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Fluorescent color-changing smart materials based on force stimulus have attracted wide attention due to their
multifunctional and reversible characteristics, leading to advanced applications. However, it is still challenging
to develop high-contrast mechanochromic luminescent molecules and reveal the relationship between their
structure and properties. This article illustrates the high-contrast mechanochromic properties of D-A-D type
derivatives. Two pyridine-functionalized anthracene derivatives (MTPA and BTPA) both showed significant
photoluminescence shift under mechanical force stimulus. It is worth noting that the unilaterally substituted
D-A-D anthracene derivative (MTPA) exhibits a significant wavelength shift of 122 nm when ground, and the
luminescence color changes from blue to yellow. Moreover, it can recover to the original luminescent
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DOI: 10.1039/d4ma01015a color after steaming with water or ethanol. This study not only elucidates the mechanochromic properties of
D—-A-D type cationic organic small molecules, but also provides a novel design concept for designing high-
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Introduction

As an attractive “smart” stimulus-responsive solid-state mate-
rial, mechanochromic luminescent (MCL) materials can exhibit
significant changes in luminescent color under external
mechanical stimuli (such as grinding, cutting, compression
and stretching), and can usually be restored to the original
luminescent color by solvent fumigation, heating and other
methods after the external force is removed, showing dynamic
and reversible solid-state luminescent color changes.'® In
addition, since force is a simple and easy-to-achieve external
stimulus method, and the luminescent color changes accom-
panied by the change of force could be directly observed by the
naked eye, this smart luminescent material has been widely
used in data storage, anti-counterfeiting, security inks and
memory recording devices.”"°

In recent years, scientists have reported a variety of organic MCL
molecules, such as tetraphenylethylene,"""* triphenylamine,"*'*
carbazole,"'® spiropyran derivatives,”"*® and others.’>** Although
there have been some design strategies for MCL molecules reported
so far, such as doping,>*** polymer,* intermolecular noncovalent
interactions,””*® donor-acceptor compounds,”**® and the site effect
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of substituents,®"*> etc., there are still many uncertainties

regarding the relationship between the molecular structure and
the properties of MCL. In addition, due to the limitations of
molecular structure, most MCL materials exhibit relatively limited
ranges of emission wavelength changes and low sensitivity to
mechanical forces when subjected to mechanical stress, which
greatly limits their practical applications."** In recent years,
researchers have reported a small number of molecules that
exhibit wavelength shifts greater than 100 nm under mechanical
force. Due to the significance and reversibility of their luminescent
color changes, these molecules have demonstrated broad applica-
tion prospects in fields such as high-level anti-counterfeiting, ion
probes, and imaging, etc.>***° Therefore, it remains a challen-
ging task to construct new high-contrast MCL materials using pure
organic fluorescent groups and reveal the relationship between
their structures and properties.

Donor-acceptor (D-A) molecules represent a class of mole-
cules with unique luminescent properties, whose luminescent
mechanism mainly relies on the interactions between electron
donors and acceptors. This interaction could induce intra-
molecular charge transfer, leading to the formation of excited
states and the generation of luminescence.’”*® By precisely
designing the structures of donors and acceptors and the
torsion angles between them, the electronic structure and
energy state of the molecules could be adjusted, thereby
effectively controlling their luminescent properties.*>*® More-
over, studies have shown that D-A molecules with significant
intramolecular charge transfer (ICT) properties possess ideal
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Scheme 1 Schematic diagram of the MCL of MTPA and BTPA.

4142 Anthracene and its

solid-state luminescent characteristics.
derivatives, classified as a class of efficient luminescent mole-
cules, exhibit not only unique fluorescence and phosphores-
cence properties, but also modifiable structures, making them
promising candidates for a wide range of applications in the
field of luminescence.”>*® Although there have been some
reports on the MCL properties of anthracene and its deriva-
tives, most anthracene derivatives only exhibited slight changes
in luminescent color under mechanical stress.**>"

Inspired by the luminescent mechanism of D-A molecules,
and the reported examples of MCL protonated pyridine
rings,”*>* we designed and synthesized two cationic MCL
molecules (MTPA®* and BTPA’®) by organically combining
anthracene as the electron donor and pyridinium salt as the
electron acceptor. Both molecules exhibited strong lumines-
cent properties in the solid state. Interestingly, both molecules
exhibited different MCL changes (Scheme 1), which were
reversible interconversion processes. Among them, the D-A-D
type MTPA molecule exhibited high-contrast MCL behavior,
with a significant change in emission wavelength before and
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after grinding (emission wavelength change of 122 nm, the
luminescent color from blue to yellow). Theoretical calculations
and experimental results confirmed that the phase transition
and planarization of the conformation of molecules under
grinding were the main reasons for the redshift of the emission
of MTPA and BTPA molecules, and the greater change in the
emission wavelength (A1) of MTPA under external mechanical
stimulation may be attributed to the smaller steric hindrance
effect of the unilateral pyridine group, which makes its ordered
stacking structure easier to be destroyed by external forces.

Results and discussion

The compounds MTPA and BTPA were synthesized by using the
route shown in Schemes S1 and S2 (ESIt). The compounds were
characterized by 'H NMR. Relevant data and information are
shown in the ESIt (Fig. S6-S11).

Photophysical properties of MTPA and BTPA

To investigate the optical properties of the target compounds,
we measured the normalized UV-Vis absorption spectra and
fluorescence spectra of MTPA and BTPA in distilled water at
room temperature ((MTPA] = 2.0 x 10> M, [MTPA] = 2.0 x 10> M),
and the results are shown in Fig. S1 and S2 (ESIt). The spectra
indicated that the compounds MTPA and BTPA have three distinct
absorption peaks in aqueous solution, with MTPA showing absorp-
tion peaks at 247 nm, 288 nm, and 417 nm, and BTPA showing
absorption peaks at 247 nm, 291 nm, and 420 nm (Fig. S1, ESIT).
The initial two absorption peaks may be attributed to m-n* transi-
tions, while the latter (417 nm and 420 nm) may be attributed to
intramolecular charge transfer (ICT), with corresponding fluores-
cence emission peaks located at 624 nm and 587 nm (Fig. S2, ESIt).
Subsequently, the fluorescence emission spectra of MTPA and BTPA
in various polar solvents were measured (Fig. 1). The spectral results
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Fig. 1 Photographs (under UV irradiation at 365 nm) and normalized emission spectra (lex = 420 nm) for MTPA (a) and BTPA (b) in various solvents.
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showed that both MTPA and BTPA displayed shorter emission
wavelengths (608 nm and 557 nm) in tetrahydrofuran and
longer emission wavelengths (621 nm and 600 nm) in dimethyl
sulfoxide (DMSO). These observations indicated that MTPA and
BTPA possess solvatochromic properties and exhibited intra-
molecular charge transfer (ICT) characteristics.’®” The fluores-
cence quantum yields (¢r) and fluorescence lifetime of MTPA
and BTPA in the solid state were carried out. In the results, we
can observe a trend of decreased fluorescence quantum yields
for both the MTPA and BTPA compounds following grinding,
compared to their original powder (Table S1, ESIt). Meanwhile,
the fluorescence lifetime exhibits a significant enhancement
(Table S1 and Fig. S3, ESIT).

Mechanochromic properties of MTPA and BTPA

As illustrated in Fig. 2, the maximum emission wavelength of
the original MTPA powder was 450 nm (Fig. 2a), and the
original powder displayed blue fluorescence under 365 nm
UV light irradiation (Fig. 2c). After mechanical grinding of the
solid powder of compound MTPA, the maximum emission
wavelength of MTPA red-shifts to 572 nm (Fig. 2a), and the
fluorescence emission color changes to yellow (Fig. 2¢), demon-
strating a significant mechanochromic behavior of MTPA
(AZ = 122 nm). Interestingly, when fumigated with water or
ethanol, the grinded (yellow-emitting) MTPA could be reverted
to its original state (blue-emitting), indicating that MTPA
exhibits reversible mechanochromic behavior. Similarly to
MTPA, BTPA also demonstrated mechanochromic behavior.

View Article Online

Paper

The original BTPA powder exhibited high fluorescence emis-
sion in the solid state, exhibiting green fluorescence at 550 nm
(Fig. 2d). Following mechanical grinding, the maximum emis-
sion wavelength red-shifts to 570 nm (A4 = 20 nm), exhibiting
yellow fluorescence. Similarly, under fumigation with water or
ethanol, the luminescent color of BTPA could also be restored
to the initial green fluorescence. These results indicated that
both compounds MTPA and BTPA possess significant force-
induced luminescent chromic properties with good reversibil-
ity, among which the mechanochromic behavior of MTPA was
more significant, which may be related to the arrangement and
conformation of the molecules.

To investigate the mechanochromic mechanism of MTPA
and BTPA, we analyzed the powder X-ray diffraction (PXRD)
patterns of the two compounds before and after grinding. As
illustrated in Fig. S4 and S5 (ESIt), the original powders of
MTPA and BTPA both exhibited intense and sharp diffraction
peaks, indicating their crystalline structures. After mechanical
grinding, the PXRD patterns of MTPA and BTPA, compared to
the initial samples, exhibited several broad diffuse peaks in the
diffraction patterns, with a significant decrease in the intensity
of the diffraction peaks, indicating that the crystalline structure
of the samples was partially destroyed to some extent, and
some intermolecular interactions may have disappeared or
weakened. After fumigation with water or ethanol, the PXRD
patterns of the ground samples were found to be identical to
the initial samples, revealing the restoration of their crystal
structures, indicating the formation of a crystalline state similar
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Fig. 2 The MCL behaviors of MTPA and BTPA. Normalized emission spectra for the as-prepared and ground solids of MTPA (Zcx = 380 nm) (a) and BTPA
(Zex = 420 nm) (d); the CIE-1931 chromaticity diagrams for the as-prepared and ground solids of MTPA (b) and BTPA (e); optical images in different solids

for MTPA (c) and BTPA (f) under UV irradiation (365 nm).
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to the original powders. Notably, the PXRD diffraction peak intensity
and peak broadening of MTPA after grinding were significantly
greater than those of BTPA. This may be attributed to the fact that
the crystalline transformations and conformational changes induced
by milling in MTPA were more pronounced than those in BTPA,
which was consistent with the spectral chromic results. This suggests
that the mechanoresponsive behavior of MTPA and BTPA was highly
correlated with phase transitions, with the compounds transitioning
from an original microcrystalline state to an amorphous state after
grinding, and then regaining diffraction peaks after fumigation, thus
achieving reversible fluorescence transitions.

DFT calculation

To understand the influence of the electronic structure and
geometric conformation of MTPA and BTPA on their optical
properties, DFT (density functional theory) calculations were
performed. The frontier molecular orbital energy diagrams and
the electron cloud distributions for MTPA and BTPA are shown
in Fig. 3. It was observed that the electron densities of the
HOMO orbitals of MTPA and BTPA were predominantly con-
centrated on the electron-rich anthracene moiety, while the
electron cloud densities of the LUMO orbitals of MTPA and
BTPA were distributed on the electron-deficient pyridinium and
anthracene segment. This difference in electron cloud density
between MTPA and BTPA suggests the occurrence of ICT from
the electron-rich anthracene unit to the electron-deficient
pyridinium segment. The calculated results also underscored
the existence of donor-acceptor structures. Additionally, the
orbital energy levels of the anthracene derivatives were com-
puted and are presented in the inset of Fig. 3. The HOMO

?.2.81eV

Energy AE=|2.83 eV
Gap

-5.64 ¢V

MPTA

Fig. 3 HOMO/LUMO levels and electron cloud distributions of MTPA (left) and BTPA (right) compounds.
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energy levels were determined to be —5.64 eV and —5.86 eV,
whereas the LUMO energy levels were found to be —2.81 eV and
—3.04 eV, respectively. Utilizing the formula for calculating the
energy band-gap (E; = — (LUMO-HOMO)), the values were
determined to be 2.83 eV and 2.82 eV. Moreover, the ground-
state dipole moments of MTPA and BTPA were calculated as
7.7778 Debye and 0.0558 Debye, respectively. These results were
consistent with the UV-Vis absorption spectra.®®

Large changes in ground state dipole moments contributed to
the enhancement of intramolecular charge transfer. Compared
with the centrosymmetric BTPA, the axisymmetrically symmetric
MTPA had lower exciton binding energy and enhanced intermole-
cular interaction, which contributed to exciton dissociation and
improved charge transport. Consequently, BTPA showed good force
chromism. In addition, from the perspective of the optimized
geometric structures of MPTA and BTPA (Fig. S12, ESIf), the
torsion angles between the pyridine groups and the central anthra-
cene groups of MPTA and BTPA were 60.45° and 65.90°. Although
the torsion angle of MPTA was smaller than that of BTPA in the
optimal structure, the centrosymmetric molecular structure of
BTPA exhibited greater steric hindrance, which was not conducive
to the alteration of molecular stacking mode under grinding.
Consequently, the spectral change value of MPTA under grinding
conditions was greater, which was also consistent with the XRD test
results.*

The application of MTPA and BTPA in a drawing board and
information encryption

Inspired by the fact that MTPA molecules could achieve high-
contrast fluorescence color change under mechanical force
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stimulation, we have designed a color painting board. Fig. 4
presents a representative experimental result. Firstly, the MTPA
powder was affixed to the painting board, and then a pen
without ink was employed to inscribe on the board. Under
the illumination of a 365 nm ultraviolet lamp, the writing could
be clearly seen as bright yellow fluorescence. After steaming the
written painting board with water vapor, the yellow fluores-
cence disappeared, thus achieving the development of a reu-
sable color painting board.

Finally, based on the reversible mechanochromic properties
and optical responsiveness of MTPA and BTPA, they were
applied to the decryption of Morse code within liquid crystal
devices (Fig. 5). As a proof-of-concept diagram, this system
features a reversible dual-emission fluorescence output mode.
Firstly, the ground MTPA and BTPA were arranged in an array.
Under the influence of water vapor, the system could receive
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Fig. 4 Reversible color drawing board affixed with MTPA powder (under UV-light 365 nm).

two fluorescence emission signals (4 = 450 nm and 550 nm).
Then, different information was obtained by collecting the
emission signals from each microgrid within the entire array.
Interestingly, after the information was read, the array could be
returned to its initial state through simple grinding, thus
achieving reversible dual encryption of information. This force
and water vapor reversible stimulus-responsive luminescent
material constructed from mechanochromic molecular photo-
switches has potential application value in the fields of infor-
mation storage and optical devices.

Conclusions

In summary, we have successfully synthesized two cationic
mechanochromic organic small molecules (MTPA and BTPA),

450 nm
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>

's: @@ |
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Fig. 5 Encryption and decryption of mechanical color-changing dual-mode information based on MTPA and BTPA.
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both of which demonstrated reversible MCL properties in the
solid state. The research results showed that the phase transi-
tion and conformational planarization of molecules under
mechanical stimulation led to significant red-shifts in the emission
spectra of MTPA and BTPA. Among them, the D-A-D type MTPA
molecule has a smaller steric hindrance effect of the unilateral
pyridine group, making its ordered stacking structure easier to be
destroyed by external force, resulting in a wide range of wavelength
change (A4 = 122 nm) in the emission wavelength before and after
grinding. It shows a pronounced high contrast MCL behavior. This
study not only contributes to the research on the mechanochromic
luminescence mechanism of D-A-D molecules, but also endows
MCL materials with potential applications in the field of intelligent
anti-counterfeiting.
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