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A B S T R A C T

Establishing direct correlations between molecular motion, crystal structure, and macroscopic properties is 
essential for designing responsive functional materials. Herein, we report a malononitrile-based aggregation- 
induced emission luminogen (AIEgen), TPA-CN, that crystallizes into multiple polymorphs exhibiting distinct 
optoelectronic behaviors. In dilute solution, TPA-CN exhibits excitation-dependent emission spanning from sky 
blue to red under irradiation from 375 to 425 nm, arising from conformational flexibility and multiple excited- 
state transitions. In the solid state, subtle differences in crystal packing—governed by torsional angles and 
intermolecular interactions that modulate dipole moments—lead to pronounced variations in luminescence color 
and piezoelectric response. Mechanical grinding induces mechanochromic emission shifts without phase tran
sitions, as confirmed by powder X-ray diffraction (PXRD). Comparative analysis of crystallographic data, 
Hirshfeld surface mapping, and non-covalent interaction (NCI) calculations reveals that weak intermolecular 
interactions critically regulate crystal packing, ultimately producing distinct emission colors and behaviors. 
Notably, the non-centrosymmetric polymorph (Pca2₁) exhibits strain-sensitive piezoelectric currents up to 562 
pA under 0.51 % strain, with a piezoelectric coefficient (d₃₃) of 1.77 pm⋅V− 1 and a low Young’s modulus of 6.75 
GPa. Parallel device configurations further enhance mechanical sensitivity, enabling detection of micro
vibrations. This study reveals how minor conformational changes, and polymorphic packing can orchestrate dual 
photonic and piezoelectric functions, establishing a unified motion–structure–property paradigm. These insights 
advance the rational design of multifunctional organic materials for flexible sensing, soft electronics, and energy- 
harvesting applications.

1. Introduction

Molecules are the fundamental building blocks of matter, and their 
structures directly govern their physical and chemical properties. Rather 
than existing in isolation, molecules spontaneously assemble into ag
gregates through a combination of inter- and intra-molecular in
teractions, such as van der Waals forces, hydrogen bonding, and 
electrostatic attractions and molecular motions [1,2]. This aggregation 
typically lowers the system’s energy, stabilizing it and leading to 
emergent macroscopic properties. Among these phenomena, 
aggregation-induced emission (AIE) is particularly noteworthy. AIE 
luminogen (AIEgen) exhibits non-emissive behavior in dilute solution 

but becomes highly emissive upon aggregation [3,4]. This behavior is 
primarily attributed to the restriction of intramolecular motion (RIM), 
which suppresses non-radiative decay pathways and enhances radiative 
transitions in the aggregated state.

External stimuli—such as temperature, pressure, light, and electric 
fields—profoundly influence molecular aggregation and endow mate
rials with tunable properties [5–7]. Mechanochromic materials, for 
instance, respond to mechanical forces by changing color [8,9], which 
has been applied to advanced applications in security writing and piezo 
patterning, [9] anti-counterfeit, [10] and temperature detection, [11] as 
well as electrical energy harvesting, [12] etc. On a molecular level, this 
behavior arises from conformational rearrangements and changes in 
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intermolecular interactions, often accompanied by crystal packing 
transitions or amorphization [13,14]. Yet, a precise understanding of 
how mechanical forces modulate these molecular motions—and how 
such dynamics correlate with macroscopic optical changes—remains 
elusive.

Tang and coworkers previously demonstrated that AIE crystals could 
undergo elastic deformation and reversible luminescence changes due to 
RIM and external mechanical perturbations [15]. These findings high
light the potential of AIE crystals as platforms for investigating the 
intricate relationships between molecular motion, structure, and func
tion. Simultaneously, non-centrosymmetric crystals are known to 
exhibit piezoelectricity—a coupling between mechanical deformation 
and electrical polarization [16]. This direct piezoelectric effect enables 
their application in flexible electronics, sensors, and energy harvesters 
[17–19]. Organic piezoelectric materials are especially attractive due to 
their molecular tunability and mechanical compliance [12]. For 
example, a Co(II)-based coordination cage has shown a piezoelectric 
coefficient (d₃₃) of 2.8 pC/N [20], while π-π-stacked pyrene-based 
crystals have demonstrated d₃₃ values as high as 8.02 ± 0.26 pm/V 
[21]. However, materials with very high d₃₃ values (e.g., PbTiO₃) are 
often brittle [22], limiting their utility in flexible systems. Thus, opti
mizing the trade-off between piezoelectric performance and mechanical 
flexibility remains a key challenge in organic materials. Additionally, 
crystalline luminescent materials that exhibit mechanochromism often 
undergo phase transitions upon grinding or pressing, but the deeper 
coupling between molecular-scale motion, crystal packing alterations, 
and property evolution is still poorly understood [23–25].

Tetraphenylethylene (TPE) is a prominent AIEgen and has served as 
the foundation for numerous novel derivatives [26,27]. However, its 
inherently weak electron-donating ability often results in TPE-decorated 
derivatives exhibiting poorly defined donor-acceptor (D-A) structure, 
thereby limiting effective intramolecular charge transfer (ICT). By 
contrast, the triphenylamine (TPA) unit is a stronger electron donor, 
featuring a central nitrogen atom connected to three phenyl rings in a 3D 
propeller-like geometry with C₃ symmetry, making it an excellent 
building block for constructing AIEgens [28,29]. Inspired by the classic 
TPE-based AIEgen, we designed “TPE-like” based D-A molecules incor
porating the TPA unit for multifunctional applications. In this study, we 
developed a pull-push architecture based on malononitrile, yielding a 
red-emissive luminogen (TPA-CN) with aggregation-induced emission 
enhancement (AIEE) characteristics. This system enables investigation 
of how molecular conformation and crystal packing across diverse space 
groups dictate photophysical properties. In TPA-CN, the 2-(diphenyl
methylene)malononitrile group [30] acts as a strong electron acceptor, 
while the TPA unit functions as the electron donor, together facilitating 
efficient ICT. The resulting crystals provide a platform to study how 
minute variations in packing affect macroscopic behaviors such as color 
change and piezoelectric response. TPA-CN exhibits excitation- 
dependent emission in solution due to intramolecular freedom, while 
in the solid state, its mechanochromic behavior arises not from phase 
transitions but from molecular motion-induced packing alterations. 
Crystals with higher symmetry (Pca2₁, C2v) show red emission, while 
those with lower symmetry (P2₁2₁2₁, D2) emit orange-red. Moreover, 
the piezoelectric current generated by the non-centrosymmetric crystal 
increases with strain, reaching 562 pA at 0.51 % strain. The material’s 
low Young’s modulus (6.75 GPa) and moderate d₃₃ (1.77 pm V− 1) 
highlight its potential for flexible sensing applications, including ground 
vibration detection.

2. Materials and methods

2.1. Chemicals and measurement

Unless otherwise stated, all reagents were purchased from com
mercial sources and were used without further purification. Tetrahy
drofuran (THF) was distilled before use. 1H and 13C NMR spectra were 

recorded on a Bruker AVANCE III 400 M spectrometer using CDCl3 as the 
solvent (CHCl3, 1H: d = 7.26 ppm, 13C: d = 77.06 ppm). Coupling 
constant (J) values are given in hertz (Hz). High-resolution mass spectra 
(HRMS) were recorded using an LC/MS/MS, which consisted of a High- 
Performance Liquid Chromatography (HPLC) system (Ultimate 3000 
RSLC, Thermo Scientific, USA) and a Q Exactive Orbitrap mass spec
trometer. UV–Vis absorption spectra and photoluminescence spectra 
were recorded on a Shimadzu UV-2600 and a Hitachi F-4700 fluores
cence spectrometer. Photoluminescence quantum yields were measured 
using an absolute method on a Hamamatsu Quantaurus-QY spectrom
eter (C11347–11) equipped with a 3.3-inch integrating sphere.

The quantum lifetimes were recorded on an Edinburgh FLS 980 in
strument and measured using a time-correlated single-photon counting 
method. Cyclic voltammetry (CV) experiments were performed in 
acetonitrile (ACN) containing 0.1 M tetrabutylammonium hexa
fluorophosphate (n-Bu₄NPF₆) as the supporting electrolyte. A standard 
three-electrode configuration was employed, consisting of a glassy car
bon disk working electrode, a platinum wire counter electrode, and an 
Ag/AgCl reference electrode. The ferrocene/ferrocenium (Fc/Fc+) redox 
couple was used as an internal reference. CV scans were initiated at 0 V, 
swept forward to +1.6 V, and then reversed to 0 V at a scan rate of 100 
mV/s under ambient conditions. Quantum chemistry calculations were 
conducted at both the ground state and aggregated state using the 
Gaussian 09 W software package with the B3LYP functional and 6-31G 
basis set. Powder XRD patterns were recorded on a Bruker D8 ADVANCE 
X-ray diffractometer, using Cu Kα radiation (λ = 1.54 Å, 40 mA, 40 mV).

2.2. Synthesis and characterization

(4-(diphenylamino)phenyl)(phenyl)methanone (2): Under a ni
trogen atmosphere, mixture of 4-bromobenzophenone (300 mg, 1.15 
mmol, 1.0 eq.), diphenylamine (233 mg,1.38 mmol, 1.2 eq.), K2CO3 
(2.5 g, 14.49 mmol, 16 eq.) and P(t-Bu)3 (2.32 g, 11.49 mmol, 10 eq.) in 
toluene (10 mL) solution was stirred 10 min at room temperature, Pd 
(OAc)2 (103 mg, 0.46 mmol) were added. Then, the mixture was stirred 
and heated to 100 ◦C for 24 h. After it was cooled, the mixture was 
quenched by H2O (50 mL) and extracted by dichloromethane (CH2Cl2) 
(50 mL × 3) three times; the combined organic layer was successively 
washed with water and brine (50 mL) and dried over MgSO4 and 
evaporated. The residue was purified by column chromatography 
eluting with hexane to give 2 as a yellow solid (295 mg, 74 %). 1H NMR 
(400 MHz, CDCl3) δ 7.78 (d, J = 7.6 Hz, 2H), 7.72 (d, J = 8.8 Hz, 2H), 
7.55 (t, J = 7.4 Hz, 1H), 7.46 (t, J = 7.5 Hz, 2H), 7.33 (t, J = 7.9 Hz, 4H), 
7.19 (d, J = 6.8 Hz, 4H), 7.14 (t, J = 7.3 Hz, 2H), 7.02 (d, J = 8.7 Hz, 2H) 
ppm. 13C NMR (100 MHz, CDCl3) δ 195.2, 152.0, 146.5, 138.5, 132.0, 
131.7, 129.7, 129.6, 128.2, 126.0, 124.7, 119.6 ppm.

2-((4-(diphenylamino)phenyl)(phenyl)methylene)malononi
trile (TPA-CN): Under a nitrogen atmosphere, mixture of intermediate 2 
(295 mg, 0.85 mmol, 1.0 eq.) and malononitrile (558 mg, 8.45 mmol, 10 
eq.) in pyridine (10 mL) solution was stirred and heated to 110 ◦C for 48 
h. After it was cooled, the pyridine was disposed of under reduced 
pressure. The residue was purified by column chromatography eluting 
with CH2Cl2 to give TPA-CN as a red solid (147 mg, 44 %). 1H NMR (400 
MHz, CDCl3) δ 7.55 (t, J = 7.2 Hz, 1H), 7.47 (t, J = 7.6 Hz, 2H), 7.42 (d, 
J = 6.8 Hz, 2H), 7.38–7.30 (m, 6H), 7.19 (d, J = 7.1 Hz, 6H), 6.92 (d, J =
9.0 Hz, 2H) ppm. 13C NMR (100 MHz, CDCl3) δ 173.6, 152.4, 145.6, 
136.7, 132.7, 132.0, 130.5, 129.8, 128.7, 126.6, 125.6, 118.3, 115.2, 
114.9 ppm. HRMS (ESI) m/z: calcd. For C28H19N3 [M + H]+: 398.1652; 
found, 398.1653.

2.3. X-ray crystallography

Crystallographic data for TPA-CN based Crystal I, Crystal III and 
Crystal IV were collected on a Bruker APEX 2 CCD diffractometer with 
graphite monochromated Mo Kα radiation (λ = 0.71073 Å) in the ω scan 
mode or on a Rigaku AFC12 diffractometer equipped with a HyPix 
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detector and a rotating anode source, also with Mo Kα radiation. [31] 
The structures were solved by charge flipping or direct methods algo
rithms and refined by full-matrix least-squares methods on F2. [32,33] 
Further details are provided in Table S5. The CCDC numbers are 
2451778 for Crystal I, 2451780 for Crystal III and 2451779 for Crystal 
IV, respectively, which contain the supplementary crystallographic data 
for this paper. These data can be obtained free of charge from The 
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/struc 
tures.

2.4. Fabrication of devices

A suitable TPA-CN crystal (dimensions: 60–100 μm in length, 20–35 
μm in width, and 8–15 μm in thickness) (Fig. S19) was selected and 
mounted on a flexible polyimide film substrate (3 cm length × 1 cm 
width × 100 μm thickness). Silver paste was applied at both ends of the 
crystal to form electrodes. The fabricated piezoelectric device was tested 
under ambient air without encapsulation. To ensure high reproducibility 
of the electrical signals, more than 10 piezoelectric devices were fabri
cated. All devices demonstrated nearly identical electrical responses 
under the same measurement conditions.

2.5. Piezoelectric properties measurement

The piezoelectric device was mounted on a LinMot® BF01–37 linear 
motor by clamping both ends of the polyimide substrate to the motor 
stage. Electrical contact was established through a probe connection to 
the device’s copper wires. The motor was programmed to execute pe
riodic reciprocal linear motion, thereby applying controlled strain to the 
device. The resulting piezoelectric response current was measured and 
recorded using a Keithley 2636B Source Meter.

2.6. Piezoresponse force microscopy (PFM) measurement

A suitable crystal TPA-CN (dimensions: 50–100 μm in length, 20–40 
μm in width, and 20–30 μm in thickness) was mounted on a silicon 
wafer, and silver paste was applied at one end of the crystal to form 
electrodes under microscopic observation. The devices containing TPA- 
CN crystals were positioned on the Atomic Force Microscope (AFM, 
Bruker, Dimension Fastscan) sample stage, with conductive copper ad
hesive connecting the sample stage to the silicon wafer. In PFM mode, 
the AFM was set to a 3 V driving voltage, and the AFM tip scanned a 5 μm 
range on the crystal surface. The sample’s response in both the vertical 
and horizontal directions was recorded using the AFM’s lock-in ampli
fier to detect surface topography.

3. Results and discussion

3.1. Synthesis, structural characterization, and photophysical properties

The detailed synthetic route for compound TPA-CN is illustrated in 
Scheme S1 and the molecular structure TPA-CN is displayed in Fig. 1. 
The target molecule was synthesized through a two-step process 
involving a Buchwald–Hartwig coupling reaction followed by a Knoe
venagel condensation, affording TPA-CN in a 44 % yield. The molecular 
structure was confirmed using a combination of 1H/13C NMR spectros
copy, high-resolution mass spectrometry (HRMS), and single-crystal X- 
ray diffraction (SCXRD). TPA-CN demonstrates good solubility in a va
riety of common solvents, including cyclohexane (Cy), CH₂Cl₂, THF, and 
dimethyl sulfoxide (DMSO), making it suitable for detailed investigation 
of its structure–property relationships.

The UV–vis absorption and emission spectra of TPA-CN were 
measured in dilute THF solution (~10− 5 M). As shown in Fig. 2A, the 
compound exhibits two main absorption bands: one at 292 nm corre
sponding to local excited (LE) state transitions, and another at 440 nm 
attributed to ICT [34]. TD-DFT analysis assigns these transitions to S₀ → 

S₁ (f = 0.4980) for the ICT band and a combination of S₀ → S₂ (f =
0.0218) and S₀ → S₃ (f = 0.1950) for the LE bands (Table S1).

Upon excitation at 375 nm, TPA-CN exhibits a weak dual-emission 
profile with a dominant peak at 480 nm and a shoulder around 616 
nm. Notably, as the excitation wavelength is gradually red-shifted from 
375 to 425 nm, the emission intensity at 480 nm decreases while the 
shoulder peak at 617 nm becomes more prominent. This results in a 
wide-range, color-tunable emission, transitioning from sky-blue to white 
and finally to red (Fig. 2B). This tunable photoluminescence is further 
evidenced by the corresponding Commission Internationale de 
l’Eclairage (CIE) coordinates, which shift from (0.22, 0.27) to (0.33, 
0.32), and eventually to (0.55, 0.42), spanning three primary color re
gions. A strong linear correlation between excitation wavelength and 
CIE coordinates is observed (R2 = 0.9997) (Fig. 2C), highlighting the 
excitation-wavelength-dependent emission behavior of TPA-CN. This 
phenomenon likely originates from multiple emissive states inherent to 
a single molecular structure, consistent with the excited-state confor
mational diversity [35].

Furthermore, the solvatochromic effect of TPA-CN was investigated 
in six solvents with varying polarities: Cy, toluene, 1,4-dioxane, ethyl 
acetate, THF and CH2Cl2. The ICT absorption band exhibits a gradual 
red-shift from 434 nm in non-polar Cy to 450 nm in polar CH₂Cl₂ (Fig. S6 
and Table S3). Correspondingly, the emission maxima shift significantly 
from 507 nm in Cy to 630 nm in highly polar THF (λex = 440 nm), 
indicating a strong ICT character (Fig. 2D). Notably, TPA-CN maintains 
excitation-wavelength-dependent emission behavior in intermediate 
polarity solvents such as 1,4-dioxane and CH₂Cl₂ (Fig. S7). However, in 
highly polar DMSO, the emission is almost entirely quenched, likely due 
to enhanced non-radiative decay pathways. These results confirm that 
TPA-CN is a typical donor–acceptor system with strong solvatochrom
ism, where the diphenylamine moiety acts as the electron donor and the 
2-(diphenylmethylene)malononitrile moiety serves as the electron 
acceptor. Concentration-dependent emission spectra of TPA-CN in THF 
solution were recorded over concentrations ranging from 1.0 × 10− 7 to 
1.0 × 10− 3 M. Under excitation at λex = 420 nm (Fig. S8), the maximum 
emission peaks exhibited only slight shifts, confirming that the domi
nant emission originates from charge-transfer (CT) processes rather than 
excimer formation.

Fig. 1. Schematic illustration of the motion–structure–property relationship in 
TPA-CN-based AIE crystals. Molecular motion of TPA-CN influences crystal 
packing (structure), which governs macroscopic properties including mecha
nochromism and piezoelectricity. The non-centrosymmetric Crystal I (space 
group Pca2₁) exhibits both color change under mechanical stimuli and strain- 
dependent piezoelectric response, enabling applications in flexible 
sensing devices.
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The AIE characteristics of TPA-CN were evaluated in THF/water 
mixtures with increasing water fractions (fw). In pure THF (fw = 0 %), 
TPA-CN exhibits dual emission peaks at 487 and 616 nm under 395 nm 
excitation, yielding weak cold-white luminescence with a fluorescence 
quantum yield (Φf) below 2.4 %. As fw increases to 70 %, the short- 
wavelength emission is gradually quenched, while the long- 
wavelength emission intensifies, indicative of enhanced ICT upon ag
gregation. At fw = 99 %, the emission blue-shifts slightly to 606 nm, 
accompanied by a > 5.5-fold increase in intensity and a Φf of 15.1 % 
(Table S4). Based on the relationships kr = Φf /τ and knr = 1/τ − kr, the 
radiative decay rate (kr) increases from 5.29 × 106 s− 1 to 23.4 × 106 s− 1, 
while the non-radiative decay rate (knr) decreases from 2.15 × 108 s− 1 to 
1.31 × 108 s− 1. Thus, compound TPA-CN is an AIEE active material. 
These results confirm a prototypical AIE mechanism: molecular aggre
gation restricts intramolecular motion, reduces non-radiative decay, and 
significantly enhances radiative emission. The particle size of TPA-CN at 
different water fractions (fw, 0–99 %) was determined by dynamic light 
scattering (DLS), and the results are presented in Fig. S10. The average 
aggregate diameters increased from 66.6 nm (fw = 0 %) to 406.0 nm (fw 
= 20 %) and further to 721.9 nm (fw = 70 %), indicating progressively 
enhanced aggregation with increasing water content. Interestingly, at fw 
= 99 %, where the emission intensity reaches its maximum, the aggre
gate size was approximately 204.2 nm, which is consistent with previ
ously reported values [36].

3.2. Single crystal X-ray diffraction analysis

TPA-CN was crystallized via slow evaporation from a variety of 
mixed solvent systems at room temperature to achieve four polymorphs: 
red rod-shaped Crystal I (mixture of hexane and CH2Cl2, Vhexane:VCH2Cl2 
= 3:1) and Crystal II (mixture hexane and chloroform, Vhexane:VCHCl3 =

4:1), and orange-red rod-shaped Crystal III (in pure CH2Cl2) and 
Crystal IV (in pure chloroform solution). High-quality single crystals of 
Crystal I, Crystal III, and Crystal IV were characterized using SCXRD 
(crystallographic parameters in Table S5). Crystal I crystallizes in the 
polar space group Pca2₁ (No. 29, C2v) with eight molecules per asym
metric unit, while Crystals III and Crystal IV adopt the chiral space 
group P2₁2₁2₁ (No. 19, D2), each with four molecules per asymmetric 
unit. Although SCXRD analysis of Crystal II was unsuccessful due to 
insufficient crystal quality, its three-dimensional molecular packing was 
successfully reconstructed using Rietveld refinement of powder X-ray 
diffraction (PXRD) data. The results indicate that Crystal II adopts a 
triclinic crystal system with space group P-1 (Table S9, Figs. S12 and 
S13).

As shown in Fig. 3A-C and Table 1, all polymorphs exhibit twisted 
molecular conformations, with torsion angles (θ₁ and θ₂) between the 
peripheral benzene rings and the central phenyl ring of the TPA unit 
ranging from 56.72◦ to 78.79◦. Crystals I and II show larger θ₁ values 
compared to Crystals III and IV, while their θ₂ angles are smaller. In 
contrast, torsion angles θ₃—associated with the phenyl ring of the 2- 
(diphenylmethylene)malononitrile acceptor—follow the order: Crystal 
II < Crystal III < Crystal I < Crystal IV, and torsion angles θ4 follow 

Fig. 2. Photophysical properties of TPA-CN in solution and aggregated states. (A) UV–vis absorption spectrum of TPA-CN in THF (10− 5 M), showing characteristic 
bands attributed to LE and ICT transitions. (B) Excitation wavelength-dependent photoluminescence spectra (λex = 375–425 nm), revealing tunable multicolor 
emission from sky-blue to red. (C) Corresponding CIE chromaticity coordinates, illustrating a linear emission color shift with excitation wavelength (R2 = 0.9997). 
(D) Solvent polarity-dependent emission spectra of TPA-CN under 440 nm excitation, demonstrating pronounced solvatochromic behavior. (E) Emission spectra in 
THF/water mixtures with varying water fractions (fw) at λex = 395 nm, exhibiting clear aggregation-induced emission enhancement. (F) Plot of relative emission 
intensity (I/I₀) versus fw in THF/water mixtures. Inset: Fluorescence images under 365 nm UV light showing visual emission changes with aggregation.
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the order of Crystal II < Crystal I < Crystal III < Crystal IV, respec
tively. The centroid–centroid distances between adjacent central phenyl 
rings increase from 4.971 Å in Crystal I to 5.131 Å and 5.137 Å in 
Crystals III and IV, respectively, indicating slightly looser π-π stacking 
in the latter two polymorphs.

Crystals are arranged in a head-to-tail fashion, stabilized by inter
molecular interactions. Notably, Crystal I exhibits five group C–H⋅⋅⋅π 
interactions (e.g., C53–H53⋅⋅⋅C12 = 2.813 Å, C50–H50⋅⋅⋅C2 = 2.820 Å) 
and C–H⋅⋅⋅N hydrogen bonds (C33–H33⋅⋅⋅N3 = 2.952 Å). Crystals III 
and Crystal IV show weaker hydrogen bonding (C24–H24⋅⋅⋅N3 = 2.885 
Å in Crystals III, C1–H1⋅⋅⋅N2 = 2.861 Å in Crystals IV) and one group 
C–H⋅⋅⋅π interactions (Table S6). These non-covalent interactions (NCI) 
restrict molecular motion, suppress non-radiative decay, and enhance 
solid-state fluorescence quantum yield—underpinning the observed 
AIE. Subtle differences in weak intermolecular interactions in molecular 
packing across the polymorphs contribute to their distinct emission 
colors.

3.3. Mechanofluorochromic behavior

All four crystals exhibit bright luminescence in the solid state. 
Crystal I and Crystal II show red emission with λemmax at 627 nm and 
603 nm, respectively. Crystal III displays a broad emission band (λemmax 
= 583 nm) with a shoulder at 643 nm, while Crystal IV emits at 592 nm. 
Fig. 4A and Table S7 present the emission spectra of Crystals I and III 
before and after mechanical grinding using a mortar and pestle. Both 
crystals exhibit pronounced blue-shifts in their photoluminescence upon 
grinding, indicating mechanofluorochromic (MFC) behavior. For 
ground Crystal I (Crystal I-g), the emission maximum shifts from 627 to 
603 nm, accompanied by a notable increase in Φf from 46.3 % to 64.0 %. 
In contrast, Crystal II shows a decreased Φf of 13.3 % compared to 
Crystal I. For Crystal III, mechanical stimulation leads to the disap
pearance of a shoulder peak and a shift of the emission maximum from 
583 to 579 nm, with a slight enhancement in Φf from 2.9 % to 3.0 %. 

Crystal IV exhibits an intermediate Φf of 25.1 %, higher than Crystal III 
and Crystal III-g. Based on the emission spectra and crystal structure 
parameters, the differences in emission color among the polymorphs. It 
is therefore speculated that Crystal III adopts an intermediate molecular 
packing arrangement between those of Crystal I and Crystal IV. 
Moreover, upon grinding, Crystal III may undergo a transformation into 
a structure resembling that of Crystal IV.

Time-resolved photoluminescence measurements (Fig. 4B) further 
support the MFC behavior. The fluorescence lifetimes are 13.51 ns 
(Crystal I), 14.78 ns (Crystal II), 7.14 ns (Crystal III), and 11.87 ns 
(Crystal IV), while the ground samples show lifetimes of 14.19 ns 
(Crystal I-g) and 6.56 ns (Crystal III-g), respectively. These emission 
shifts and lifetime changes upon grinding underscore the dynamic na
ture of TPA-CN’s aggregated-state emission and its potential in force- 
responsive luminescent materials. Whereas TPA-CN powder exhibits 
minimal fluorescence change upon grinding, (Fig. S9) the crystalline 
form demonstrates pronounced MFC behavior, indicating a molecular 
conformation change between distinct solid-state structures.

PXRD analysis (Fig. 4C–D) reveals that the ground samples largely 
retain their crystal structures, but with reduced crystallinity and slight 
shifts in diffraction peaks (Table S9). Specifically, the (002) diffraction 
plane shifts from d = 14.4187 Å (2θ = 6.123◦) in Crystal III to 14.5016 
Å (2θ = 6.090◦) in Crystal III-g, and 14.5190 Å (2θ = 6.082◦) in Crystal 
IV. These minor changes indicate preservation of unit cell parameters 
with reduced coherence length and potential conformational distortion.

Integrating the above-mentioned data from single X-ray crystal 
diffraction, PXRD and fluorescence spectra, we highlight that molecular 
conformation and intermolecular interactions are critical in determining 
the degrees of molecular motion. For example, in Crystal I, the presence 
of C–H⋅⋅⋅π interactions and hydrogen bonds enhances molecular packing 
and restricts molecular motion. This confinement reduces non-radiative 
decay pathways, resulting in a high Φf and a long fluorescence lifetime. 
In contrast, in Crystals III/IV, relatively weak intermolecular in
teractions allow greater molecular motion and vibration, leading to 
increased non-radiative decay, lower Φf, and a decreased fluorescence 
lifetime. Crystal densities further support these observations, with 
values of 1.253 g/cm3 for Crystal I, 1.219 g/cm3 for Crystal III, and 
1.220 g/cm3 for Crystal IV, respectively.

The enhanced Φf values observed in both Crystal I and Crystal III 
after grinding indicate that applied mechanical force promotes stronger 
intermolecular interactions and restricts intramolecular rotations, 
thereby increasing Φf and improving packing density in the aggregated 
state. Grinding also disrupts the long-range order of Crystal I and 

Fig. 3. Single-crystal structures and molecular conformations of TPA-CN polymorphs. (A–C) Crystal structures of Crystal I, Crystal III, and Crystal IV obtained by 
single-crystal X-ray diffraction, highlighting their twisted molecular conformations. (D-F) Crystal packing arrangements along the c-axis, showing head-to-tail 
stacking stabilized by multiple weak intermolecular interactions.

Table 1 
Comparative torsion angle parameters (θ1–θ4) in Crystals I, III, and IV.

θ1 (o) θ2 (o) θ3 (o) θ4 (o) d (Å)

Crystal I 60.95 59.88 57.64 60.87 4.971
Crystal II 77.27 59.89 57.24 33.13 8.022
Crystal III 56.72 78.69 57.53 67.41 5.131
Crystal IV 56.89 78.79 57.81 68.68 5.137
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Crystal III, inducing conformational changes. For Crystal I-g, the blue- 
shifted emission and enhanced Φf suggest that closer molecular packing 
is achieved through adjustments of torsion angles (θ₁–θ₄), which further 
restrict molecular motion and suppress non-radiative decay. In contrast, 
the blue-shifted emission and modest Φf increase observed for Crystal 

III-g are likely associated with crystal defects introduced during 
grinding. Collectively, these results demonstrate that the mechano
chromism of TPA-CN is a multifaceted phenomenon governed by 
mechanical-force-induced modifications in molecular packing, confor
mational equilibrium, and supramolecular architecture, ultimately 

Fig. 4. Mechanochromic behavior and structural characterization of TPA-CN crystals. (A) Photoluminescence emission spectra of Crystals I–IV in the crystalline 
state, and ground samples of Crystal I and Crystal III, demonstrating blue-shifted emission upon mechanical grinding. (B) Time-resolved PL decay curves of Crystals 
I–IV at 298 K, indicating varied excited-state lifetimes. Inset: Fluorescence photographs of Crystals I–IV under UV light (λex = 365 nm), showing distinct emission 
colors. (C, D) Powder X-ray diffraction patterns of the original and ground crystals. The ground samples retain the overall unit cell parameters with slight shifts in 
peak positions and intensity, suggesting molecular packing distortion.

Fig. 5. Optimized molecular orbital plots of TPA-CN based on crystal structures of Crystal I, Crystal III, and Crystal IV and their corresponding crystal dimer, 
calculated at the B3LYP/6-31G level.
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leading to tunable optical properties.

3.4. Theoretical calculation

To gain deeper insight into the electronic structure of TPA-CN, TD- 
DFT calculations were performed at the B3LYP/6-31G level using 
crystal-derived geometries without further optimization. As shown in 
Fig. 5, in the gas-phase single molecule (ground state), the HOMO is 
primarily localized on the diphenylamine moiety and part of the phenyl 
core, while the LUMO is centered on the 2-(diphenylmethylene)malo
nonitrile unit—confirming the donor–acceptor character and revealed 
that changes in molecular conformation modulate the HOMO–LUMO 
energy levels and bandgap.

Across the three aggregated forms, the HOMO energy slightly de
creases from − 5.43 eV to − 5.46 eV, while the LUMO energy decreases 
from − 2.26 eV to − 2.38 eV as the packing evolves from Crystal I to 
Crystal IV with a decreased energy gap from 3.17 eV (Crystal I) to 3.09 
(Crystal IV), then to 3.08 (Crystal III), respectively. In the crystalline 
state, HOMOs are delocalized over both diphenylamine groups, while 
LUMOs remain confined to the acceptor unit, enhancing ICT. The 
calculated HOMO–LUMO gap is the smallest for TPA-CN-based Crystal 
dimer, consistent with its red-shifted emission. More interestingly, 
although the molecular arrangement of TPA-CN differs only slightly in 
the crystallized state, the dipole moment exhibits clear increasing trends 
in single-crystal molecules (Crystal I: 8.875 D., Crystal III: 9.053 D. and 
Crystal IV: 9.152 D.), but shows a remarkable decreased in the crystal 
dimers (Crystal I-dimer: 1.904 D., Crystal III-dimer: 1.418 D. and 
Crystal IV-dimer: 1.450 D.). These results demonstrate that solid-state 
intermolecular interactions and molecular conformation critically 
modulate electronic distribution and optical behavior, accounting for 
the experimentally observed mechanochromic and piezoelectric re
sponses. [37]. Additionally, the electrochemical properties of TPA-CN 
were performed using cyclic voltammetry experiment in ACN solution. 
As shown in Fig. S11, compound TPA-CN exhibits two oxidation peaks 
at 0.85 V and 1.23 V, a reduction peak at 0.98 V, respectively. The 
HOMO and LUMO levels were evaluated by empirical equations EHOMO 
= − (Eox

onset + 4.8 – Eox
onset (Fc)) eV and ELUMO = EHOMO + Eg, where Eg is 

the energy band gap determined from the onset of the optical absorp
tion. The calculated HOMO and LUMO energy levels is − 5.18 eV and −
2.73 eV, respectively, which is consistent with the Crystal IV-dimer 
sample.

The HOMOs are primarily delocalized over the diphenylamine donor 
units and partially on the central phenyl ring, while the LUMOs are 
localized on the 2-(diphenylmethylene)malononitrile acceptor moiety. 
These results confirm the ICT character of TPA-CN and reveal that 
changes in molecular conformation and packing subtly modulate the 
HOMO–LUMO energy levels and bandgap, correlating with the red- or 
blue-shifted emission observed in the solid state.

3.5. Hirshfield surface analysis and non-covalent interactions 
calculations [38,39]

To examine the influence of intermolecular interactions on emission 
behavior, Hirshfeld surface analysis and 2D fingerprint plots were 
employed to quantify non-covalent interactions in the crystalline state 
[40,41]. As shown in Figs. S14–S18, the red, blue, and white regions on 
the surfaces correspond to intermolecular interaction strengths in 
decreasing order. The analysis reveals that intermolecular hydrogen 
bonds (N–H) and C–H⋅⋅⋅π interactions dominate the crystal packing. 
Notably, both TPA-CN-based Crystal III and Crystal IV exhibit higher 
proportions of intermolecular hydrogen bonding (23.2 %) and C–H⋅⋅⋅π 
interactions (29.9 %) compared with Crystal I (21.4 % and 28.8 %, 
respectively). These stronger non-covalent interactions correlate with 
the orange-red appearance of Crystal III and Crystal IV, in contrast to 
the red color of Crystal I. Thus, subtle variations in weak intermolecular 
interactions likely contribute to their distinct optical appearances and 

emission behaviors.
Furthermore, the weak interactions of three TPA-CN-based crystal 

dimers were examined using noncovalent interaction (NCI) plots, a vi
sual tool for assessing the strength and nature of intermolecular in
teractions in the crystalline state. In these plots, blue, green, and red 
regions correspond to strong nonbonding interactions (e.g., hydrogen 
bonding), weak interactions (e.g., π–π stacking and van der Waals 
forces), and repulsive interactions (e.g., steric effects), respectively. As 
shown in Fig. 6, all three dimers exhibit surfaces dominated by dispersed 
C–H⋅⋅⋅π interactions, although the distribution areas of these in
teractions vary significantly among them. Based on both Hirshfeld sur
face analysis and NCI calculations, it is evident that weak intermolecular 
interactions play a critical role in determining the crystal packing ar
rangements of the three TPA-CN crystalline systems by modulating the 
molecular twist angle in the solid state. This variation ultimately results 
in their distinct color appearances and emission behaviors.

3.6. Piezoelectric behavior

Based on crystallographic analysis and theoretical calculation, TPA- 
CN-based Crystals I (space group: Pca2₁, point group No. 29, C2v), 
Crystals III (space group: P2₁2₁2₁, point group No. 19, D2) and Crystal 
IV (space group: P2₁2₁2₁, point group No. 19, D2) all belong to the non- 
centrosymmetric point group, lacking an inversion center. This struc
tural asymmetry endows them with intrinsic piezoelectric properties, 
enabling efficient conversion of mechanical stress into electric charge. 
However, due to the brittleness of the Crystal III and Crystal IV, there 
are not suitable for fabricating practical piezoelectric devices. To 
explore this behavior, piezoelectric devices were fabricated using 
Crystal I in a metal–organic semiconductor–metal (MOM) configuration 
(Fig. 7A). High-quality TPA-CN crystals were mounted on a polyimide 
substrate (thickness: 100 μm) using conductive silver paste to ensure 
mechanical stability and robust electrical contact.

The applied strain (ε) was estimated using the geometric relation 
[42]: ε = dsinθ/L, where d is the substrate thickness, θ is the angle be
tween the tangent at the substrate end and the horizontal, and L is the 
horizontal distance between supports. As shown in Fig. 7B, the piezo
electric device exhibited stable current output under periodic mechan
ical stimulation. With increasing strain from 0.12 % to 0.51 %, the 
generated current rose from 52 pA to 562 pA. Notably, the output was 
insensitive to crystal orientation, maintaining consistent performance 
whether strained along the (010) or (100) axes, which are different from 
our previous reports (Fig. 7C, Fig. S20-S21) [21,43]. The device 
demonstrated excellent mechanical durability, with a minimal signal 
attenuation of only 8 % after 300 s of continuous operation at 0.12 % 
strain (Fig. 7E), highlighting its structural and functional stability.

To further validate piezoelectricity, PFM measurements were con
ducted on Crystal I mounted on a silicon wafer. Under a 3 V driving 
voltage, vertical surface deformation in the range of 6.42–12.8 pm was 
detected over a 5 μm2 area (Fig. S22), confirming electric field-induced 
deformation. The piezoelectric coefficient (d₃₃) was determined from the 
amplitude–voltage response, yielding a value of 1.77 pm⋅V− 1 (Fig. 7D). 
Although Crystal I exhibits a relatively low Young’s modulus (6.75 
GPa)—suggesting plastic deformation—it remains susceptible to brittle 
fracture under cyclic strain. To address this, parallel and series arrays of 
TPA-CN-based devices were fabricated to enhance both output and 
durability (Fig. 7F, Fig. S24-S27). Two identical Crystal I-based sensors 
(crystal 1 and crystal 2) were connected in series and in parallel. Under 
the same strain (0.12–0.51 %), the parallel configuration achieved a 
current increase from 70 to 770 pA, while the series configuration 
increased from 59 to 380 pA, demonstrating that parallel integration 
provides a more robust and amplified piezoelectric response. In addi
tion, the parallel configuration piezoelectric devices also show a good 
over 80 pA (the electronic signal of parallel configuration device is 
higher than their single configuration devices) under 0.12 % strain, even 
after 300 s of continuous operation (Fig. S28). Thus, the parallel 
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configuration devices possess higher sensitivity and good stability for 
smart sensors.

3.7. Ground vibration detection application

Environmental micro-vibrations, often resulting from industrial (e. 
g., high-speed railways, heavy machinery) or natural sources (e.g., 
earthquakes), can compromise structural integrity, affect sensitive in
struments, and disrupt daily activities [44,45]. Consequently, the 
development of high-sensitivity, compact piezoelectric sensors for 
micro-vibration detection is essential. To assess this application, a 
parallel-array TPA-CN-based sensor was used in a simulated ground 
vibration test (Fig. 7G). A 13.9 g steel ball was dropped from a height of 
83.5 cm, impacting the ground. The impact generated a transient vi
bration that produced a sharp current peak of 84 pA, followed by rapid 
signal decay as the energy dissipated (Fig. 7H). The signal amplitude 
correlated with distance: as the sensor was moved from 5 cm to 40 cm 
away from the impact site, the peak current dropped from 84 pA to 2 pA 
(Fig. 7I), confirming the sensor’s distance-dependent sensitivity. These 
results underscore the potential of the TPA-CN-based piezoelectric de
vice as a highly responsive and flexible platform for low-frequency vi
bration detection, suitable for structural monitoring and wearable 
sensing applications.

3.8. Comparison and outlook

Compared to known organic piezoelectric and mechanochromic 
materials, TPA-CN offers a unique combination of excitation-tunable 
emission, crystal-structure-driven mechanochromism, and strain- 
dependent piezoelectricity (Table 2). Its d₃₃ value (1.77 pm/V) is mod
erate but competitive among organic single crystals, and its low modulus 
(6.75 GPa) supports flexibility not achievable with rigid inorganic 
counterparts like PbTiO₃. Unlike many mechanochromic crystals where 
color changes arise from irreversible amorphization or phase transitions, 
TPA-CN retains its crystal integrity, with minor conformational distor
tions sufficient to induce large optical shifts. The integration of parallel 
device architectures further demonstrates the material’s engineering 
compatibility and scalability for sensing platforms.

In the future, tuning the molecular dipole alignment through rational 
substituent engineering or supramolecular templating may enhance 
piezoelectricity further. Incorporation into hybrid films or elastomeric 
matrices could extend the functionality to wearable and implantable 
devices. Finally, coupling this AIEgen framework with ferroelectric or 
triboelectric systems could enable synergistic multimodal sensors or 

self-powered optoelectronic platforms. This study lays the foundation 
for a new generation of polymorphic, multifunctional materials that 
bridge molecular design and macroscopic device performance.

4. Conclusion

In summary, this study presents a comprehensive investigation into 
the motion–structure–property relationship of a malononitrile-based 
AIEgen, TPA-CN. Through systematic analysis of its molecular dy
namics, crystal structures, mechanochromic behavior, and piezoelectric 
properties, we elucidate how subtle intramolecular motions and packing 
variations give rise to distinct macroscopic functionalities. In solution, 
TPA-CN exhibits excitation-dependent emission due to multiple excited 
states, allowing color tuning from sky-blue to white and red. In the 
crystalline state, small conformational changes and intermolecular 
packing rearrangements lead to mechanochromic luminescence shifts 
(blue-shifted by 9–20 nm), without undergoing crystal phase transitions, 
as confirmed by SXRD and PXRD.

Notably, Crystal I, crystallizing in the non-centrosymmetric space 
group Pca2₁, exhibits excellent strain-dependent piezoelectric perfor
mance, with current outputs increasing from 52 pA to 562 pA under 
strains ranging from 0.12 % to 0.51 %, alongside a Young’s modulus of 
6.75 GPa and d₃₃ value of 1.77 pm⋅V− 1. Furthermore, parallel device 
configurations effectively amplified signal strength and enabled the 
sensitive detection of ground vibrations, demonstrating practical 
applicability in low-frequency mechanical sensing. This work provides 
new insight into the interplay between molecular motion, crystal 
packing, and functional properties in AIEgens. It establishes TPA-CN as 
a multifunctional platform for applications in flexible electronics, 
mechanosensors, and piezoelectric devices, bridging the gap between 
molecular-level design and macroscopic functionality in advanced smart 
materials.
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Fig. 7. Piezoelectric and vibration sensing performance of TPA-CN-based Crystal I. (A) Schematic and optical microscope image of the fabricated piezoelectric 
device with MOM configuration. (B) Output current of Crystal I-based devices under increasing strain (0.12–0.51 %) along the (010) axis. (C) Comparison of current 
output along (010) and (100) axes showing orientation-independent piezoelectric response. (D) PFM measurement showing vertical displacement under a 3 V driving 
voltage and calculated piezoelectric coefficient (d₃₃ = 1.77 pm⋅V− 1). (E) Current output stability under continuous operation for 300 s at 0.12 % strain. (F) Output 
current comparison for single, series, and parallel configurations of Crystal I-based devices under various strains. (G) Schematic of ground vibration simulation using 
a free-falling steel ball. (H) Transient current response upon ground impact. (I) Distance-dependent current output from 5 to 40 cm, illustrating high sensitivity and 
attenuation with distance.

Table 2 
Comparison of the new AIEgen and reported piezoelectric materials.

Material d33 (pm V− 1) Young’s modulus (GPa) Emission tunability Mechanochromism Crystal symmetry

TPA-CN (this work) 1.77 6.75 Blue–Red (λex-dependent) Yes Pca21 (non-centrosymmetric)
π–π stacked pyrene crystal [16] 8.02 9.0 None Yes P21 (polar)
Co(II) coordination cage [15] 2.8 12.5 None No C2 (non-centrosymmetric)
PVDF (reference organic piezoelectric) − 10.0 − 1.0 None No β-phase (polar)
PbTiO₃₃ (inorganic benchmark) − 300.0 63.0 None No Tetragonal
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