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Abstract

Mechanofluorochromic (MFC) materials, capable of undergoing color changes in response
to external forces, hold vast potential for a wide range of applications. Here, we designed
and synthesized four compounds based on the tetraphenylethylene (TPE) unit, denoted as
TPE-1, TPE-2, TPE-3, and TPE-4. The TPE moiety serves as the common core among these
compounds, while nitrogen atom fine-tuning is employed on the modifying groups of the
four compounds to explore its influence on their photophysical properties and MFC
performance. These compounds display significant variations in their solid-state
photophysical properties and MFC characteristics. Especially, TPE-3 and TPE-4 exhibit
excellent MFC properties and different sensitivity to external mechanical stimuli. These
research findings not only offer a fresh perspective on the MFC mechanism of TPE-based
compounds but also provide valuable insights for the design and development of novel
MFC molecules.
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INTRODUCTION

With the continuous development of materials science and technology, traditional materials have struggled
to meet the ever-growing demands of society. Therefore, the emergence and rapid advancement of smart
materials have become an inevitable trend. Among these, materials capable of reversible changes in optical
properties under external stimuli such as light, electricity, heat, and force are referred to as chromogenic
materials. As an important category of smart materials, chromogenic materials exhibit high sensitivity, rapid
response, and visualizability of optical signals, thus becoming a long-standing research focus for scientists" .
Compared to other chromogenic materials, mechanofluorochromic (MFC) materials do not require external
light sources, electric fields, or heat sources; they only necessitate simple mechanical force for significant
fluorescence color changes"”'?. The simplicity and relatively easier achievement of fluorescence color changes

[17-19 [20-22]

make them widely applicable in various fields such as sensors"”"”, data storage™*”, and anti-counterfeiting

materials>,

In MFC materials, high fluorescence emission intensity in the solid state and significant color changes before
and after external force stimulation are two crucial aspects”*”. As the most representative aggregation-
induced emission (AIE) fluorophore, tetraphenylethylene (TPE) and its derivatives have attracted
widespread attention due to their simple molecular structure and excellent optical properties”***. The TPE
unit has also become one of the commonly used moieties for constructing MFC materials. Researchers have
created numerous high-performance MFC materials by modifying various aromatic heterocycles on TPE®"*!
[Supplementary Figure 1]. Among them, the incorporation of heteroatoms significantly influences the
photophysical properties and MFC behavior of these materials, with nitrogen being particularly prevalent in
the design of MFC materials. Nonetheless, there has been limited exploration into the effects of nitrogen
atom modifications on the MFC and photophysical properties of TPE-based compounds, leading to a lack of
reference for subsequent TPE-based MFC molecule design.

Based on this, we embarked on the design and synthesis of four novel TPE-based compounds, namely
TPE-1, TPE-2, TPE-3, and TPE-4 [Figure 1]. In these compounds, TPE moieties served as the common
structural motif, while precise adjustments were made to the nitrogen atoms in the other moieties. By
altering the presence, position, and number of nitrogen atoms, our aim is to investigate the impact of these
microstructural changes on the MFC and photophysical properties. This endeavor provides new insights into
the structure-property relationships of TPE-based compounds and serves as a significant reference for the
design of superior-performing MFC materials.

RESULTS AND DISCUSSION

Compounds TPE-1, TPE-2, TPE-3, and TPE-4 were synthesized via highly efficient Suzuki coupling
reactions. The detailed synthetic procedures and characterizations were provided in Sections 3 and 4 of the
Supplementary Materials. Initially, ultraviolet-visible (UV-Vis) absorption tests were conducted on these
four compounds in tetrahydrofuran (THF) solutions (10 M). As shown in Figure 24, all four compounds
exhibited absorption peaks around 250 nm, with broader absorption peaks observed in the range of 320 to
420 nm, centered at 327, 346, 332, and 362 nm, respectively [Table 1]. Compared with TPE-1, compounds
TPE-3, TPE-2, and TPE-4 showed sequential redshifts in absorption. This phenomenon is attributed to the
presence of nitrogen heterocycles in TPE-2, TPE-3, and TPE-4 induced intramolecular charge transfer from
the TPE moiety to the nitrogen heterocycles, where TPE acts as the electron donor and the nitrogen
heterocycles serve as the electron acceptor. Notably, TPE-4, containing two nitrogen atoms, exhibited the
strongest electron-withdrawing capability and the most significant redshift in the maximum absorption peak.
Subsequently, we further tested the solution-state emission of four compounds under 365 nm excitation. In
dilute solutions, the four compounds exhibited similar fluorescence emissions [Figure 2B], with extremely
weak fluorescence intensity. This is primarily due to the large free rotation and vibration of the TPE groups
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Figure 1. Molecular structures of four TPE-based compounds. TPE: Tetraphenylethylene.
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Figure 2. (A) The UV-Vis absorption and (B) fluorescence emission spectra of TPE-1, TPE-2, TPE-3, and TPE-4 (c =10°M). UV-Vis:
Ultraviolet-visible; TPE: tetraphenylethylene.

in solution, which increases intramolecular motion and enhances non-radiative energy loss. Additionally, the
nitrogen in the molecule facilitates photo-induced electron transfer to the ground state of the excited TPE,
potentially reducing the quantum yield. Upon the introduction of a poor solvent, the fluorescence intensity
significantly increased, displaying typical AIE characteristics [Supplementary Figures 16-21]. Through this
investigation, we found that the presence, position, and number of nitrogen atoms have some influence on
the solution-state photophysical properties of four TPE-based compounds, although the extent of impact is
not significant.

To further investigate the intramolecular charge transfer in these compounds, density functional theory
(DFT) calculations were conducted. Using Gaussian 09 software, the geometries of these four compounds
were optimized at the B3LYP/6-31G(d,p) level [Supplementary Figure 31]. The computational results
revealed that the lowest unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital
(HOMO) of TPE-1 were distributed throughout the entire molecule, indicating the absence of
intramolecular charge transfer. In contrast, the LUMOs of TPE-2, TPE-3, and TPE-4 were predominantly
located on the acceptor groups, while the HOMOs were mainly distributed on the TPE moieties, indicating
intramolecular charge transfer in these three compounds. Particularly, TPE-4, containing two nitrogen
atoms, exhibits the most pronounced charge separation. These results underscore the critical influence of
nitrogen atoms on the intramolecular charge transfer of TPE-based compounds.
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Table 1. Optical and electronic properties of TPE-1, TPE-2, TPE-3, and TPE-4

Aaps (NM) Ao (NM) soln (&) aggr (&) LUMO (eV) HOMO (eV)
TPE-1 327 431 ~0 19% -0.053 -0.190
TPE-2 346 428 -0 2% -0.060 -0.195
TPE-3 332 428 -0 M% -0.061 -0.192
TPE-4 362 431 -0 19% -0.073 -0.195

TPE: Tetraphenylethylene; A,,.: absorption maximum; A,,.: emission maximum; @;: fluorescence quantum yield (%) in dilute THF solution (soln),
THF/water mixture with 90% water fraction (aggr); LUMO: lowest unoccupied molecular orbital; HOMO: highest occupied molecular orbital.

After detailed characterization of the photophysical properties of the four compounds in solution, the
photophysical properties in solid-state and MFC behavior of these compounds were further characterized.
We thoroughly ground each compound and characterized the solid powders before and after grinding. As
shown in Supplementary Figure 22, the grinding process did not significantly alter the UV-Vis absorption of
these compounds. Their luminescent properties in solid state and MFC behaviors were shown in Table 2 and
Figure 3. The experimental results revealed distinct fluorescence response behaviors of these compounds
after thorough grinding. For TPE-1 without N atoms, the fluorescence emission peak showed minimal
change after grinding, indicating no MFC properties. Both the initial and post-grinding fluorescence
emission peak centers were near 445 nm, displaying blue fluorescence [Figure 3A and B]. Similarly, for
TPE-2, with a 3-quinoline acceptor moiety, the fluorescence emission peak remained unchanged after
grinding, also showing no MFC properties. The initial and post-grinding fluorescence emission peak centers
were both near 479 nm, exhibiting cyan fluorescence [Figure 3C and D]. It is noteworthy that although there
was no significant shift, mechanical force exerted some influence on the fluorescence intensity of these two
compounds. After grinding, the fluorescence quantum efficiency of TPE=1 increased from 60% to 68%, while
that of TPE-2 grew from 57% to 63%. We speculate that this enhancement is due to the tighter packing of the
TPE moieties in both compounds after grinding, leading to restricted intramolecular motion and,
consequently, an increase in fluorescence intensity. However, TPE-3 and TPE-4 exhibited distinct MFC
properties after grinding. For TPE-3, with a 2-quinoline acceptor moiety, the fluorescence emission peak of
the initial powder was centered at 443 nm, whereas after grinding, it shifted to 485 nm, indicating a
significant redshift of 42 nm [Figure 3F]. Additionally, the fluorescence color of the powder changed from
blue to cyan, and the solid-state fluorescence quantum efficiency decreased from 59% to 51% [Figure 3E]; the
decrease in fluorescence intensity after grinding is speculated to be due to the enhanced n---n interactions of
the quinoline moiety and other intermolecular forces. In contrast, for TPE-4 with a 2-quinolinoxaline
acceptor moiety, the emission peak was shifted from 437 to 485 nm after grinding, indicating a larger redshift
of 48 nm [Figure 3H]. After grinding, the fluorescence color of TPE-4 changed from blue to green, and the
solid-state fluorescence quantum efficiency increased from 3% to 19%, more than sixfold enhancement
[Figure 3G]. This significant enhancement after grinding is attributed to the tighter packing of TPE units,
which restricts the rotation and vibration of the phenyl rings, further suppressing non-radiative transitions,
leading to a rise in fluorescence quantum efficiency. Furthermore, we investigated the fluorescence
reversibility of TPE-3 and TPE-4, and found that the solid-state emission spectra could be effectively
restored after exposure to dichloromethane vapor, indicating their reversible MFC properties. Thus, TPE-3
and TPE-4 can be applied to rewritable materials [Supplementary Figure 23]. In addition to different
responses to mechanical stimulation, the four compounds also exhibit varying acid-responsive properties.
Specifically, under the influence of HCl vapor, TPE-2, TPE-3, and TPE-4 undergo reversible redshifts in
their fluorescence emission to varying degrees, whereas TPE-1 remains unchanged in its fluorescence
emission [Supplementary Figure 24]. Overall, these results reveal the significant impact of the presence,
position, and number of nitrogen atoms on the photophysical properties and MFC behavior of TPE-based
compounds in the solid state.
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Figure 3. Fluorescence pictures and absolute quantum efficiency of (A) TPE-1, (C) TPE-2, (E) TPE-3 and (G) TPE-4 before and after
grinding; solid-state fluorescence emission spectra of (B) TPE-1, (D) TPE-2 at initial, post-grinding and (F) TPE-3, (H) TPE-4 at initial, post-
grinding and solvent fumigation; fluorescence images of (1) TPE-3 and (K) TPE-4 under different pressures; fluorescence emission spectra
of (J) TPE-3 and (L) TPE-4 under different pressures. TPE: Tetraphenylethylene.

Table 2. Optical properties of TPE-1, TPE-2, TPE-3, and TPE-4 in the solid state

Original powder [},,,(nm)] Original powder (&;) Ground powder [A,,,(nm)] Ground powder (&;)
TPE-1 445 60% 445 68%
TPE-2 479 57% 479 63%
TPE-3 443 59% 485 51%
TPE-4 437 3% 485 19%

TPE: Tetraphenylethylene.

During the grinding process of TPE-3 and TPE-4, we observed starkly different responses to external force
between the two compounds. TPE-3 required a prolonged grinding time to exhibit noticeable changes in
fluorescence color, while TPE-4 showed an immediate fluorescence color change upon grinding. This
sparked our interest in investigating this phenomenon further. Therefore, we studied the fluorescence
changes of TPE-3 and TPE-4 under various pressures to gain deeper insights into the sensitivity of these
compounds to external forces. The experimental results revealed that TPE-4 exhibited excellent sensitivity to
pressure. When the pressure increased from 0 to 0.25 MPa, the fluorescence color changed immediately,
consistent with the grinding-induced color change phenomenon. With further pressure increase, the
fluorescence emission peak continued to redshift, transitioning from blue to green fluorescence, and
eventually stabilized under a pressure of 1.75 MPa [Figure 3K and L]. In contrast, TPE-3 showed poor
sensitivity to pressure, exhibiting good stability in fluorescence emission under different pressures. Even with

pressure increasing from 0 to 5 MPa, only minor changes were observed in its fluorescence emission
[Figure 3] and J].
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To gain deeper insights into the MFC properties of the four compounds, we conducted powder X-ray
diffraction (PXRD) characterization [Supplementary Figure 25]. In the initial solid state of all four
compounds, sharp and intense reflections were observed, indicating an ordered microcrystalline structure.
After grinding, the PXRD patterns of TPE-1 and TPE-2 showed almost no changes, whereas the peak
intensities of TPE-3 and TPE-4 decreased, accompanied by the disappearance of some peaks. We believe this
indicates that during the grinding process, TPE-3 and TPE-4 underwent partial transformation from an
ordered microcrystalline state to an amorphous state. Subsequently, we analyzed the thermal behavior of the
four compounds using thermogravimetric analysis (TGA). The TGA analysis revealed that all four
compounds underwent thermal decomposition around 300 °C [Supplementary Figure 26], indicating their
stability at elevated temperatures. Additionally, we performed differential scanning calorimetry (DSC)
analysis on all four compounds before and after grinding [Supplementary Figure 27]. For TPE-3 and TPE-4,
the ground samples exhibited additional exothermic peaks at 77 and 85 °C, respectively, compared to the
original samples, indicating possible crystal phase transitions between microcrystals for these two
compounds after grinding. However, for TPE-1 and TPE-2, no additional endothermic or exothermic peaks
were observed in two states (before or after grinding).

To delve deeper into the inherent relationship between the distinct MFC properties exhibited by the four
compounds and their corresponding molecular structures, single-crystal characterization was employed to
investigate their molecular aggregation states. By vapor-diffusing isopropyl ether into chloroform solutions
containing TPE-2, TPE-3 and TPE-4, we successfully obtained crystals of these three compounds. Their
crystal structures and molecular packing patterns are illustrated in Figure 4, with detailed crystallographic
information provided in Supplementary Tables 1-3. The molecular conformations of all three compounds
demonstrated highly distorted characteristics due to the presence of TPE. Within the molecular packing of
these three compounds, numerous weak intermolecular interactions were observed [Table 3]. The highly
distorted molecular structures and various weak interactions contribute to the formation of loose
intermolecular packing modes for these three compounds. However, while TPE-3 and TPE-4 exhibit MFC
properties, TPE-2 does not display such behavior. We speculate that this discrepancy is closely related to the
intermolecular packing modes of the three compounds. TPE-3 and TPE-4 share a similar molecular stacking
pattern, with their nitrogen heterocycles adopting a face-to-face parallel stacking mode, thereby forming
strong n- interactions [Figure 4D and F]. In contrast, the nitrogen heterocycles in TPE-2 are arranged in an
approximate perpendicular stacking mode [Figure 4B]. We hypothesize that when subjected to external
force, the nitrogen heterocycles in TPE-3 and TPE-4 adopt a face-to-face parallel stacking, facilitating
intermolecular slip, and increasing n-n interactions between the nitrogen heterocycles upon grinding,
resulting in redshifted emission. On the other hand, in TPE-2, the nitrogen heterocycles are arranged in an
approximately perpendicular stacking mode, lacking the face-to-face stacking necessary for enhanced n-n
interactions. Therefore, TPE-2 does not exhibit MFC properties. Overall, the position and number of
nitrogen atoms influence the solid-state packing arrangement of TPE-based compounds, leading to different
MFC properties among these compounds.

CONCLUSIONS

In summary, this study designed and synthesized four TPE-based compounds to investigate the impact of
nitrogen atom introduction, position, and number on their photophysical properties and MFC behavior.
These compounds exhibited similar photophysical properties in solution. However, significant differences
were observed in their photophysical properties and MFC behavior in the solid state. Specifically, TPE-1 and
TPE-2 showed no MFC behavior, with their solid-state fluorescence colors being blue and cyan, respectively.
On the other hand, TPE-3 and TPE-4 exhibited notable MFC phenomena, with both initially displaying blue
fluorescence, which changed to cyan and green, respectively, under external mechanical stimuli. Notably,
TPE-3 exhibited lower sensitivity to external stimuli for solid-state fluorescence under mechanical force,
whereas TPE-4 displayed higher sensitivity. This study highlights the significant influence of nitrogen atoms
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Figure 4. Single crystal structures of (A) TPE-2, (C) TPE-3 and (E) TPE-4; molecular packing diagrams of (B) TPE-2, (D) TPE-3 and (F)
TPE-4. TPE: Tetraphenylethylene.

Table 3. The list of various intermolecular interactions for TPE-2, TPE-3 and TPE-4

TPE-2 (14 interactions) TPE-3 (18 interactions) TPE-4 (16 interactions)
23291 A 2*3.342 A
el 13363 A 1*3.784 A
' 1"3.219 A
22771A2:2.798 A 272.818 A 172.839 A
172.867 A 172.840 A 12863 A 12.889 A
2°2.848 A 2*2.731A 1"2.790 A 1*2.813 A 1*2I841A1*2I824A
CH..m 1%2.751A172.866 A 172.759 A 1*2.807 A 12778 A 12759 A
1%2.784 A1*2.811A 1%2.897 A 1*2.761A = =
1%2.746 A1*2.707 A
172799 A172.757 A 12663 A
1"2.571A '
CH..N 272.635A 272730 A
C...N 1*3.249 A
H..H 172374 A

TPE: Tetraphenylethylene.

on the solid-state photophysical properties and MFC behavior of TPE-based compounds, providing valuable
insights for the molecular design of future MFC materials.
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