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Conformational regulation to realize modifiable
ESIPT (excited-state intramolecular proton
transfer) through intermolecular interactionss

Shao-Zhe Yi,? Bao-Ning Li, (2 ° Wen He® and Mei Pan () *®

Regulating molecular conformation changes is crucial yet challenging for manipulating multiple-
responsive emissions in excited-state intramolecular proton transfer (ESIPT) materials. In this work, we
explored the specific emission regulation of a dual-ESIPT-active molecule, BDIBD (2,5-bis(4,5-diphenyl-
1H-imidazol-2-yl)benzene-1,4-diol), by subtly controlling the ground and excited states through
different crystallization conformations. Notably, the crystals obtained in dimethylformamide (BDIBD-
DMF) and methanol (BDIBD—-MeOH) exhibited a single emission band, corresponding to the green and

st and keto®™

red emission from the keto excited states, respectively, while the crystals obtained in acet-
one (BDIBD—-ACE) displayed dual emissions from both states, resulting in an overall yellow color. A com-
prehensive theoretical study verified that the modified intermolecular interactions, due to different
crystallization conformations, regulated emissions by affecting the energy barrier of dual-ESIPT
processes. The above results provide a concrete understanding of the regulation of excited-state

emissions through ground-state conformational changes in ESIPT processes, as well as unique insights

rsc.li/frontiers-materials

1. Introduction

Organic ESIPT materials in the solid state have been attracting
increasing attention owing to their wide applications in many
fields, such as optical sensing, laser gain, light-emitting diodes,
and anti-counterfeiting materials."”” The ESIPT process
involves an intrinsic four-level photocycle (E - E* — K* —
K — E).® Upon absorption of light, a fast tautomerization
process occurs, leading to either the sole emission of the
tautomer or multiple emissions if a balance exists between
the E* and K* states.>® This usually results in large Stokes
shifts, sensitive external environmental responsiveness and
minimal reabsorption.’™" Besides, this unique photoinduced
keto-enol tautomerism leads to a complex transient chemical
change from the E to K tautomer, enabling the realization
of a regulatable luminescence mechanism.">* To achieve a
broader photoluminescent range, enriched photophysical
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into the design and application of novel ESIPT emission materials.

phenomena, and multi-stimulus optical responses, the incor-
poration of multiple ESIPT sites into a single molecule is an
effective strategy.'>'® Meanwhile, rich controllable sites pro-
vide a good platform for emission regulation."” However, it is
also a daunting task to concretely understand the regulation
mechanism of excited-state emissions in molecules with dual
or multi-ESIPT sites due to the more complicated processes.
These processes include not only the modulation of the enol-
keto tautomeric transition but also the transitions between the
keto'* and keto® succeeding excited states.

So far, most research on the ESIPT mechanism has focused
on materials in solution systems.'®* A classic example is the
work by Pi-Tai Chou et al., who used the ESIPT-active molecule
7-hydroxy-1-indanone as a prototype to design ESIPT chromo-
phores by fusing benzene and naphthalene rings.>* By carefully
controlling the balance between the destruction of aromaticity
and the compensation of m-conjugation, they obtained three
materials with different proton transfer driving forces in
solution. Another common approach is adjusting the strength
of hydrogen bonds to regulate the balance between enol and
keto emission.***"2° For example, Dongwhan Lee et al. reported
an ESIPT polymer with white light emission in solution, which
is regulated by the introduction of electron-donating/-
withdrawing substituents.”” However, to better mimic the more
complicated natural systems and explore new luminescence
mechanisms, the study of materials in the solid-state crystalline

Mater. Chem. Front., 2025, 9, 1181-1188 | 1181


https://orcid.org/0000-0002-2134-0413
https://orcid.org/0000-0002-8979-7305
http://crossmark.crossref.org/dialog/?doi=10.1039/d5qm00012b&domain=pdf&date_stamp=2025-02-25
https://doi.org/10.1039/d5qm00012b
https://doi.org/10.1039/d5qm00012b
https://rsc.li/frontiers-materials
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qm00012b
https://pubs.rsc.org/en/journals/journal/QM
https://pubs.rsc.org/en/journals/journal/QM?issueid=QM009007

Open Access Article. Published on 15 February 2025. Downloaded on 5/9/2026 10:31:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Research Article

View Article Online

Materials Chemistry Frontiers

(a) (b) (c)
o
(d) (e) (f)
g T/ % //BDIBD-MBDH 7 BDIBD-MeOH
€ / E / 2.0 /
/ 31,
810 o/oie0.ace 510 /BDlED_ACE Sos "/ BDIBD-ACE
508 / 208 =, f
506 ‘€06 < 8.6
@ 204 A e
804 BDIBD-DMF 504 . 2 BDIBD-DMF = BDIBD-DMF
0.2 0.2 £0.2
Soo F00 50.0+ v , /
€ 200 300 400 500 600 700 800 g 400 500 600 700 800 300 350 400 450 500
2 Wavelength / nm z Wavelength / nm Wavelength / nm
(9) (h) (i)
TS-MeOH-2
0.31eV|TS.ACE-1 0.31eV 0.29 eV
0.51 eV TS-DMF-2 atey 0.38 eV TS-ACE-2 MeOH . ) e
DMF [0.35 eVl T5-DMF-1 0.36 eV ACE o (.18 oVITS-MeOH-1 T Ketod
[0.46 eV] Ketozd 031ev] O:24eV -20
s, 0ev Keta'st0.05.eV-—7— s oev Keto' 0,07 oV- Keto g gneov Keto15t0,05 eV~
"Enol "Enol
Em
Em Em Em
697.89
Ab E Em 790.83 nm| a5 Em 725.20 nm Abs Em AGEIES vy nm
: # 494.14 nm e Em 484.82 nm 340.21 nm [390.21 nm
324.22 nm||378.46 nm 331.04 nm||384.91 nm
s, — s, —— So

Fig. 1 Chemical structures and proton transfer sites of (a) BDIBD-DMF, (b) BDIBD-ACE and (c) BDIBD-MeOH. Normalized (d) absorbance spectrum,
(e) emission spectrum, and (f) excitation spectrum of the crystals in the solid state. ONIOM-EE (TD-M06-2X/6-31G (d,p):UFF)-calculated dual-ESIPT
mechanism with relative electronic energy (eV) and wavelength (nm) for (g) BDIBD-DMF, (h) BDIBD-ACE, and (i) BDIBD-MeOH.

state is more informative. Notably, solid fluorescent sensors
have obvious advantages in reusability and portability, and
drawbacks such as concentration problem can be ignored."**°
While many different chromophores have been used for ESIPT
emission, the design of new ESIPT regulation strategies for solid
materials, especially organic molecules, is still challenging.**'~*
Cleverly regulating intermolecular interactions is an ideal strategy
as it can regulate the emissions by tuning the energy barrier of
dual-ESIPT procedures. In order to clarify the ESIPT mechanisms
of virtually identical materials that differ only in the strength of
intermolecular interactions, a deeper exploration from both experi-
mental and theoretical perspectives is needed.

Herein, three crystals from different solvents based on
the same molecule, BDIBD (2,5-bis(4,5-diphenyl-1H-imidazol-
2-yl)benzene-1,4-diol), were synthesized and studied to reveal
the above considerations (Fig. 1 and Fig. S1-S3, Tables S1-S4,
ESIY). It is interesting to find that the crystals obtained in DMF
(BDIBD-DMF) and MeOH (BDIBD-MeOH) exhibit single emis-
sion bands, which separately correspond to keto's* and keto®™?
emission, while crystals obtained in acetone (BDIBD-ACE) dis-
play both of them. A detailed study reveals that the regulation
of intermolecular interactions in different ground-state crystal-
lization conformations drives the various emissions, as
revealed by steady-state luminescence studies, density func-
tional theory (DFT) and time-dependent density functional
theory (TD-DFT) calculations. Besides, theoretical results prove
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that the keto'" and keto?® excited states in molecules with
different crystalline conformations and intermolecular interac-
tions have different proton-transfer ability, leading to modifiable
ESIPT procedures and emissions. Overall, the experimental and
computational results together confirm the unique intermolecular
interaction mechanism.

2. Results and discussion

ESIPT-active molecule BDIBD was previously reported, which
can undergo a two-step ESIPT process, giving enol, keto'** and
keto®™ forms of luminescence. Through recrystallization in
DMF/MeOH (v/v 1/10), acetone and MeOH, three crystals
named BDIBD-DMF, BDIBD-ACE, and BDIBD-MeOH, respec-
tively, were synthesized. The designed crystals were structurally
characterized by X-ray single crystal diffraction analysis.
Detailed structural information and packing diagrams of all
the chromophores were obtained (Fig. la-c and Fig. S1-54,
Tables S1-54, ESIT). The formula of the compounds is C,1HyoN30,
(solvent N,N-dimethylformamide and BDIBD with a ratio of 2:1),
C,,H;4,0,N, (solvent acetone and BDIBD with a ratio of 2:1), and
C3oH3gN,O5 (solvent methanol and BDIBD with a ratio of 3:1).
Significantly, BDIBD-DMF and BDIBD-ACE are isomorphic, which
crystallize in the monoclinic C2/c space group. BDIBD-MeOH
crystallizes in a tighter lattice, which is the triclinic P1 space group.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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As shown in Fig. 1 and Tables S1-S4 (ESIt), all the BDIBD
molecules in the crystals have similar molecular conformations
with similar bond lengths and angles and approximate
dihedral angles between the benzene ring and imidazole ring
units. In contrast, from BDIBD-DMF to BDIBD-ACE and then
to BDIBD-MeOH, the torsion angle between the benzene ring
and the imidazole ring decreases slightly, while the molecular
conjugation increases gradually, leading to emission at longer
wavelengths. However, overall, the conformational change of
the molecule is minimal. It is considered that the conformation
difference of BDIBD molecules in the crystals is not the main
reason for different FL properties. Thus, we focused on the
influences of intermolecular interactions in the crystals. The
crystal structures of the molecules support their different
luminescent attributes, as will be discussed below.
BDIBD-DMF was reported in our previous study. The struc-
ture of BDIBD-ACE has cell parameters of a = 34.052(3) A, b =
5.8249(6) A, ¢ = 17.732(2) A, o = y = 90°, and f = 102.677(10)°.
The structure of BDIBD-MeOH has cell parameters of a =
9.7843(9) A, b = 11.0773(12) A, ¢ = 15.682(2) A, « = 99.283(10)°,
B =95.760(9)°, and y = 93.226(8)°. The N atom of the imidazole
acts as an acceptor of the hydrogen bonds, and -O-H:--N
inhibits the ESIPT progress. The N---H distance between the
hydrogen bonds of ~O-H- - -N is as large as 1.916 A in BDIBD-
DMF. By comparison, the N---H bond distance is 1.880 A in
BDIBD-ACE and 1.820 A in BDIBD-MeOH, revealing that ESTPT
progress is relatively easier in BDIBD-MeOH but harder in
BDIBD-DMF (BDIBD-DMF > BDIBD-ACE > BDIBD-MeOH).
The O- - ‘N distances of the crystals follow a similar pattern, i.e.,
BDIBD-DMF (2.643 A) > BDIBD-ACE (2.622 108) > BDIBD-
MeOH (2.566 A). As shown in Fig. $1-S3 (ESIt), solvent mole-
cules can form intermolecular hydrogen bonds with the oxygen
atom in the BDIBD molecule, which competes with intra-
molecular hydrogen bond formation and inhibits the ESIPT
process. This leads to the molecule favoring enol or keto'®
emission. The hydrogen bond length between BDIBD and
DMF is 2.567 A, indicating a relatively strong intermolecular
interaction that significantly suppresses the ESIPT process.
In contrast, the hydrogen bond length between BDIBD and
ACE is 2.607 A, and the suppression of the ESIPT process by the
intermolecular H-bond is weaker. The hydrogen bond length
between BDIBD and MeOH is only 2.714 A. In addition, the
intermolecular hydrogen bond is relatively parallel to the
intramolecular hydrogen bond, leading to a minimal impact
on the electron cloud distribution and a weaker competitive
effect. Therefore, it tends to form intramolecular hydrogen
bonds and undergo the ESIPT progress. Besides, the strength
of C-H- - -m and n-r interactions in BDIBD-ACE is stronger than
that in isomorphic BDIBD-DMF, indicating that is BDIBD-ACE
packed more tightly and tends to have low-energy emission.
We first explored the photophysical properties of the crystals
(Fig. 1d-i and Fig. S5, Tables S5, S6, ESIf). As shown by the
distinct powder diffraction patterns of the crystals (Fig. S6,
ESIY), the identity of each phase was confirmed. All the crystals
exhibit similar absorption bands, which are mainly assigned to
the n-r* transition, and few n-n* transitions can possibly take
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place. Significantly, in the emission spectra of crystals in the
solid state, as shown in Fig. 1e, the major emission bands of
BDIBD-DMF and BDIBD-MeOH peaked at 530 nm and 650 nm,
respectively. In comparison, BDIBD-ACE exhibits two emission
bands, which were located at 520 nm and 670 nm. Combining
the excitation spectrum, all the emission peaks exhibit large
Stokes’ shift of > 170 nm, which should be reasonably attrib-
uted to keto form emission. Specifically, the emission peaks at
~500 nm should correspond to keto', and the peaks at
~650 nm should be attributed to keto®®. The photolumines-
cence quantum yield (PLQY) of the chromophores is similar,
with PLQY of 9.1% (BDIBD-DMF), 6.8% (BDIBD-ACE), and
7.8% (BDIBD-MeOH). The luminescence decay lifetimes of
the crystals are all sub-nanosecond (~1 ns, Fig. S5, ESIY).

In our study, density functional theory (DFT) was used to
optimize the molecular structure in the ground state (S,), while
the geometry of the excited states was optimized with time-
dependent density functional theory (TD-DFT).** To provide
different ESIPT mechanisms in the crystals, we used the
ONIOM (QM/MM) approach with a two-layer model, combining
quantum mechanical (TD)-M06-2X/6-31G (d,p) with universal
force field (UFF). The clusters for ONIOM calculations were
cut from the X-ray single-crystal structure in the experiment.
One BDIBD molecule was placed at the center of the model and
treated at the QM level, which was optimized without con-
straint. The surrounding molecules were computed by low-level
UFF force field with QEQ charges and kept frozen during
optimizations. High layer was completely surrounded by low
layer (Fig. 2a—c). From the chemical structure of BDIBD, we can
deduce that there should be two ESIPT-related hydrogen bonds
in BDIBD, and thus two proton transfer states may exist. The
molecule without proton transfer is labeled as Enol. The
molecule with one proton transferred is named Keto'™, and
the molecule with two protons transferred is called Keto®™,
Due to the high Hartree-Fock (HF) contribution (54%), M06-2X
tends to slightly overestimate keto?™® energy (Tables S7-S12,
ESIt). However, the M06-2X functional offers significant advan-
tages in calculating energy barriers, which is our primary focus,
and can accurately account for the weak interactions between
solvent molecules and BDIBD. Thus, it was considered the
optimal choice for our study.

To explore the light-emitting properties, the emission wave-
lengths of the three crystals were calculated in the solid phase,
as shown in Fig. 1f-i. There is no local minimum for keto-Sy,
indicating that BDIBD returns to enol-S, without barrier. For
BDIBD-DMF, the calculated emission wavelengths of keto's
from S; to Sy is 494 nm, which is in good agreement with the
emission spectrum. The major emission peaks of BDIBD-ACE
and BDIBD-MeOH were calculated at 725 nm and 698 nm,
respectively (Fig. 1f-i and Tables S7-S29, ESIt). It was deduced
that the emission of BDIBD-DMF should come from keto's",
while the ones of BDIBD-ACE and BDIBD-MeOH should come
from keto®™,

The CAM-B3LYP, PBEO and ®B97XD calculations (QM part)
of key geometry parameters and relative energies (nm) are
shown in Tables S7-S12 (ESIt). The calculated results predict

Mater. Chem. Front., 2025, 9, 1181-1188 | 1183
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Fig. 2 ONIOM model of (a) BDIBD-DMEF, (b) BDIBD-ACE and (c) BDIBD-MeOH. The centered BDIBD is treated as the high layer, and the surrounding
molecules are regarded as the low layer. (d) Calculated charge-density difference (CCD) between the Sp and S; states of the QM part of BDIBD—-DMF,
with blue and green regions denoting the hole and electron distributions, respectively. Calculated relative energy profile along the excited-state IRC for
BDIBD-DMF based on ONIOM-EE (TD-M06-2X/6-31G (d,p):UFF) level: (e) path from enol to keto®, (f) path from keto' to keto?".

only slightly lower energies of reactions, and they are very
similar to the mainly discussed M06-2X result. All the transi-
tions between S, and S; were found to be predominantly HOMO
to LUMO with natural bond orbital (NBO) beyond 90% (Fig. S7-
S9 and Tables S13-S29, ESIf). In addition, the transition
properties of the excited states were analyzed. Since more than
one molecular orbital contributes to the excitation of S, the
charge-density difference (CDD) map of the excited states for
the three crystals in solid state was analyzed (as shown in
Fig. 2d and Fig. S10, S11, ESIt), which was obtained using the
Multiwfn®**® and VMD?” package program. It can be seen that
the electrons and holes are distributed almost averagely on the
phenol and imidazole rings in the three crystals. Based on the
electron-hole distribution, it can be concluded that the S, state
of the crystals is a typical locally excited (LE) state.

Moreover, to obtain the exact barrier heights and further
clarify the reaction mechanism, we located the TS (transition
state) structure of the ESIPT process by adjusting the trans-
ferred H proton between O and N atoms. Obviously, on the
ground state, the potential energy increases along with the
decrease in the N-H bond length, which inhibits the ESIPT
progress. It is worth mentioning that all TS structures in the

1184 | Mater. Chem. Front., 2025, 9, 1181-1188

S, state have only one virtual frequency and that their vibration
eigenvectors point towards the correct isomerization reaction
orientation. For the S; state, two TS structures were marked,
representing barriers along the paths (Fig. 1g-i). The energy
barrier of the first ESIPT progress in BDIBD-DMF is 0.35 eV,
which allows ESIPT progress. However, the barrier of the
second reaction is 0.46 eV, and the ESIPT reaction is comple-
tely prevented.">**** For BDIBD-ACE, the barriers of the
two progresses are similar (0.31 eV); both ESIPT reactions
can take place, resulting in keto®"® emission. Besides, a small
number of molecules can still return to the ground state in the
keto'** form, leading to dual-emission.'*?*** The barriers of
the two proton transfers are 0.18 eV and 0.26 eV in BDIBD-
MeOH, respectively. The ESIPT reaction is very easy to pro-
gress, resulting in only keto?™ emission.’****** In the mean-
time, we also gain the IRC diagram based on the TS structure,
as shown in Fig. 2e, f and Fig. S12, S13 (ESIf). The IRC
calculation starts from the given TS structure and calculates
the intermediate structure of multiple reaction processes
along the reaction path towards two minimal points. There-
fore, it can help us intuitively see whether the reactants and
products connected by this transition state are the structure

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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we imagine so as to identify that the TS structure is valid and
accurate.

A slight variation of the structures will cause a disparity of
ESIPT ability. The calculation result shows that the N---H
distances between the hydrogen bonds of -O-H---N are
1.878 A in BDIBD-DMF, 1.756 A in BDIBD-ACE and 1.679 A
in BDIBD-MeOH (BDIBD-MeOH < BDIBD-ACE < BDIBD-
DMF, Tables S30-S39, ESIT) in the excited state. Similarly, the
N- - -O distances are 2.673 A in BDIBD-DMF, 2.660 A in BDIBD-
ACE and 2.601 A in BDIBD-MeOH (BDIBD-MeOH < BDIBD-
ACE < BDIBD-DMF, Tables S30-S39, ESI{). In addition, the
N-H bond distance in the keto form after the ESIPT process is
1.017 A in BDIBD-DMF, 1.022 A in BDIBD-ACE and 1.025 A in
BDIBD-MeOH (BDIBD-DMF < BDIBD-ACE < BDIBD-MeOH,
Tables S30-S39, ESIt). Compared to BDIBD-DMF, a shorter
H-bond shows that the ESIPT progress is relatively easier in
BDIBD-ACE and BDIBD-MeOH, revealing the different lumi-
nescence for BDIBD in various intermolecular interactions.
Mayer bond orders of all bonds were calculated and are shown
in Tables S31, S33, S35 and S37 (ESI{). Mayer bond orders can
exhibit bonding strength because they have a good correlation
with the bond dissociation energy. In general, the larger the
Mayer bond orders of a bond, the stronger the bonding
strength (Tables S30-S39, ESIT). Results indicate that the bond
orders of the hydrogen bonds are 0.1205 in BDIBD-DMF,
0.1328 in BDIBD-ACE and 0.1601 in BDIBD-MeOH (BDIBD-
DMF < BDIBD-ACE < BDIBD-MeOH) in the excited state,
which is consistent with previous results.

As is well known, infrared (IR) vibrational spectroscopy is a
powerful tool for analyzing hydrogen bonding. The simulated
results showed that there were no imaginary frequencies in all
the IR spectra of the related geometries investigated in this
work. Since the potential ESIPT behavior proceeded along
O-H- - -N, we mainly focused on the IR changes of the Sy-state
and S;-state hydrogen bonding moieties. As shown in Fig. 3 and
Fig. S14 (ESIt), we present the simulated IR vibrational fre-
quency of the O-H and N-H stretching vibration modes for the
crystals, based on which specific hydrogen bonding inter-
actions could be found. A red shift of the O-H bond in the IR
spectrum indicates an increase in hydrogen bond strength,
whereas a blue shift suggests a decrease in hydrogen bond
strength. We found an obvious red-shift of the IR vibrational
frequencies involved in O-H stretching vibration for both the
crystals forms from S, to S; state. This reflected that O-H: - ‘N
should be strengthened in the S, state. For the enol form, the
calculation results show that the wavenumbers of O-H vibra-
tions are 3300 cm ™' in BDIBD-DMF, 3100 cm ™' in BDIBD-ACE,
2900 cm ™! in BDIBD-MeOH (BDIBD-MeOH < BDIBD-ACE <
BDIBD-DMF, Table S37, ESIt), revealing that ESIPT progress is
easy in BDIBD-MeOH compared to BDIBD-ACE and BDIBD-
DMF. Similarconclusions can be also drawn for keto structures.

Generally, it is known that the intramolecular H-bond
between a proton donor and a proton acceptor is the internal
driving force for the occurrence of ESIPT. Hence, in order
to further reveal the crucial factor related to the original
ESIPT process, reduced density gradient (RDG) and atoms in

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2025
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Fig. 3 Simulated IR vibrational spectra of O—-H synergetic stretching
mode for (a) BDIBD-DMF, (b) BDIBD—ACE and (c) BDIBD-MeOH com-
pounds in both Sg and S; states. Simulated IR vibrational spectra of O—-H
and N-H stretching modes formed by proton transfer synergetic stretch-
ing for (d) BDIBD—-DMF, (e) BDIBD—ACE and (f) BDIBD—MeOH compounds
in the S;-keto™! state. Intermolecular interactions in (g) BDIBD-DMF,
(h) BDIBD-ACE and (i) BDIBD—MeOH. Reduced density gradient (RDG)
scatter plots demonstrating the hydrogen bonding interactions of (j)
BDIBD-DMEF, (k) BDIBD-ACE and (l) BDIBD-MeOH, with RDG represent-
ing the hydrogen bond strength and sign (A,)p representing the interaction
type by different colors.

molecules topology analysis (AIM) were performed to verify
the influence of protonation on the H-bond strength of the
three kinds of molecules (Fig. 3g-1 and Table S39, ESIt). The
system is mainly based on van der Waals forces, and -O-H- - -N
exists as hydrogen bonding interaction. For BDIBD-DMF, the
peak of the discrete plots is located at negative sign(1,)p with a
value of ~—0.02 and the &g of the highest discrete plots peak
is located at ~0.15, implying a typical H-bond attraction.
It was found that for BDIBD-ACE and BDIBD-MeOH, the
discrete plots spikes shifted toward more negative values of
sign(4,)p with certain amounts of deviation, indicating that
protonation could greatly enhance the intramolecular H-bond
strength and thus facilitate the ESIPT process (BDIBD-DMF <
BDIBD-ACE ~ BDIBD-MeOH). In addition, the bond critical
point (BCP) generally appears between the attractive atom
pair. The value of real space functions at BCP have great
significance to analyze the weak interaction. For example,
the value of density of all electrons at BCP is closely related
to bond strengthening in analogous bond type, and poten-
tial energy density at BCP has also been shown to be
highly correlated with hydrogen bond energies. Therefore,
AIM topology analysis also confirms that the intramolecu-
lar H-bond is the strongest with a binding energy of 1.79
and 3.50 kcal mol ' respectively (calculated bond energy,
Table S39, ESIT).
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Fig. 4 The chemical structure of (a) BDIBD-DMF, (b) BDIBD-ACE and (c)
BDIBD-MeOH at the end of AIMD simulations. The curve of the statistical
O-H bond length over time for (d) BDIBD-DMF, (e) BDIBD-ACE and (f)
BDIBD-MeOH. Insets: Natural adaptive orbitals (NAJO) around the ESIPT
reaction site of the crystals at 100 fs. (g) Left: Chemical structures of
BDIBD. Right: Schematic of the multicolor crystal systems and their
application in vapor detection. (h) Application of the crystals in information
encryption.

To gain insight into the detailed time evolution information
on ESIPT crystals, ab initio molecular dynamics (AIMD) simula-
tions based on the TD-DFT calculations were conducted to
verify the time-scaled proton transfer and the proton transfer
ability of the BDIBD molecule (Fig. 4a—f). AIMD was studied for
simulated complexes changes in the excited state performed at
PBEO/def2-SV(P) with RIJCOSX approximation employing ORCA
5.0.4 package.”® As is known, the ESIPT progress can be
completed within 100 fs. The initial temperature was set at
100 K, the thermal bath temperature was set at 298 K, the
calculation time was set at 100 fs, and the step size was set at
0.5 fs. All data analyses as well as the drawing of various visual
iso-surfaces or plane maps were obtained by the approach
proposed using Multiwfn program and rendered by VMD
visualization program. The first ESIPT progress can be easily
completed in BDIBD-DMF, but the length of the O,-H, bond
was only ~1 A at the end of AIMD, showing that the second
EISPT progress cannot occur. For BDIBD-MeOH, the lengths of
two O-H bonds were ~1.8 A at the end of AIMD; thus, the two
EISPT reactions can both take place. Natural adaptive orbitals
(NAdO) were obtained by Multiwfn program, indicating
the different delocalization index of the bond in the crystals.
Under set conditions, only one proton transfer reaction can
occur in BDIBD-DMEF, but both two reactions can progress in
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BDIBD-MeOH. For BDIBD-ACE, as the second proton transfer
progress is incomplete, its reactivity is between the other two
crystals. The result indicates the different proton transfer
ability of the crystals, further confirming the ESIPT intermole-
cular interaction mechanism.

The above results have shown that the emission of BDIBD-
based crystals can be tuned by different solvent-interacting
systems, with potential for sensing and light display. As shown
in Fig. 4g, BDIBD shows responsiveness to fumigation in the
crystal state, which is considered as an ideal method to regulate
the multicolor emissions on account of its mild condition.
In light of the unique property of BDIBD-based crystals, their
potential applications in dynamic multicolor display and infor-
mation encryption were further investigated. As shown in
Fig. 4h, a digital pattern “88” was designed and prepared by
BDIBD-ACE and BDIBD-DMF corresponding to the orange and
green parts in the designed pattern, respectively. A yellow “88”
pattern can be detected under daylight, while the pattern
decodes the new information “33”, which can be detected
under UV light. The part containing information exhibits
green emission, while the other part remains yellow color.
The crystals have good stability and can be used for long-
term storage of information (Fig. S15, ESI{). The above results
demonstrated the application potential of BDIBD crystal as a
multicolor luminescent material.

3. Conclusions

To conclude, synergetic conformational regulations in ground
and excited states for realizing modifiable ESIPT emissions
were achieved and clearly proved by tuning the intermolecular
interactions of a dual-ESIPT site molecule with different crystal-
lizers. By comparing the photophysical properties and compre-
hensive calculation of the series of crystallizers, it was
confirmed that the emission of BDIBD-DMF can come from
the first step ESIPT (keto'*) excited state, while that of BDIBD-
ACE and BDIBD-MeOH is attributable to the second step ESIPT
(keto®™?) emission. The unique emission tuning properties of
the ESIPT chromophores were mainly because of the changes
in the ground state of crystal conformations and further inter-
molecular interactions. In addition, the study of reduced den-
sity gradient (RDG) analysis and ab initio molecular dynamics
(AIMD) simulations specifically proves the different proton
transfer ability of dual-ESIPT molecules in the excited states.
Based on this, an intrinsic fine regulation system that under-
goes different ESIPT processes determined by intermolecular
interactions is established for rich luminescent performances.
The proposed mechanism provides a theoretical basis for the
application of novel optical materials, including efficient dis-
playing, anticounterfeiting, and sensing.
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