state projective plane, we marked A, B, C and D labels
to denote the optimized initial structure, the single proton-transfer form along with the
hydrogen bond O4-H5· · ·N6, the single proton-transfer tautomer along with the hydrogen
bond O1-H2· · ·N3 and the dual proton-transfer configuration for the three compounds,
respectively. It is not difficult to see that the rigid symmetrical molecular structure resulted
in symmetrical PESs, such as in the S0-state and S1-state BBTHQ-SS fluorophore—while for
the BBTHQ-SO and BBTHQ-SSe, the PESs were not symmetrical, as the structures were
non-symmetrical. From Figure 4, we can clearly see that the synergetic ESDPT behavior
was inhibited, as the potential barrier of the single ESIPT path (A → B or A → C) was
significantly lower than that of the synergetic ESDPT path for BBTHQ-SO, BBTHQ-SS
and BBTHQ-SSe. Accordingly, the synergistic ESDPT reaction path could be excluded in
this work.

In the S1-state PESs, our results showed that the population of the dual proton-transfer
isomer increased with decreasing atomic electronegativity from O to S to Se, which revealed
that the stepwise ESDPT behavior can be regulated by atomic electronegativity. To further
reveal the different potential barriers of the stepwise ESDPT reaction for BBTHQ-SO,
BBTHQ-SS and BBTHQ-SSe, here, we listed the potential energy barriers of the stepwise
double proton transfer in Table 4. To be more specific, although it can be seen from the
barrier size that stepwise ESDPT could occur along with A→ C→ D or A→ B→ D, the
main ESDPT pathways of the three compounds were different. For BBTHQ-SO, compared
with the 3.5574 kcal/mol of the A→ C path, the A→ B path with a barrier 1.7520 kcal/mol
was preferred. This is consistent with the previous conclusion that the O4-H5· · ·N6 is
strengthened to be more intensive in the S1 state. While for BBTHQ-SSe, the opposite was
true, i.e., the first ESIPT process was performed through the A→ C path. For BBTHQ-SS,
due to the symmetry itself, the first ESIPT reaction along with A→ C or A→ B should be
equal. In brief, we were able to clearly unveil that BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe
undergo the stepwise ESDPT process. More importantly, we further present the atomic
electronegativity-controlled stepwise ESDPT for BBTHQ derivatives.
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Figure 4. (a) Constructed S1-state PES for BBTHQ-SO; (b) The projective plane of the S1-state PES of
BBTHQ-SO; (c) Constructed S1-state PES for BBTHQ-SS; (d) The projective plane of the S1-state PES
of BBTHQ-SS; (e) Constructed S1-state PES for BBTHQ-SSe; (f) The projective plane of the S1-state
PES of BBTHQ-SSe. The minimum points (A, B, C, and D) have been marked on the projective plane,
respectively.

Table 4. The calculated S1-state stepwise ESDPT potential barriers (kcal/mol) for the BBTHQ-SO,
BBTHQ-SS and BBTHQ-Se compounds.

BBTHQ-SO BBTHQ-SS BBTHQ-SSe

A→ C 3.5574 1.8323 1.5976
C→ D 1.9277 1.9971 2.0237
A→ B 1.7520 1.8323 1.9976
B→ D 3.8121 1.9971 1.7131
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3. Computational Methods

In this work, all simulations were performed using Gaussian 16 software [61]. DFT
and TD-DFT methods were carried out to explore the S0-state and S1-state calculations
based on the B3LYP functional and TZVP basis set, respectively [62–65]. In order to
account for dispersion forces in all the results, the D3 version of Grimme’s dispersion
was taken into account in all calculations [66,67]. Given the hexane solvent mentioned in
a previous work [32], in this paper, hexane was used throughout all the simulations by
using the integral equation formal variables of the polarizable continuum model (IEFPCM)
model [68–70]. During the functional testing processes, in addition to B3LYP, we also
considered the following common functionals: PBE0 [33], Cam-B3LYP [34], M062X [35],
mPW1PW91 [36] and ωB97XD [37]. Based on the results of the infrared (IR) vibrational
spectrum, all the optimized structures were non-virtual frequency, which successfully
confirmed the stability of all the structures in this work. The photo-induced vertical
excitation results were obtained based on optimized S0-state structures using the TD-DFT
method, considering six low-lying absorption transitions, which revealed the features of
the charge redistribution via frontier molecular orbitals (MOs). To interpret the ESDPT
behaviors of the BBTHQ-SO, BBTHQ-SS, and BBTHQ-SSe fluorophores, we adopted the
method of constructing potential energy surfaces (PESs) along with dual intramolecular
hydrogen bonds (O1-H2· · ·N3 and O4-H5· · ·N6), based on the restrict optimization method.

4. Conclusions

In summary, we mainly studied the variations in the dual hydrogen bonding behaviors
and ESDPT reaction dynamics of atomic electronegativity-associated BBTHQ in hexane
solvent after photoexcitation from a computational perspective. Focusing on geometrical
variations and IR spectral shifts, we firstly judged the S1-state hydrogen bonding strength-
ening behavior. Based on the simulations of the CVB index, we further determined that
low atomic electronegativity could contribute to hydrogen-bonding enhancement in the S1
state. It is worth noting for BBTHQ-SO, the strengthening of the O4-H5· · ·N6 increased
significantly, while for BBTHQ-SSe, the strengthening of the O1-H2· · ·N3 was more obvi-
ous. Looking into the charge recombination induced by photoexcitation, we confirmed the
favorable ESDPT tendency stemming from charge reorganization related to dual hydrogen
bonding regions, which promote the ESDPT reaction. Then, to further explain the excited
state dynamical reactions, we successfully uncovered the stepwise ESDPT mechanism by
constructing the PESs for the BBTHQ-SO, BBTHQ-SS and BBTHQ-SSe compounds. Even
though the stepwise ESDPT reaction was performed for three compounds, they mainly
follow their own different paths. We not only elaborated the excited state dynamical be-
havior of the BBTHQ derivatives in detail, but also presented and unveiled the atomic
electronegativity-dependent stepwise ESDPT mechanism. We sincerely wish our work
may pay the way for the design and development of novel potential applications for novel
2-(2′-hydroxyphenyl)benzothiazole (HBT) derivatives.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/molecules28165951/s1. Figure S1: View of the proton-transfer
configurations. BBTHQ-SO-PT1: single proton-transfer BBTHQ-SO along with O1-H2· · ·N3; BBTHQ-
SO-PT2: single proton-transfer BBTHQ-SO along with O4-H5· · ·N6; BBTHQ-SO-DPT: double
proton-transfer BBTHQ-SO along with O1-H2· · ·N3 & O4-H5· · ·N6; BBTHQ-SS-PT: single proton-
transfer BBTHQ-SS along with O1-H2· · ·N3 or O4-H5· · ·N6; BBTHQ-SS-DPT: double proton-transfer
BBTHQ-SS along with O1-H2· · ·N3 & O4-H5· · ·N6; BBTHQ-SSe-PT1: single proton-transfer BBTHQ-
SSe along with O1-H2· · ·N3; BBTHQ-SSe-PT2: single proton-transfer BBTHQ-SSe along with O4-
H5· · ·N6; BBTHQ-SSe-DPT: double proton-transfer BBTHQ-SSe along with O1-H2· · ·N3 & O4-
H5· · ·N6. Figure S2: The constructed S0-sate PES for BBTHQ-SO (a), BBTHQ-SS (b) and BBTHQ-SSe
(c). Table S1: Experimental and calculated maximum absorption peaks (nm) of BBTHQ in hexane
solvent by TDDFT method with different functionals at TZVP basis set. Table S2: Vertical excitation
energies (λ nm), oscillator strength (f ), transition compositions and percentages for BBTHQ-SO,
BBTHQ-SS and BBTHQ-Se compounds in hexane solvent. Table S3: Parameters of bond lengths (Å)

https://www.mdpi.com/article/10.3390/molecules28165951/s1
https://www.mdpi.com/article/10.3390/molecules28165951/s1
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and bong angles (∆◦) involved in dual hydrogen bonds for BBTHQ-SS-PT and BBTHQ-SS-DPT forms
in S0 and S1 states. Table S4: Parameters of bond lengths (Å) and bong angles (∆◦) involved in dual
hydrogen bonds for BBTHQ-SSe-PT1, BBTHQ-SSe-PT2 and BBTHQ-SSe-DPT forms in S0 and S1
states. Table S5: Vertical excitation energies (λ nm), oscillator strength (f), transition compositions
and percentages for BBTHQ-SO, BBTHQ-SS and BBTHQ-Se compounds in hexane solvent.

Author Contributions: J.Z.: Conceptualization, Methodology, Data Analysis, Writing—Review and
Editing, Validation and Supervision. C.L.: Quantum Chemical Simulations, Methodology, Data
Analysis and Writing—Review and Editing. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the General Program of the Education Department of Liaoning
Province (Grant No. LJKMZ20221473) and the Major Incubation Program of Shenyang Normal
University (Grant No. ZD202304).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is available on request from the corresponding author.

Acknowledgments: We are grateful to the General Program of the Education Department of Liaoning
Province (Grant No. LJKMZ20221473) and the Major Incubation Program of Shenyang Normal
University (Grant No. ZD202304).

Conflicts of Interest: There are no conflict of interest to declare.

Sample Availability: Not applicable.

References
1. Demchenko, A.; Tang, K.; Chou, P. Excited-state proton coupled charge transfer modulated by molecular structure and media

polarization. Chem. Soc. Rev. 2013, 42, 1379–1408. [CrossRef]
2. Hammes-Schiffer, S.; Stuchebrukhov, A. Theory of coupled electron and proton transfer reactions. Chem. Rev. 2010, 110, 6939–6960.

[CrossRef] [PubMed]
3. Zhou, P.; Han, K. Unraveling the detailed mechanism of excited-state proton transfer. Acc. Chem. Res. 2018, 51, 1681–1690.

[CrossRef] [PubMed]
4. Tanner, C.; Mance, C.; Leutwyler, S. Probing the threshold to H atom transfer along a hydrogen-bonded ammonia wire. Science

2003, 302, 1736–1739. [CrossRef]
5. Tomin, V.; Denchenko, A.; Chou, T. Thermodynamic vs. kinetic control of excited-state proton transfer reactions. J. Photochem.

Photobiol. C 2015, 22, 1–18. [CrossRef]
6. Murale, D.; Kim, H.; Choi, W.; Churchill, D. Highly selective excited state intramolecular proton transfer (ESIPT)-based superoxide

probing. Org. Lett. 2013, 15, 3946–3949. [CrossRef]
7. Kim, K.; Tsay, O.; Atwood, D.; Churchill, D. Destruction and detection of chemical warfare agents. Chem. Rev. 2011, 111, 5345–5403.

[CrossRef]
8. Liu, Z.; Hu, J.; Huang, C.; Huang, T.; Chen, D.; Ho, S.; Chen, K.; Li, E.; Chou, P. Sulfur-based intramolecular hydrogen-bond:

Excited-state hydrogen-bond on/off switch with dual room-temperature phosphorescence. J. Am. Chem. Soc. 2019, 141, 9885–9894.
[CrossRef]

9. Zhao, J.; Yang, Y.; Li, L.; Zhang, H. Theoretical insights into excited-state stepwise double proton transfer associated with solvent
polarity for 2-bis(benzothia-zolyl)naphthalene-diol compound. ChemistrySelect 2023, 8, 202301202. [CrossRef]

10. Chen, Y.; Tang, K.; Chen, Y.; Shen, J.; Wu, Y.; Liu, S.; Lee, C.; Chen, C.; Lai, T.; Tung, S.; et al. Insight into the mechanism and
outcoupling enhancement of excimer-associated white light generation. Chem. Sci. 2016, 7, 3556. [CrossRef]

11. Li, G.; Chu, T. TD-DFT study on fluoride-sensing mechanism of 2-(2′-phenylureaphenyl)benzoxazole: The way to inhibit the
ESIPT process. Phys. Chem. Chem. Phys. 2011, 13, 20766–20771. [CrossRef] [PubMed]

12. Jain, N.; Sonawane, P.; Liu, H.; Roychaudhury, A.; Lee, Y.; An, J.; Kim, D.; Kim, D.; Kim, Y.; Kim, Y.; et al. “Lighting up” fluoride:
Cellular imaging and zebrafish model interrogations using a simple ESIPT-based mycophenolic acid precursor-based probe.
Analyst 2023, 148, 2609–2615. [CrossRef] [PubMed]

13. Kim, Y.; Choi, M.; Seo, S.; Manjare, S.; Jon, S.; Churchill, D. A selective fluorescent probe for cysteine and its imaging in live cells.
RSC Adv. 2014, 4, 64183–64186. [CrossRef]

14. Li, G.; Han, K. The sensing mechanism studies of the fluorescent probes with electronically excited state calculations. WIREs
Comput. Mol. Sci. 2018, 8, 1351. [CrossRef]

15. Serdiuk, I.; Roshal, A. Exploring double proton transfer: A review on photochemical features of compounds with two proton-
transfer sites. Dye. Pigment. 2017, 138, 223–244. [CrossRef]

https://doi.org/10.1039/C2CS35195A
https://doi.org/10.1021/cr1001436
https://www.ncbi.nlm.nih.gov/pubmed/21049940
https://doi.org/10.1021/acs.accounts.8b00172
https://www.ncbi.nlm.nih.gov/pubmed/29906102
https://doi.org/10.1126/science.1091708
https://doi.org/10.1016/j.jphotochemrev.2014.09.005
https://doi.org/10.1021/ol4017222
https://doi.org/10.1021/cr100193y
https://doi.org/10.1021/jacs.9b02765
https://doi.org/10.1002/slct.202301202
https://doi.org/10.1039/C5SC04902D
https://doi.org/10.1039/c1cp21470e
https://www.ncbi.nlm.nih.gov/pubmed/21996924
https://doi.org/10.1039/D3AN00646H
https://www.ncbi.nlm.nih.gov/pubmed/37190984
https://doi.org/10.1039/C4RA12981D
https://doi.org/10.1002/wcms.1351
https://doi.org/10.1016/j.dyepig.2016.11.028


Molecules 2023, 28, 5951 12 of 13

16. Crespo-Otero, R.; Kungwan, N.; Barbatti, M. Stepwise double excited-state proton transfer is not possible in 7-azaindole dimer.
Chem. Sci. 2015, 6, 5762–5767. [CrossRef]

17. Zhao, J.; Chen, J.; Cui, Y.; Wang, J.; Xia, L.; Dai, Y.; Song, P.; Ma, F. A questionable excited-state double-proton transfer mechanism
for 3-hydroxyisoquinoline. Phys. Chem. Chem. Phys. 2015, 17, 1142–1150. [CrossRef]

18. Zhao, J.; Dong, H.; Zheng, Y. Elaborating the excited state multiple proton transfer mechanism for 9H-pyrido[3,4-b]indole.
J. Lumin. 2018, 195, 228–233. [CrossRef]

19. Liu, H.; Wang, S.; Zhu, C.; Lin, S. A TDDFT study on the excited-state double proton transfer reaction of 8-hydroxyquinoline
along a hydrogen-bonded bridge. New J. Chem. 2017, 41, 8437–8442. [CrossRef]

20. Shang, C.; Sun, C. Substituent effects on photophysical properties of ESIPT-based fluorophores bearing the 4-dithylaminosalicylald-
ehyde core. J. Mol. Liq. 2022, 367, 120477. [CrossRef]

21. Yang, Y.; Li, D.; Li, C.; Liu, Y.; Jiang, K. Photoexcitation effect on the absorption of hazardous gases on silica surface. J. Hazard.
Mater. 2018, 341, 93–101. [CrossRef] [PubMed]

22. Zhou, P.; Li, P.; Zhao, Y.; Han, K.K. Restriction of flip-flop motion as a mechanism for aggregation-induced emission. J. Phys.
Chem. Lett. 2019, 10, 6929–6935. [CrossRef] [PubMed]

23. Xin, X.; Shi, W.; Zhao, Y.; Zhao, G.; Li, Y. Theoretical insights into the excited-state single and double proton transfer processes of
DEASH in water. Chem. Phys. 2023, 570, 111882. [CrossRef]

24. Han, J.; Liu, X.; Sun, C.; Li, Y.; Yin, H.; Shi, Y. Ingenious modification of molecular structure effectively regulates excited-state
intramolecular proton and charge transfer: A theoretical study based on 3-hydroxyflavone. RSC Adv. 2018, 8, 29589–29597.
[CrossRef] [PubMed]

25. Manjare, S.; Kim, Y.; Churchill, D. Selenium- and tellurium- containing fluorescent molecular probes for the detection of
biologically important analytes. Acc. Chem. Res. 2014, 47, 2985–2998. [CrossRef]

26. An, J.; Chung, A.; Churchill, D. Nontoxic levels of Se-containing compounds increase survival by blocking oxidative and
inflammoatory stresses via signal pathways whereas high level of Se induce apoptosis. Molecules 2023, 28, 5234. [CrossRef]

27. Lou, Z.; Li, P.; Han, K. Redox-responsive fluorescent probes with different design strategies. Acc. Chem. Res. 2015, 48, 1358–1368.
[CrossRef]

28. Meng, F.; Chen, Y.; Chen, C.; Chou, P. Syntheses and excited-state intramolecular proton transfer of 3-hydroxythioflavone and its
sulfone analogue. ChemPhotoChem 2018, 2, 475–480. [CrossRef]

29. Sun, C.; Zhao, H.; Liu, X.; Yin, H.; Shi, Y. Tunable ESIPT reaction and antioxidant activities of 3-hydroxyflavone and its derivatives
by altering atomic electronegativity. Org. Chem. Front. 2018, 5, 3435–3442. [CrossRef]

30. Cao, B.; Li, Y.; Zhou, Q.; Li, B.; Su, X.; Yin, H.; Shi, Y. Synergistically improving myricetin ESIPT and antioxidant activity via
dexterously trimming atomic electronegativity. J. Mol. Liq. 2021, 325, 115272. [CrossRef]

31. Lee, A.; Mercader, A.; Duchowicz, P.; Castro, E.; Pomilio, A. QSAR study of the DPPH radical scavenging activity of
di(hetero)arylamines derivatives of benzo[b]thiophenes, halophenols and caffeic acid analogues. Chemom. Intell. Lab. Syst. 2012,
116, 33–40. [CrossRef]

32. Chaihan, K.; Bui, T.; Goubard, F.; Kungwan, N. Tunable keto emission of 2-(2′-hydroxyphenyl)benzothiazole derivatives with π-
expansion, substitution and additional proton transfer site for excited-state proton transfer-based fluorescent probes: Theoretical
insights. J. Photochem. Photobiol. A 2021, 419, 113450. [CrossRef]

33. Perdew, J.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865–3868.
[CrossRef]

34. Yanai, T.; Tew, D.; Handy, N. A new hybrid exchange-correlation functional using the Coulomb-attenuating method (Cam-B3LYP).
Chem. Phys. Lett. 2004, 393, 51–57. [CrossRef]

35. Zhao, Y.; Truhlar, D. Comparative DFT study of van der Waals complexes: Rare-gas dimers, alkaline-earth dimers, zinc dimers,
and zinc-rare-gas dimers. J. Phys. Chem. A 2006, 110, 5121–5129. [CrossRef] [PubMed]

36. Lynch, B.; Fast, P.; Harris, M.; Truhlar, D. Adiabatic connection for kinetics. J. Phys. Chem. A 2000, 104, 4811–4815. [CrossRef]
37. Chai, J.; Head-Gordon, M. Long-range corrected hybrid density functionals with damped atom-atom dispersion corrections. Phys.

Chem. Chem. Phys. 2008, 10, 6615–6620. [CrossRef]
38. Zhao, G.; Han, K. Hydrogen bonding in the electronic excited state. Acc. Chem. Res. 2012, 45, 404–413. [CrossRef]
39. Tang, Z.; Bai, T.; Zhou, P. Sensing mechanism of a fluorescent probe for cysteine: Photoinduced electron transfer and invalidity of

excited-state intramolecular proton transfer. J. Phys. Chem. A 2020, 124, 6920–6927. [CrossRef]
40. Yang, Y.; Jiang, Z.; Liu, Y.; Guan, T.; Zhang, Q.; Qin, C.; Jiang, K.; Liu, Y. Transient absorption spectroscopy of a carbazole-based

room-temperature phosphorescent molecule: Real-time monitoring of single-triplet transitions. J. Phys. Chem. Lett. 2022,
13, 9381–9389. [CrossRef]

41. Yang, Y.; Zhang, Q.; Liu, Y.; Jiang, Z.; Qin, C.; Jiang, K.; Liu, Y. Ultrafast dynamics of dual fluorescence of 2-(2’-hydroxyphenyl)
benzothiazole and its derivatives by femtosecond transient absorption spectroscopy. J. Lumin. 2022, 248, 118922. [CrossRef]

42. Tang, Z.; Yang, Y.; Yang, Y.; Wang, Y.; Tian, J.; Fei, X. Theoretical investigation of twisted charge-transfer-promoted intramolecular
proton transfer in the excited state of 4′-dimethylaminoflavonol in a highly polar solvent. J. Lumin. 2018, 194, 785–790. [CrossRef]

43. Yang, Y.; Liu, Y.; Feng, B.; Zhang, H.; Qin, C.; Yu, K.; Jiang, K.; Liu, Y. Discerning the multi-color fluorescence in donor-π-acceptor
molecules by femtosecond transient absorption spectroscopy. J. Lumin. 2022, 242, 118591. [CrossRef]

https://doi.org/10.1039/C5SC01902H
https://doi.org/10.1039/C4CP04135F
https://doi.org/10.1016/j.jlumin.2017.11.026
https://doi.org/10.1039/C7NJ01325F
https://doi.org/10.1016/j.molliq.2022.120477
https://doi.org/10.1016/j.jhazmat.2017.07.052
https://www.ncbi.nlm.nih.gov/pubmed/28772253
https://doi.org/10.1021/acs.jpclett.9b02922
https://www.ncbi.nlm.nih.gov/pubmed/31647671
https://doi.org/10.1016/j.chemphys.2023.111882
https://doi.org/10.1039/C8RA05812A
https://www.ncbi.nlm.nih.gov/pubmed/35547292
https://doi.org/10.1021/ar500187v
https://doi.org/10.3390/molecules28135234
https://doi.org/10.1021/acs.accounts.5b00009
https://doi.org/10.1002/cptc.201800066
https://doi.org/10.1039/C8QO00998H
https://doi.org/10.1016/j.molliq.2020.115272
https://doi.org/10.1016/j.chemolab.2012.03.016
https://doi.org/10.1016/j.jphotochem.2021.113450
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1016/j.cplett.2004.06.011
https://doi.org/10.1021/jp060231d
https://www.ncbi.nlm.nih.gov/pubmed/16610834
https://doi.org/10.1021/jp000497z
https://doi.org/10.1039/b810189b
https://doi.org/10.1021/ar200135h
https://doi.org/10.1021/acs.jpca.0c06171
https://doi.org/10.1021/acs.jpclett.2c02519
https://doi.org/10.1016/j.jlumin.2022.118922
https://doi.org/10.1016/j.jlumin.2017.09.051
https://doi.org/10.1016/j.jlumin.2021.118591


Molecules 2023, 28, 5951 13 of 13

44. Zhou, P.; Han, K. ESIPT-based AIE luminogens: Design strategies, applications, and mechanisms. Aggregate 2022, 3, 160.
[CrossRef]

45. Yang, Y.; Liu, Y.; Zhai, H.; Jia, X.; He, Y.; Ma, Q.; Zhang, R.; Liu, Y.; Jiang, K. Fluorescent behaviors and reaction mechanism of
10-hydroxybenzo[h]quinoline on the detection of phenylboronic acid. J. Lumin. 2020, 223, 117224. [CrossRef]

46. Fuster, F.; Silvi, B. Does the topological approach characterize the hydrogen bond? Theor. Chem. Acc. 2000, 104, 13–21. [CrossRef]
47. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef] [PubMed]
48. Dommett, M.; Crespo-Otero, R. Excited state proton transfer in 2′-hydroxychalcone derivatives. Phys. Chem. Chem. Phys. 2017,

19, 2409. [CrossRef]
49. Shekhovtsov, N.; Nikolaenkova, E.; Ryadun, A.; Samsonenko, D.; Tikhonov, A.; Bushuev, M. ESIPT-capable 4-(2-hydroxyphenyl)-

2-(pyridine-2-yl)-1H-imidazoles with single and double proton transfer: Synthesis, selective reduction of the imidazolic OH
group and luminescence. Molecules 2023, 28, 1793. [CrossRef]

50. Dommett, M.; Rivera, M.; Smith, M.; Crespo-Otero, R. Molecular and crystalline requirements for solid state fluorescence
exploiting excited state intramolecular proton transfer. J. Mater. Chem. C 2020, 8, 2558–2568. [CrossRef]

51. Tang, Z.; Wei, H.; Zhou, P. Effects of solvents on the excited state intramolecular proton transfer and hydrogen bond mechanisms
of alizarin and its isomers. J. Mol. Liq. 2020, 301, 112415. [CrossRef]

52. Zhou, P.; Tang, Z.; Li, P.; Liu, J. Unraveling the mechanism for tuning the fluorescence of fluorescein derivatives: The role of the
conical intersection and nπ* state. J. Phys. Chem. Lett. 2021, 12, 6478–6485. [CrossRef]

53. Zhao, Y.; Ding, Y.; Yang, Y.; Shi, Y.; Li, Y. Fluorescence deactivation mechanism for a new probe detecting phosgene based on
ESIPT and TICT. Org. Chem. Front. 2019, 6, 597–602. [CrossRef]

54. Zhang, Y.; Shang, C.; Cao, Y.; Sun, C. Quantum mechanics/molecular mechanics studies on the photoprotection mechanisms of
three chalcones. J. Mol. Liq. 2023, 372, 121165. [CrossRef]

55. Tang, Z.; Wang, X.; Liu, R.; Zhou, P. Theoretical investigations on the sensing mechanism of phenanthroimidazole fluorescent
probes for the detection of selenocysteine. Molecules 2022, 27, 8444. [CrossRef]

56. Wu, X.; Shi, W.; Yang, Y.; Zhao, D.; Li, Y. Multi-targeted fluorescent probes for detection of Zn(II) and Cu(II) ions based on ESIPT
mechanism. Spectrochim. Acta Part A 2023, 287, 122051. [CrossRef]

57. Peng, C.; Shen, J.; Chen, Y.; Wu, P.; Hung, W.; Hu, W.; Chou, P. Optically triggered stepwise double-proton transfer in an
intramolecular proton relay: A case study of 1,8-dihydroxy-2-naphthaldehyde. J. Am. Chem. Soc. 2015, 137, 14349–14357.
[CrossRef]

58. Zhao, J.; Chen, J.; Liu, J.; Hoffmann, M. Competitive excited-state single or double proton transfer mechanisms for bis-2,5-(2-
benzoxazolyl)-hydroquinone and its derivatives. Phys. Chem. Chem. Phys. 2015, 17, 11990–11999. [CrossRef]

59. Zhao, J.; Jin, B.; Tang, Z. Solvent-polarity-dependent conformation and ESIPT behaviors for 2-(benzimidazole-2-yl)-3-
hydroxychromone: A novel dynamical mechanism. Phys. Chem. Chem. Phys. 2022, 24, 27660–27669. [CrossRef] [PubMed]

60. Huang, J.; Yu, K.; Ma, H.; Chai, S.; Dong, B. Theoretical investigation of excited-state single and double proton transfer mechanisms
for 2,5-bis(benzoxazole-2-yl)thiophene-3,4-diol. Dye. Pigment. 2017, 141, 441–447. [CrossRef]

61. Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmani, G.; Barone, V.; Petersson, G.; Nakatsuji, H.;
et al. Gaussian 16; Revision C.01; Gaussian, Inc.: Wallingford, CT, USA, 2016.

62. Lee, C.; Yang, W.; Parr, R. Development of the Colle-Salvetti correlation-energy formula into a functional of the electron density.
Phys. Rev. B 1988, 37, 785–789. [CrossRef] [PubMed]

63. Miehlich, B.; Savin, A.; Stoll, H.; Preuss, H. Results obtained with the correlation energy density functionals of Becke and Lee,
Yang and Parr. Chem. Phys. Lett. 1989, 157, 200–206. [CrossRef]

64. Becke, A. Density-functional thermochemistry. III. The role of exact exchange. J. Chem. Phys. 1993, 98, 5648–5652. [CrossRef]
65. Feller, D. The role of databases in support computational chemistry calculations. J. Comput. Chem. 1996, 17, 1571–1586. [CrossRef]
66. Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion

correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 2010, 132, 154104. [CrossRef]
67. Grimme, S.; Ehrlich, S.; Goerigk, L. Effects of the damping function in dispersion corrected density functional theory. J. Comput.

Chem. 2011, 32, 1456–1465. [CrossRef]
68. Cammi, R.; Tomasi, J. Remarks on the use of the apparent surface charges (ASC) methods in solvation problems: Iterative versus

matrix-inversion procedures and renormalization of the apparent charges. J. Comput. Chem. 1995, 16, 1449–1458. [CrossRef]
69. Miertus, S.; Scrocco, E.; Tomasi, J. Electrostatic interaction of a solute with a continuum. A direct utilization of ab initio molecular

potentials for the prevision of solvent effects. Chem. Phys. 1981, 55, 117–129. [CrossRef]
70. Cances, E.; Mennucci, B.; Tomasi, J. A new integral equation formalism for the polarizable continuum model: Theoretical

background and applications to isotropic and anisotropic dielectrics. J. Chem. Phys. 1997, 107, 3032–3041. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/agt2.160
https://doi.org/10.1016/j.jlumin.2020.117224
https://doi.org/10.1007/s002149900100
https://doi.org/10.1002/jcc.22885
https://www.ncbi.nlm.nih.gov/pubmed/22162017
https://doi.org/10.1039/C6CP07541J
https://doi.org/10.3390/molecules28041793
https://doi.org/10.1039/C9TC05717J
https://doi.org/10.1016/j.molliq.2019.112415
https://doi.org/10.1021/acs.jpclett.1c01774
https://doi.org/10.1039/C8QO01320A
https://doi.org/10.1016/j.molliq.2022.121165
https://doi.org/10.3390/molecules27238444
https://doi.org/10.1016/j.saa.2022.122051
https://doi.org/10.1021/jacs.5b08562
https://doi.org/10.1039/C4CP05651E
https://doi.org/10.1039/D2CP03828E
https://www.ncbi.nlm.nih.gov/pubmed/36367080
https://doi.org/10.1016/j.dyepig.2017.02.047
https://doi.org/10.1103/PhysRevB.37.785
https://www.ncbi.nlm.nih.gov/pubmed/9944570
https://doi.org/10.1016/0009-2614(89)87234-3
https://doi.org/10.1063/1.464913
https://doi.org/10.1002/(SICI)1096-987X(199610)17:13&lt;1571::AID-JCC9&gt;3.0.CO;2-P
https://doi.org/10.1063/1.3382344
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.540161202
https://doi.org/10.1016/0301-0104(81)85090-2
https://doi.org/10.1063/1.474659

	Introduction 
	Results and Discussion 
	Photo-Induced Hydrogen Bonding Strengthening 
	Vertical Excitation 
	ESDPT Behaviors 

	Computational Methods 
	Conclusions 
	References

