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vering of the chalcogen element
regulated ESDPT behaviors for 2,5-bis(2-
benzoxazolyl)-hydroquinone derivatives†

Jiahe Chen and Jinfeng Zhao *

Inspired by the captivating allure of exquisitely regulated characteristics exhibited by 2-(2-hydroxyphenyl)-

benzoxazole and its derivatives in the realms of photochemistry and photophysics, our current endeavor

primarily revolves around delving into the intricacies of photo-induced excited state reactions for

derivatives of 2,5-bis(2-benzoxazolyl)-hydroquinone (BBHQ). Given the significant impact of chalcogen

element doping, herein we predominantly focus on exploring the excited state behaviors of BBHQ-OO,

BBHQ-SS, and BBHQ-SeSe fluorophores. Our simulations, resulting from variations in geometry and

vertical excitation charge reorganization, reveal atomic-electronegativity-dependent hydrogen bonding

interactions and charge recombination induced by photoexcitation that can significantly enhance the

excited state intramolecular double proton transfer (ESDPT) reaction for BBHQ-OO, BBHQ-SS, and

BBHQ-SeSe fluorophores. By constructing potential energy surfaces (PESs) and identifying transition

states (TS), we unveil the ultrafast stepwise ESDPT mechanism due to the low potential barriers.

Additionally, by employing heterosubstituted BBHQ-OS and BBHQ-OSe compounds, we rigorously

validate the stepwise ESDPT mechanism regulated by chalcogen atomic electronegativity. We sincerely

anticipate that the modulation of solvent polarity on excited state behaviors will pave the way for

groundbreaking advancements in luminescent materials.
1. Introduction

In recent years, there has been growing interest in the academic
research into organic compounds that exhibit excited state
intramolecular proton transfer (ESIPT). This is primarily
attributed to their remarkable uorescence emission proper-
ties, characterized by a signicant Stokes shi and the absence
of reabsorption processes. Moreover, these compounds can
readily undergo conversion into the keto form through proton
transfer.1–6 The bathochromic-shied emission observed during
the photo-induced excited state process can mainly be ascribed
to the “four-level cyclic” ESIPT mechanism. This mechanism
culminates in a reverse proton transfer from the photoisomeric
structure back to its original enol form in S0 state.7–9 The
outstanding charge recombination before and aer ESIPT
reaction greatly amplies the potential applications of these
extraordinary organic molecular materials exhibiting ESIPT
characteristics in diverse elds such as uorescence probes, cell
imaging, molecular switches, single molecule devices and
more.10–14
, Shenyang Normal University, Shenyang
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In recent years, there has been growing interest in the
investigation of ESIPT reactions due to their potential applica-
tions in diverse elds such as optoelectronics and bioimaging.
Consequently, researchers worldwide have extensively docu-
mented and reported numerous classical organic molecules
that exhibit ESIPT characteristics. These molecules typically
feature donor–acceptor systems incorporating hydrogen-
bonding groups that facilitate efficient proton transfer upon
excitation. The comprehension and advancement of ESIPT
mechanisms, as well as the development of novel ESIPT-active
materials, continue to thrive in research, showing promising
outcomes for future technological advancements. Specically,
classical compounds such as 3-hydroxyavone, methyl salicy-
late, oxadiazole, hydroxyl phenyl imidazole, imidazopyridine,
and 2-(benzo[d]thiazol-2-yl)-phenol, along with their
derivatives,15–23 have been extensively investigated for their
ESIPT behavior. These investigations have led to the develop-
ment of numerous uorescent solid-state emitters, materials
exhibiting aggregation-induced emission (AIE), and even emit-
ters capable of generating high-quality white light.24–26

Furthermore, the successful utilization of inhibiting the ESIPT
process subsequent to the introduction of a metal ion has been
effectively employed for the detection and analysis of various
metallic ions. Despite extensive literature on diverse ESIPT
uorophores and their applications, achieving an exceptionally
RSC Adv., 2024, 14, 26133–26141 | 26133
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Fig. 1 Structures of BBHQ-OO, BBHQ-SS and BBHQ-SeSe
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large Stokes shi and high uorescence quantum yield simul-
taneously is only feasible in a limited number of cases.

It is undeniable that, aer nearly half a century of uninter-
rupted explorations and driven by the rapid advancement of
theoretical and experimental techniques, signicant progresses
have been made in unraveling the reaction mechanism gov-
erning single proton transfer in excited states along a hydrogen
bond chain. However, it must be acknowledged that our
understanding of the dynamic behavior exhibited by novel
molecular systems containing multiple hydrogen bond chains
is still in its early stages of investigation. Among these systems,
those encompassing excited state double proton transfer
(ESDPT) compounds have attracted particular attention due to
their status as the simplest and most fundamental class; they
serve as an invaluable cornerstone for exploring scenarios
involving multiple hydrogen bond sites.27–30 The research
primarily focuses on investigating compounds with symmet-
rical or asymmetrical structures, which play a crucial role in
facilitating proton transfer. Proton transfer refers to the move-
ment of protons from one molecule to another and is an
essential process in various chemical reactions and biological
systems.

Understanding the reaction mechanism is pivotal for gain-
ing profound insights into the photophysical and photochem-
ical attributes exhibited by these excited-state compounds. For
example, Chou and coworkers strategically synthesized and re-
ported the typical 1,8-dihydroxy-2-naphthaldehyde (DHNA) u-
orophore, which was conrmed to proceed the stepwise ESDPT
relay reaction.31 Liao and colleagues designed and claried the
novel six-level ESDPT parent core that owns potential advantage
as ideal gain materials for near-infrared organic lasers.32 Pan
et al. designed the 2,5-bis(4,5-diphenyl-1H-imida-zol-2-yl)
benzene-1,4-diol (BDIBD) derivatives featuring ESDPT charac-
teristics that realizing the achievement of much broadened
optical responses and full-color display.33 In summary, the
theoretical and experimental investigations of ESDPT behavior
associated with double hydrogen bonding chains have not only
been recognized as the fundamental manifestation of multiple
proton transfer phenomena but also made signicant contri-
butions to our understanding of molecular interactions. More-
over, these studies have inspired innovative approaches towards
material design and technological advancements across various
disciplines, shedding light on the intricate mechanisms
underlying proton transfer processes in diverse chemical
systems.

As widely recognized, doping with chalcogen elements
signicantly enhances the performance of organic molecular
materials in terms of uorescence and spin–orbit coupling,
reduces efficiency roll-off, improves epitaxial quantum effi-
ciency, narrows radiation spectrum width, and nds extensive
applications across diverse elds.34–36 In contrast to the
conventional dependence on solvent environment or regulation
by push–pull electron groups for excited state processes, there
has been relatively limited research on utilizing chalcogen
element doping to regulate ESIPT/ESDPT behavior in recent
years.37–39
26134 | RSC Adv., 2024, 14, 26133–26141
As the dual uorescent emissions with color-tunable lumi-
nophores, 2,5-bis(2-benzoxazolyl)-hydroquinone (BBHQ) and its
derivatives not only present the potential advantages in the eld
of its dual-channel anionic sensing detection, but also own
applications to optical properties in polymer.40 Further, the it
was reported the forward and back PT could be strongly
depended by the solvent polarities, which further affects the
characteristics of luminescence.41 Although experimental and
theoretical results have effectively elucidated the excited state
dynamics of BBHQ and its derivatives, the impact of substitu-
ents containing oxygen group elements on the ESIPT reaction in
systems with intramolecular hydrogen bonds remains
unknown, despite potential insights from atomic electronega-
tivity. Inspired by the excellent luminous properties of BBHQ
with different chalcogen atoms, in this work, we mainly focus
on exploring the chalcogen elements substituted BBHQ deriv-
atives (i.e., abbreviated as BBHQ-OO, BBHQ-SS and BBHQ-SeSe)
as shown in Fig. 1. As we elucidate chalcogen family elements
dependent excited state dynamics, the new method of regu-
lating the excited state ESDPT reaction of BBHQ derivatives by
atomic electronegativity doping is also proposed.

2. Computational details

In this work, Gaussian 16 soware package was adopted to
perform all the computational simulations.42 The DFT and TD-
DFT methods were employed to explore the cases of S0 state and
S1 states, respectively. Meanwhile, the B3LYP functional and
TZVP basis set were employed, taking into account the D3
version of Grimme's dispersion for a more elegant expres-
sion,43,44 based on which the relative properties of S0 and S1
states for BBHQ-OO, BBHQ-SS and BBHQ-SeSe uorophores
could be determined. To ensure that the obtained structure is
fluorophores.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Computational IR vibrational behaviors of synergetic O1–H2
and O4–H5 stretching vibrational mode for (a) BBHQ-OO, (b) BBHQ-
SS and (c) BBHQ-SeSe in S0 and S1 states.
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a local minimum, the corresponding infrared (IR) frequency
was also calculated. In addition, we selected THF as solvent
based on the IEFPCM solvation model,45–47 since the previous
experimental results were reported in THF. Vertical excitation
simulations were performed by TDDFT method with consid-
ering rst six low-lying absorption transitions. To thoroughly
probe into the reactionmechanism of ESDPT, we calculated and
analyzed the IR vibrational behaviors, core-valence bifurcation
(CVB) indexes, bond critical point (BCP) parameters, frontier
molecular orbitals (MOs) and constructed the potential energy
curves (PECs) by restrict optimization for BBHQ-OO, BBHQ-SS
and BBHQ-SeSe uorophores. Finally, using Berny optimiza-
tion method,48 the S1-state transition state (TS) geometries were
also searched along with propositional stepwise ESDPT paths.

3. Results and discussion
3.1 Photo-induced geometrical variations

The optimized theoretical structures of BBHQ-OO, BBHQ-SS,
and BBHQ-SeSe are depicted in Fig. 1. The corresponding
single proton-transfer forms (BBHQ-OO-PT1, BBHQ-SS-PT1,
and BBHQ-SeSe-PT1) as well as the dual proton-transfer forms
(BBHQ-OO-PT2, BBHQ-SS-PT2, and BBHQ-SeSe-PT2) are
provided in Fig. S1, ESI.† These congurations have been
unequivocally established as highly stable based on all the IR
spectral results obtained. Our preliminary investigation focuses
on analyzing the molecular electrostatic potential (MEP) of the
aforementioned compounds (BBHQ-OO, BBHQ-SS and BBHQ-
SeSe) (seen in Fig. S2, ESI†). While investigating the potential
correlation of hydrogen bonding interactions, we have made
a noteworthy discovery that both oxygen (O) and nitrogen (N)
atoms exhibit a negative electrostatic potential, whereas
hydrogen (H) atoms display a positive electrostatic potential.
Upon further investigation into this potential correlation, an
intriguing observation has emerged. Our ndings not only
conrm the negative electrostatic potentials of both O and N
atoms but also highlight their crucial roles in facilitating the
formation of hydrogen bonds. These bonds are indispensable
for stabilizing molecular structures and enabling various bio-
logical processes. Moreover, it is noteworthy that hydrogen (H)
atoms exhibit a positive electrostatic potential. This character-
istic renders them highly attractive to the negatively charged O
or N atoms involved in hydrogen bonding interactions, thereby
serving as bridges and contributing to the overall stability of
chemical compounds. Consequently, spontaneous hydrogen
bonding interactions can be inferred in the S0 state.

Furthermore, this study investigates variations in the vibra-
tional spectral behaviors of infrared (IR) radiation. The utiliza-
tion of IR analyses has become an indispensable tool for
probing excited state dynamics. Importantly, previous classical
research convincingly demonstrated that changes in the
observed vibrational modes can also serve as indicators of
alterations in chemical bonding within these states.49–52 As
displayed in Fig. 2, the IR stretching vibrations of O1–H2 and
O4–H5 of BBHQ-OO, BBHQ-SS and BBHQ-SeSe are provided. As
revealed by the IR data, Fig. 2 directly reects the strength of
O1–H2/N3 and O4–H5/N6 interactions. The vibrational
© 2024 The Author(s). Published by the Royal Society of Chemistry
frequencies associated with dual O1–H2 and O4–H5 stretching
are evidently 3331.69, 3237.76 and 3223.33 cm−1 in the S0 state
for BBHQ-OO, BBHQ-SS and BBHQ-SeSe, respectively. These
values undergo a transformation to become 2959.76, 2690.33
and 2666.82 cm−1 in the S1 state. Based on the given statement,
it can be elaborated that excited state intramolecular dual
RSC Adv., 2024, 14, 26133–26141 | 26135
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hydrogen bonding interactions (O1–H2/N3 and O4–H5/N6)
should be enhanced.49–52 For BBHQ-OO, BBHQ-SS and BBHQ-
SeSe, the redshis of dual O1–H2 and O4–H5 stretching IR
between S0 and S1 states are 371.93, 547.43 and 566.51 cm−1,
respectively. This larger redshi as atomic electronegativity
decreases potentially reects that low electronegativity may
facilitate ESDPT behavior more easily.

Herein, we begin the initial investigation into the changes in
congurations of BBHQ-OO, BBHQ-SS and BBHQ-SeSe between
its S0 and S1 states. As shown in Table 1, we present the opti-
mized molecular structural parameters regarding dual intra-
molecular hydrogen bonds in a detailed manner for both the S0
and S1 states of BBHQ-OO, BBHQ-SS and BBHQ-SeSe dissolved
in THF solvent. It is evident that due to the symmetrical nature
of the structure, the parameters of the two hydrogen bonding
chains also exhibit identical characteristics. Similarly, the
optimized structural geometries of single proton-transfer and
double proton-transfer tautomers are listed in Tables S1 and S2,
ESI.† Compared to the S0 state in Table 1, it is clear that in the S1
state, dual hydroxyl lengths are elongated while distances of
hydrogen bonds H2/N3 and H5/N6 are shortened, accom-
panied by an increase in bond angles (D(O1–H2/N3) and
D(O4–H5/N6)). The difference between the two states is quite
signicant, as evidenced by the photo-induced excitation in the
S1 state for BBHQ-OO, BBHQ-SS and BBHQ-SeSe uorophores.
When viewed from a lateral perspective, this excitation reveals
an impressive increase in intramolecular hydrogen bonding
interactions.49–52 Herein, to further check whether the solvent
molecules could affect the excited state intramolecular
hydrogen bonding interactions, we also consider the THF
molecule as the display solvent. Taking the BBHQ-OO as an
example, we show the MEP map of THF and BBHQ-OO in
Fig. S3, ESI.† According to the positive and negative electrostatic
potential regions by blue and red colors, we rstly construct the
complex BBHQ-OO-THF form. Aer the geometrical optimiza-
tion, the optimized conguration becomes the BBHQ-OO-THF-
OPT form. It means solvent molecule plays insignicant roles in
BBHQ-OO-THF complex. In addition, we also list the primary
geometrical parameters including bond lengths and bond
angles (seen in Table S3, ESI†). Comparing these results with
Table 1 in the main text, it could be clearly found parameters of
bond lengths (Å) and bong angles (D°) involved in O1–H2/N3
and O4–H5/N6 are consistent. Thus, we have reasons to
Table 1 Parameters of bond lengths (Å) and bong angles (D°) involved
in O1–H2/N3 andO4–H5/N6 for BBHQ-OO, BBHQ-SS and BBHQ-
SeSe in THF solvent in both S0 and S1 states

BBHQ-OO BBHQ-SS BBHQ-SeSe

S0 S1 S0 S1 S0 S1

O1–H2 0.987 1.007 0.991 1.021 0.992 1.022
H2/N3 1.793 1.699 1.739 1.621 1.735 1.615
O4–H5 0.987 1.007 0.991 1.021 0.992 1.022
H5/N6 1.793 1.699 1.739 1.621 1.735 1.615
D(O1H2N3) 145.7 148.4 146.5 149.8 146.6 149.9
D(O4H5N6) 145.7 148.4 146.5 149.8 146.6 149.9

26136 | RSC Adv., 2024, 14, 26133–26141
believe solvent molecule THF have negligible inuences on
excited state hydrogen bonding interactions for BBHQ deriva-
tives, which further reveals no effects on ESDPT reactions. This
nding has important implications for understanding the
behavior of chemical sensors and their ability to detect specic
molecules or compounds. In particular, it suggests that changes
in hydrogen bonding interactions can be used as a sensitive
indicator of molecular recognition events. By monitoring these
changes, researchers may be able to develop more effective and
accurate chemical sensors for a wide range of applications.53–55

Furthermore, this discovery highlights the importance of
considering multiple perspectives when studying complex
systems like chemical sensors. By examining phenomena from
different angles and using various techniques, we can gain
a more complete understanding of how these systems work and
how they can be optimized for specic tasks.
3.2 Hydrogen bonding interactions

As is known, core-valence bifurcation (CVB) index offers
researchers an alternative perspective to delve into electron
density.56 Its employment enables comprehensive investiga-
tions into fundamental aspects of chemistry and related disci-
plines while providing valuable insights for practical
applications ranging from drug design to material engineering.
By Multiwfn,57 the CVB parameters could be obtained (listed in
Table 2). It is widely acknowledged that a negative value indi-
cates an exceptionally robust and covalent bond, while a near-
zero value signies a moderate level of strength. Weaker
hydrogen bonds are generally characterized by positive values.56

From Table 2, it becomes evident that the CVB indexes exhibit
negativity. Interestingly, the values of S1 state presents the more
negative than the case of S0 state, unveiling the strengthening of
hydrogen bonding effects in S1 state. Additionally, the Se-
substituted BBHQ-SeSe molecule shows a much stronger
negative CVB index in S1, which means that low atomic elec-
tronegativity of chalcogen family elements experiences a signif-
icantly increased hydrogen bonding when they are exposed to
light.

Moreover, to quantitatively describe the energy of hydrogen
bond interactions, we employed the atom in molecule method
to analyze the distribution of electron density. The electron
density r(r) at the bond critical point (BCP) parameters between
acceptor and hydrogen atoms is presented in Table 3. As is
known, the strength of chemical bonds is generally determined
Table 2 The ELF parameters and CVB index involved in hydrogen
bond O1–H2/N3 or O4–H5/N6 of BBHQ-OO, BBHQ-SS and
BBHQ-SeSe in THF solvent in S0 and S1 states. CVB index= ELF(C-V,D)
− ELF(DH-A)

States

BBHQ-OO BBHQ-SS BBHQ-SeSe

S0 S1 S0 S1 S0 S1

ELF(C-V,D) 0.0997 0.1011 0.1014 0.1037 0.1016 0.1039
ELF(DH-A) 0.1669 0.2184 0.1982 0.2799 0.2030 0.2872
CVB index −0.0672 −0.1173 −0.0968 −0.1762 −0.1014 −0.1833

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The electron density (r) based on BCP parameter and predicted bonding energy (EHB) in BBHQ-OO, BBHQ-SS and BBHQ-SeSe in S0
and S1 states

Solvents

S0 S1 Dr(S1 − S0) DE(S1 − S0)

r EHB r EHB r EHB

BBHQ-OO 0.04221 −8.674 0.05255 −10.913 0.01034 −2.239
BBHQ-SS 0.04887 −10.159 0.06457 −13.662 0.01570 −3.503
BBHQ-SeSe 0.04964 −10.331 0.06575 −13.926 0.01611 −3.595
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by electron density, thus, we could clearly nd that S1-state r(r)
values are more negative than those of S0 state unveiling excited
state hydrogen bonding strengthening mentioned above.
Following the formula (EHB (i.e., hydrogen bonding energy) z
−223.08 × r(r) + 0.7423 (ref. 58)), the predicted EHB values of
BBHQ-OO, BBHQ-SS and BBHQ-SeSe are listed in Table 3.
Evidently, the hydrogen bonding in BBHQ-SeSe is expected to
exhibit greater strength due to the presence of Se, which
possesses the lowest atomic electronegativity among the
elements involved. This phenomenon signicantly facilitates
the enhancement of the ESDPT reaction.
3.3 Photo-induced excitation

Charge reorganization, as the primary driving force, is of utmost
importance in determining the behaviors and properties of
excited states.1–3 It plays a pivotal role in various scientic elds
such as chemistry, physics, andmaterials science. Furthermore,
studying charge reorganization is crucial for developing new
strategies to enhance energy storage technologies. Under-
standing charge reorganization is essential for unraveling bio-
logical processes involving excited states. For instance, it plays
a vital role in photosynthesis by facilitating efficient energy
transfer between pigment molecules during light absorption.
Therefore, this study focuses on investigating the photo-
induced absorption aspects of BBHQ-OO, BBHQ-SS and
BBHQ-SeSe uorophores. The vertical excitation results of
BBHQ-OO, BBHQ-SS and BBHQ-SeSe are presented in Table 4.
Specically, the absorption peaks of BBHQ-OO, BBHQ-SS and
BBHQ-SeSe are observed at 413.66, 440.10 and 447.82 nm in
THF, respectively. This result shows a slight redshi in the
absorption peak as electronegativity decreases. Furthermore,
Table 4 Vertical excitation energies (l nm), oscillator strength (f),
transition compositions and percentages for BBHQ-OO, BBHQ-SS
and BBHQ-SeSe compounds in THF solvent

Transition l f Composition CI (%)

BBHQ-OO S0 / S1 413.66 0.8776 H / L 98.54
S0 / S2 342.73 0.8111 H-1 / L 97.26
S0 / S3 314.49 0.0001 H-2 / L 90.66

BBHQ-SS S0 / S1 440.10 0.8054 H / L 98.71
S0 / S2 361.73 0.5752 H-1 / L 97.24
S0 / S3 341.06 0.0000 H-2 / L 97.41

BBHQ-SeSe S0 / S1 447.82 0.8116 H / L 98.80
S0 / S2 375.46 0.2924 H-1 / L 97.98
S0 / S3 360.30 0.0000 H-2 / L 97.80

© 2024 The Author(s). Published by the Royal Society of Chemistry
the results absorption peak of BBHQ-OO is consistent with
experimental report (∼418 nm),41 which strongly support the
validity of the current theoretical method used.

To better understand the charge/electron redistribution, we
have also included a visualization of the frontier molecular
orbitals (MOs) of BBHQ-OO, BBHQ-SS and BBHQ-SeSe in Fig. 3.
It is important to note that the S0 / S1 transition observed for
BBHQ-OO, BBHQ-SS and BBHQ-SeSe systems follow HOMO–
LUMO transition, as indicated by CI (%) values exceeding 97%
in Table 4. Thus, just these two orbitals of are provided in Fig. 3.
Apparently, the S0 / S1 behavior pertains to the pp*-type
transition. During the HOMO / LUMO transition, the most
intriguing aspect lies in the charge-altering behavior across O1–
H2/N3 and O4–H5/N6 moieties. Our primary focus revolves
around the reorganization of charges encompassing both
hydrogen bonding donor and acceptor regions. Furthermore, in
the analysis of charge density difference (CDD) maps, the
violent signies the increasing electron densities from S0 to S1,
while wathet represents the decreasing electron densities.
Evidently, we observe the shi in electron densities involved in
hydrogen bonding moieties of BBHQ-OO, BBHQ-SS and BBHQ-
SeSe towards N3 and N6 upon photoexcitation. Additionally, the
phenomenon of ESIPT entails a signicant modulation of
electronic charge density distribution on heavy atoms induced
by photoexcitation.

Herein, the computational atomic charge of O1, H2, N3, O4,
H5, and N6 atoms of BBHQ-OO, BBHQ-SS and BBHQ-SeSe
compound using Mulliken's charge and NPA charge across
three solvents are presented in Table S4, ESI.† It becomes
evident that the results obtained from these two distinct
methodologies exhibit a harmonious pattern in their dynamic
alterations. Herein lies a conspicuous observation: subsequent
to photoexcitation, there is an augmentation in negative charge
for hydrogen bonding donor atoms O1 and O4, while hydrogen
bonding acceptor atoms N3 and N6 experience a reduction in
negative charge. In essence, this redistribution of charges
induced by excitation effectively facilitates the manifestation of
ESDPT behavior demonstrated by BBHQ-OO, BBHQ-SS and
BBHQ-SeSe uorophores.
3.4 Chalcogen associated ESDPT behaviors

To unveil the intricate process of reactions, we embark on
a dedicated exploration and elucidation of the specic mecha-
nisms occurring in excited states. By delving into these complex
reactions, we aim to unravel the underlying principles govern-
ing chemical transformations at an atomic level. Through the
RSC Adv., 2024, 14, 26133–26141 | 26137
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Fig. 3 HOMO and LUMO orbitals for BBHQ-OO, BBHQ-SS and BBHQ-SeSe. The simulated CDD maps between S1 and S0 are also provided.
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construction of potential energy surfaces (PESs), we explore the
domain of ESDPT reactions, providing deep quantitative
understanding of reaction mechanisms and obstacles within
the S1 state. This methodology has become widely accepted as
a prominent pathway for elucidating dynamics in excited
states.59,60 Considering the existence of intramolecular
hydrogen bonds, we use O1–H2 and O4–H5 as two variables to
construct the PESs of S0 and S1 states for BBHQ-OO, BBHQ-SS
and BBHQ-SeSe, respectively. Via restricted optimization
manner, we conduct simulations of PESs, while maintaining
a xed O1–H2 and O4–H5 bond lengths ranging from 0.90 to
2.10 Å with increments of 0.10 Å. The shape of PESs is
symmetrical because of the symmetric molecular structures of
BBHQ-OO, BBHQ-SS and BBHQ-SeSe. In fact, and the con-
structed PESs are basically similar for them. Herein, the S0-state
PESs of BBHQ-OO, BBHQ-SS and BBHQ-SeSe are provided in
Fig. S4, ESI.† And the S1-state PESs of BBHQ-OO, BBHQ-SS and
BBHQ-SeSe are provided in Fig. 4.

It is worth noting that any increase in S0-state potential
energy is accompanied by a corresponding increase in O1–H2
and O4–H5 bond length, which thermodynamically indicates
the prohibited transfer of protons in S0 state for BBHQ-OO,
BBHQ-SS and BBHQ-SeSe. For the S1 state, our ndings indi-
cate that the synergistic double proton transfer along with
diagonal could be excluded due to the higher potential barriers.
Herein, to check whether the rst excited triplet (T1) state affects
the excited state behavior for BBHQ derivatives, herein, we take
the BBHQ-SS uorophore as an example. Using the same
manner of constructing PES, we show the T1-state PES of BBHQ-
SS in Fig. S5, ESI.† Compared with the S1-state PES of BBHQ-SS
in Fig. 4(b), it could be clearly found the energy gap between T1

and S1 states is more than 0.035 a.u. (i.e., 0.95 eV). As general,
the 0.95 eV is too large to cause the interaction between T1 and
S1 states. Thus, we have reasons to ignore the results of triplet
states for BBHQ derivatives. In order to explain the specic
behavior of the stepwise ESDPT process hereinaer, the
projection diagram of S1-state PES is presented in Fig. 4(d).
Obviously, in Fig. 4(d), I point stands for BBHQ-OO, BBHQ-SS
and BBHQ-SeSe, II point presents the BBHQ-OO-PT1, BBHQ-
SS-PT1 and BBHQ-SeSe-PT1, and III point means the BBHQ-
OO-PT2, BBHQ-SS-PT2 and BBHQ-SeSe-PT2. To be more
precise and to reveal the inuence of chalcogen elements (O, S
26138 | RSC Adv., 2024, 14, 26133–26141
and Se), we further searched the TS congurations along with I
/ II / III path for BBHQ-OO, BBHQ-SS and BBHQ-SeSe
compounds. All the TS forms are provided in ESI.† Further,
the potential energy barriers along with stepwise I / II / III
path could be calculated by the subtraction of the optimized
structures and the TS forms, which have been listed in Table 5.
Apparently, we can see that with the decrease of atomic elec-
tronegativity from O to S to Se, there is a decrease in the barrier
size along the I / II / III path. Even though the potential
barrier of synergetic I / III path is also reduced
(6.493 kcal mol−1 for BBHQ-OO, 3.189 kcal mol−1 for BBHQ-SS
and 2.801 kcal mol−1 for BBHQ-SeSe), the barrier of I/ II path
(3.398 kcal mol−1 for BBHQ-OO, 1.655 kcal mol−1 for BBHQ-SS
and 1.478 kcal mol−1 for BBHQ-SeSe) is quite low. Thus, we have
enough reasons to eliminate the synergistic ESDPTmechanism.
Also, to check the difference of effects bringing from solvent
and isolated BBHQ derivatives, we also consider the PES of
ESDPT behaviors for the isolated BBHQ-OO, BBHQ-SS and
BBHQ-SeSe in gas to compare the results with those in THF
solvent. As shown in Fig. S6,† we present the gas-state PESs for
BBHQ-OO (a), BBHQ-SS (b) and BBHQ-SeSe (c), respectively. To
distinguish the differences with those in THF solvent, we also
list the potential energy barriers in Table S5, ESI.† Clearly, it
could be found along with the substitutions (O / S / Se),
there is a decrease in the barrier size along the I / II / III
path. Even though the potential barrier of synergetic I / III
path is also reduced (i.e., 6.903 kcal mol−1 for BBHQ-OO,
3.676 kcal mol−1 for BBHQ-SS and 3.242 kcal mol−1 for
BBHQ-SeSe) that is similar with the behaviors in THF solvent,
the barrier of I / II path (3.550 kcal mol−1 for BBHQ-OO,
1.563 kcal mol−1 for BBHQ-SS and 1.502 kcal mol−1 for
BBHQ-SeSe) is quite low. Obviously, the synergistic ESDPT is
unsupported. As a whole, the results of potential energy barriers
of the isolated BBHQ-OO, BBHQ-SS and BBHQ-SeSe are
consistent with those in THF solvent environment. In brief, the
atomic electronegativity of chalcogen elements could regulate
the stepwise ESDPT behavior for BBHQ derivatives. That is, our
calculation results show that the lower the electronegativity of
an atom, the easier it is to promote the ESDPT reaction.

Hereby, to further verify our proposed atomic-
electronegativity-regulated ESDPT mechanism, we further
selected the heterosubstituted Oxygen–Sulphur (BBHQ-OS) and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 View of the constructed S1-state PES for (a) BBHQ-OO, (b) BBHQ-SS and (c) BBHQ-SeSe. Herein, for the convenience of description, (d)
the projection diagram of S1-state PES is shown.

Table 5 The potential energy barriers (kcal mol−1) for BBHQ-OO,
BBHQ-SS and BBHQ-SeSe compounds along with I/ II, II/ III and I
/ III paths in S1 state

BBHQ-OO BBHQ-SS BBHQ-SeSe

I / II 3.398 1.655 1.478
II / III 3.291 1.727 1.463
I / III 6.493 3.189 2.801
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Oxygen–Selenium (BBHQ-OSe) compounds as the example. The
structures of BBHQ-OS and BBHQ-OSe are provided in Fig. S7,
ESI.† Clearly, different from BBHQ-OO, BBHQ-SS and BBHQ-
SeSe, the BBHQ-OS and BBHQ-OSe are unsymmetrical. Thus,
the related PESs should be also unsymmetrical. Based on the
same method of constructing PESs as above, we present the S1-
state PESs of BBHQ-OS and BBHQ-OSe in Fig. S8, ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
Interestingly, we can clearly nd the stepwise ESDPT behavior
should proceed following O1–H2/N3 / O4–H5/N6. More-
over, by comparing the potential barrier of the calculated
potential curves, we also nd that the potential barrier of BBHQ-
OSe is lower than that of BBHQ-OS. All these conrm the
atomic-electronegativity-regulated stepwise ESDPT mechanism
mentioned above.
4. Conclusion

In summary, this study is dedicated to unraveling the ESDPT
mechanism associated with hydrogen bonding interactions of
three BBHQ derivatives (i.e., BBHQ-OO, BBHQ-SS and BBHQ-
SeSe). The enhanced hydrogen bonding effects that facilitate
the tendency for ESDPT are revealed by the critical chemical
bond properties of BBHQ-OO, BBHQ-SS and BBHQ-SeSe. The
RSC Adv., 2024, 14, 26133–26141 | 26139
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CVB indexes and predicted EHB values reveal the atomic elec-
tronegativity of chalcogen elements has a great inuence on the
behavior of excited states. The pivotal ICT through the inter-
action between HOMO and LUMO, while the reorganization of
charge densities facilitates the enhancement of ESDPT
behavior. Simulated PESs proles and simulated barriers
suggest that ultrafast ESDPT reactions could occur with the
stepwise manner. By the heterosubstituted BBHQ-OS and
BBHQ-OSe compounds, we further verify the chalcogen atomic-
electronegativity-regulated stepwise ESDPT mechanism. We
sincerely wish our reports will pave the way for future design of
novel luminescent materials.
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