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Organic Photo-Responsive Piezoelectric Materials Based on

Pyrene Molecules for Flexible Sensors
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Due to the advantages of multiplicity, functionality, and flexibility

of organic building blocks, organic piezoelectric materials are regarded

as next-generation materials for potential applications in flexible sensors and
energy harvesting devices. Here, a new pure organic pyrene-based molecule,
PyPT is presented, which crystallizes in a non-centrosymmetric structure. PyPT
is synthesized and demonstrated to be suitable for developing flexible sensors
due to its remarkable piezoelectric properties. The pyrene-based piezoelectric
molecule exhibits excitation wavelength-dependent emission behavior and
aggregation-caused quenching properties and demonstrated a piezoelectric
coefficient (d,;) of 8.02 + 0.26 pm V~'. The output electronic signal of a
PyPT-based flexible sensor shows a significant increase from 30 to 721 pA as
the strain increases from 0.12% to 0.59% with a low Young’s modulus of 1.63
Gpa. This high-performance piezoelectric sensor can serve as a sensitive sound
sensor for sound detection and recognition based on the basic characteristics
of sound, such as amplitude, frequencies, and timbres. This research

offers new insights into advancing pure organic luminescent materials with
piezoelectric properties, paving the way for applications in flexible electronics
for wearables, human—-machine interfaces, and the Internet of Things.

field of materials science, flexible
devices,’l and energy storage.[**! Since
the piezoelectric effect was first observed
in quartz crystals,!® a variety of piezo-
electric materials have been explored
for advanced applications in wearable
devices, energy harvesters,U’! igniters,®!
and many others. These materials in-
clude inorganic piezoelectric materials
(e.g., lead zirconate titanate (PZT),°!
barium titanate (BaTiO,, BTO),[!% Zinc
Oxide (ZnO),['!! polymer piezoelectric
materials (e.g., polyvinylidene fluoride
(PVDF)1213]) and natural piezoelec-
tric biomaterials (e.g., wood, bone).l'¥]

Among these materials, PZT is widely
used in high-performance piezoelectric
devices and sensors due to its high
piezoelectric coefficient and good piezo-
electric coupling coefficient.'>1%1 How-
ever, PZT is prone to polarization degra-
dation during long-term use, leading

1. Introduction

The piezoelectric effect is an inherent property of non-
centrosymmetric crystals where electrical and mechani-
cal energy are mutually convertible."?) Theoretically, the
essence of the piezoelectric effect is the electrical polariza-
tion against external strains in noncentral symmetric lattices.
The development of novel materials with piezoelectric prop-
erties has attracted increasing attention in the emerging

to a decrease in piezoelectric perfor-

mance. Additionally, the toxic lead in
PZT can cause environmental pollution if improperly disposed
of.1718] On the other hand, organic piezoelectric materials of-
fer several advantages, such as lower Young’s modulus, environ-
mental friendliness, and functionalizability, making them suit-
able for developing flexible piezoelectric devices.["]

While bio-organic and natural biomaterials with piezoelec-
tric effects have high biocompatibility and show promise in
metabolic systems and biomedical engineering,[?! they often suf-
fer from weak piezoelectric signals and limited scalability. Given
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Figure 1. Synthesis and schematic illustration of PyPT. A) Synthesis of compound PyPT. B) Crystal structure of PyPT and packing structure via z—z
stacking. C) Optimized molecular orbital diagrams of a single molecule of PyPT, calculated at B3LYP/6-311G(d,p) level of theory. D) Optimized molecular
orbital diagrams of a dimer of PyPT, calculated at B3LYP/6-311G(d,p) level of theory.

the advantages of functionalizing and flexible organic building
blocks, significant efforts have been devoted to developing new
organic polymers or organic-inorganic hybrid piezoelectric ma-
terials through molecular engineering to meet various scien-
tific and industrial needs.[!??] For instance, Xiong and cowork-
ers reported a single-phase organic-inorganic perovskite piezo-
electric molecule (trimethylchloromethyl ammonium trichloro-
manganese (II) (TMCM-MnCl;) with a large piezoelectric coef-
ficient (d;;) of 185 pC N~!, comparable to traditional piezoelec-
tric ceramic barium titanate (BTO).[?}] Additionally, trimethylflu-
oromethyl ammonium functionalized perovskite (TMFM-CdCl,)
exhibits an even higher d;; of 1540 pC N~1.2*] The typical or-
ganic polymer (PVDF) can act as a flexible piezoelectric mate-
rial for wearable and medical devices, but only the g-phase-rich
PVDF possesses d,; (13-28 pC N71) and low dielectric constants
€ (~30).12526] Thus, researchers often explore PVDF-based piezo-
electric materials via doping strategies.?’]

In contrast, pure organic molecules exhibit flexible molecular
skeletons, and tunable molecular and electronic structures via
molecular engineering, and their electrical polarization is sen-
sitive to the external environment, such as solvent polarity, tem-
perature, and mechanical forces. Pyrene,!?3%] composed of four
phenyl-fused polycyclic aromatic hydrocarbon rings in a thom-
bic structure, emits bright blue emission in solution (4, =
372 nm, ®; = 0.64)3% and exhibits a sensitive microenvironment-
independent emission change.[?® Thus, pyrene can act as an elec-
tron donor or acceptor depending on the peripheral substituents
and prefers to form a z-stacking pattern through weak intra- and
intermolecular interactions.?1%
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Inspired by the classical piezoelectric mechanism, the unique
electronic effect of pyrene, and the diverse molecular conforma-
tions of the phenothiazine unit,**** we have designed a pure or-
ganic pyrene-based molecule, PyPT, containing a phenothiazine
unit. This new molecule not only exhibits fantastic emission
behavior in solution but also shows an excellent anisotropic-
dependent piezoelectric effect in its non-centrosymmetric crys-
tal form under external strain. The maximum electrical output
is up to 721 pA under a strain of 0.59% along the (010) axis,
with a dy; value of 8.02 + 0.26 pm V~!. Additionally, the pyrene-
based single-crystal piezoelectric sensor was demonstrated to
sensitively detect sound via an acoustic-electric conversion pro-
cess, and capable of identifying basic sound characteristics (such
as amplitude, frequencies, and timbres). Different sounds from
musical instruments can also output differentiated electric sig-
nals, enabling the analysis of acoustic sources by combining data
science and machine learning for broad applications.

2. Results and Discussion

2.1. Synthesis and Characterization of PyPT

The synthetic route to the pyrene-based molecule PyPT is pre-
sented in Figure 1A. A Buchwald-Hartwig coupling reaction of 1-
bromopyrene and phenothiazine afforded the pyrene-based com-
pound PyPT in 37% yield. The compound was fully characterized
by 'H/*C NMR spectroscopy (Figures S1,S2, Supporting infor-
mation), high-resolution mass spectrometry (Figure S3, Support-
ing information) and single-crystal X-ray diffraction analysis. The
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single crystal of PyPT was cultivated from a mixed n-hexane and
dichloromethane solution via the solvent evaporation method.
The basic crystallographic information is summarized in Table
S1 (Supporting information).

PyPT crystallized in the monoclinic system with the non-
centrosymmetric space group of Pna21, and the unit cell con-
tains eight molecules. As shown in Figure 1B, there is a highly
distorted conformation between the phenothiazine and pyrene
rings, with an almost perpendicular dihedral angle (more than
85°). Two phenyl rings in the phenothiazine unit are not coplanar,
forming a dihedral angle of 22.20°. This molecular conformation
has subtle differences compared to those previously reported.3’!

The molecule is arranged as a pair of dimers via head-to-
tail, and face-to-face z—z stacking at 3.544 A. Generally, an H-
aggregate is defined as the molecule arranged in a face-to-face
n—n stacking with an aligned angle larger than 54.7°. In this
case, the centroid—-centroid distance between the two pyrenes
is 4.294 A, resulting in an aligned angle of 55.62°. According to
the McRaés theory,*%] this type of crystal packing belongs to the
H-aggregate form (Figure 1B), which contributes to facilitating
charge transport and increasing charge carrier mobility.l?”:38] The
phenothiazines are connected to the adjacent pyrene ring via C-
H---z interactions (C14-H14---C33:2.988 A, C44-H44---C41: 3.100
A). Two dimers are vertical to each other via a C-H--z interaction
(Figure 1B). These pairs of dimers may endow the system with
new photophysical properties.

Furthermore, the ground state geometric conformation of
PyPT was optimized at the B3LYP/6-311G (d,p) level using den-
sity functional theory (DFT) calculations to understand the effect
of the electronic structure distribution on the molecular optical
properties. The highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energy levels are
shown in Figure 1C. Due to the strong electron-donating ability
of phenothiazines, the HOMO of PyPT is mainly distributed over
the phenothiazines unit, while the LUMO is distributed over the
pyrene ring with weak electron-withdrawing groups. The almost
complete separation of the HOMO and LUMO further confirms
the intramolecular charge transfer (ICT) effect of PyPT, consis-
tent with the emission spectra. Furthermore, the pyrene-based
dimer structures were optimized according to the single crys-
tal. As shown in Figure 1D, the HOMO, and LUMO are mainly
concentrated on the phenothiazines units and the entire pyrene
ring, respectively. The energy gap decreased from 3.29 eV for the
monomer to 3.00 eV for the dimer, indicating a change in elec-
tronic properties due to dimerization.

2.2. Photophysical Properties of PyPT

The UV-vis absorption and photoluminescence (PL) spectra of
PyPT were measured in THF solution (10~ m) and in the solid
state at room temperature. As shown in Figure 2A, PyPT dis-
plays “pyrene-like” absorption with a red-shifted absorption band
at 341 nm (molar absorption coefficient e: 11600 M~! cm™!) com-
pared to the unsubstituted pyrene (4., ..« = 335 nm). Upon ex-
citation, PyPT emits blue fluorescence with the maximum emis-
sion peak at 461 nm in THF (107> m) solution under irradiation
(Aex = 383 nm). Using 4., = 340 nm as an excitation wavelength,
PyPT shows a broadened emission band in the range of 365-
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650 nm, with a dominant emission peak at 460 nm and additional
emission peaks at 394 and 560 nm (Figure 2B).

To gain insight into the emission behavior of PyPT,
concentration-dependent emission spectra were investigated
(Figure S6, Supporting information). PyPT exhibits a broad emis-
sion band with a dominant emission peak at 381 nm and a shoul-
der peak at 464 nm in ~#10~7 M under A, = 340 nm irradiation. As
the concentration increased to ~#107¢ M, a broad emission band
was observed with maximum emission peaks at 381 and 461 nm,
accompanied by a shoulder emission peak at 570 nm. As the con-
centration increased from 107° to 10~ M, the short-wavelength
emission peak at 381 nm gradually disappeared, and the emis-
sion peak at 462 nm became a dominant peak with a slight red-
shift (ca. 80 nm). Under A, = 383 nm irradiation, PyPT also emits
dual emissions with peaks at 420 and 470 nm. The maximum
emission peak at 461 nm gradually became dominant as the con-
centration increased from 1077 to 10~* M. The time-resolved flu-
orescence spectroscopy of compound PyPT was measured. Un-
der irradiation at 4., = 340 nm, the fluorescence lifetimes (z) of
each emission peak are 7.8 ns at 390 nm, 6.21 ns at 460 nm,
and 4.89 ns at 570 nm. When irradiated at A,, = 383 nm, the
emission peak at 461 nm shows a lifetime of 6.28 ns (Figure 2C).
These results indicate the long-wavelength emission at 570 nm
may originate from excimer emission under higher energy exci-
tation, while the emissions at 4., = 460 or 461 nm arise from
a similar energy level via a radiative decay channel. Additionally,
the yellow solid compound PyPT exhibits a maximum emission
band at 465 nm with a fluorescence lifetime of 5.06 ns in the solid
state (Figure 2D,E).

Furthermore, the solvent polarity-dependent emission behav-
ior was also measured. Although the solvent polarity shows a
slight effect on the UV-vis absorption spectra, PyPT exhibits a
differentiated emission behavior at 10~ M in various solvents at
different excitation wavelengths. Using 4., = 340 nm as the exci-
tation wavelength, the emission peak at 370 nm slightly changed,
while the emission peaks at 470 and 570 nm were red shifted
as the solvent polarity increased from cyclohexane to dimethyl
sulfoxide (DMSO) (Figure 2F and Table S1, Supporting infor-
mation). Under A, = 383 nm irradiation, PyPT exhibits a re-
solved emission peak at 431 nm in cyclohexane, which gradually
redshifted to 490 nm in DMSO (Figure 2G and Table S1, Sup-
porting information). Thus, PyPT exhibits excitation wavelength-
dependent emission behavior.

2.3. Piezoelectric Properties of PyPT

Inspired by the inherent piezoelectric characteristics of non-
centrosymmetric single crystals, we investigated the piezoelec-
tric properties of PyPT by applying a strain using a precise
programmable motor. Figure 3A illustrates the metal-organic
semiconductor-metal (MOM) structure of the piezoelectric de-
vice, where the single crystal PyPT was fixed on a flexible poly-
imide (PI) substrate using source-drain silver paste electrodes
with a channel width of 28 pm. The strain induced in the crystal
PyPT is estimated using the equation & = £52¢ 139 where ¢ is the
strain, d is the thickness of the substrate, 0 is the angle between
the tangentline at the end of the substrate and the horizontal line,
and L is the length of the horizontal line from one end of the
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Figure 2. Characterization of the photophysical properties of PyPT. A) UV-vis spectra of compounds pyrene (blank) and PyPT (red) in THF solution.
B) Fluorescence spectra of PyPT in THF solution (black: 4,, = 383 nm, red: A, = 340 nm). C) Fluorescence decay curves of compound PyPT in THF
solution under 4., = 340 nm and 4., = 383 nm irradiation, respectively. D) Fluorescence spectra of PyPT in the solid state. E) Time-resolved fluorescence
decay curves of compound PyPT in the solid state. Inset: photograph of compound PyPT in the solid state under daylight (left) and UV irradiation (right).

PL spectra of PyPT in different polar solvents at 25 °C F) under A, = 340 nm and G)

substrate to the other (Figure 3A). The crystal orientation def-
inition for PyPT is presented in Figures S4,S5 (Supporting
information).

Both ends of the flexible polyimide film containing the piezo-
electric device were fixed to a motor, which induced periodic mo-
tion to apply strain along either the (010) or (100) direction. This
setup allowed the crystal PyPT-based piezoelectric device to out-
put a stable, periodic, and fast-response piezoelectric signal. As
shown in Figure 3B, and Figure S9 (Supporting information), the
device outputs a stable current output of 30 pA with an external
strain as low as 0.12%. As the strain increased from 0.12% to
0.59%, the maximum current output reached 721 pA. Further-
more, the piezoelectric signal of PyPT exhibits significant crystal
orientation dependence, being more sensitive in the (010) direc-
tion compared to the (100) direction, and the disparity of piezo-
electric output current is more pronounced as the tensile strain
increased (Figure 3C and Figure S10, Supporting information).
This sensitivity difference is attributed to the anisotropy of the
strain-induced polarized charges. Moreover, as acceleration in-
creased from 0.3 to 2.7 m s72, the peak time of the piezoelectric
output signal, measured from 0 to the maximum output, grad-
ually shortened from 12 to 9 ns. Beyond this point, the peak
time remained constant, even with further increases in acceler-
ation (Figures 3D,E and Figures S13,S14, Supporting informa-
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Aex = 383 nm irradiation.

tion). This characteristic of the PyPT-based piezoelectric device
enables it to deliver a stable output signal in high-frequency mo-
tion environments, making it suitable for dynamic applications.
In addition, it was found that the output did not show a clear
change in current before and after polarization by applying a bias
polarity of +5 and -5 V to the piezoelectric components, confirm-
ing that the bias polarity had no effect on this organic crystal ma-
terial (Figure S15, Supporting information).

The piezoelectric response of PyPT may be influenced by the
thickness of both the PyPT layer and its supporting polyimide
substrate. According to flexural rigidity theory, the bending stiff-
ness (D = E-t*/12(1—v?)) of each layer impacts strain distribution,
which could alter the piezoelectric performance of PyPT. Specif-
ically, a thicker PyPT layer may increase output under strain,
while thinner layers may improve sensitivity to small deforma-
tions. Given the similarity in Young’s modulus between poly-
imide and PyPT, strain transfer across the interface is likely
sensitive to thickness variations. A thinner polyimide substrate
might concentrate strain more effectively within the PyPT layer,
potentially enhancing the piezoelectric response. Conversely, a
thicker substrate could reduce strain transfer, limiting sensitivity
(Figures S9-S12, Supporting information). Although our current
work focuses on a standard polyimide thickness of 100 um, fu-
ture studies will systematically vary PyPT thickness to optimize

© 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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Figure 3. Characterization of the piezoelectric properties of PyPT. A) The schematic diagram and optical microscopy image of the piezoelectric sensor.
B) Current outputs of PyPT-based piezoelectric sensors under cyclic strains applied along the (010)-axis (0.12%, 0.30%, 0.46%, 0.59%). C) The rela-
tionship between current outputs and applied strains along the Y (010) and X (100) directions. D,E) The response time of the PyPT piezoelectric device
at 0.2% strain along the (010)-axis at 2.7 m s-2. F) The mechanical stability of current output of a PyPT piezoelectric device for continuous operation
of 500 s under a 0.12% strain. G) Height profile measured with an AFM image. H) Average piezo-response amplitude as a function of applied driving

amplitude.

piezoelectric sensitivity and output for specific applications. On
the other hand, the piezotronic behavior of the thickness of poly-
imide film (100 and 250 pm) was measured under the same con-
ditions. As shown in Figure S16A,B, extremely low electrical out-
put was observed from both polyimide films, In addition, as the
strain increased from 0.18% to 0.51%, the electrical signal of
polyimide film (100 pm) slightly changed (~20 pA) (Figure S17,
Supporting information). The Signal-to-Noise Ratio (SNR) of the
PyPT device is calculated as 96, indicating that the PyPT-based
piezoelectric device is a great sound detector (Figure S16C, Sup-
porting information).

Furthermore, the crystal PyPT-based piezoelectric device
maintained a stable current output of over 22 pA, with only a
22% reduction in maximum output, even after 500 s of continu-
ous operation under 0.12% strain (Figure 3F). This performance
is comparable to that of 1D tin dioxide (SnO,) microwires.[*’]
Additionally, the piezoelectric properties of the organic crystal
PyPT - including piezoelectric signal, piezoelectric coefficient,
and Young’s Modulus (GPa) — exceed those of previously reported
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low-dimensional and composite material-based flexible devices
(Table S4, Supporting information).

Achieving a rapid response and high stability poses substan-
tial challenges for commercializing flexible piezoelectric mate-
rials and devices. Based on the above-mentioned experimental
results, this piezoelectric device presents heightened sensitiv-
ity and an expansive surface area, unveiling the potential of or-
ganic flexible sensors for wearable applications. In this study,
we utilized Piezoresponse Force Microscopy (PFM) to evaluate
the piezoelectric properties of materials.[*!l We measured that
Young’s modulus of PyPT is 1.63 Gpa, lower than most inorganic
piezotronics materials and the typical conjugated polycyclic aro-
matic hydrocarbons-based crystals.[*>*3] These results indicated
this pure organic molecule is more flexible.[*+¢]

One end of the rod-like crystal PyPT was fixed onto a silicon
wafer using a silver paste, with the silicon wafer in contact with
the conductive sample stage via copper adhesive. When the AFM
tip scanned over a 5 um range on the crystal surface, vertical de-
formation of 9.8-11.6 pm was observed under an applied 3 V
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driving voltage Figure 3G,H. The piezoelectric coefficient (d;)
was quantified by plotting the piezoelectric amplitude as a func-
tion of the driving voltage. The piezoelectric response displace-
ment is linearly related to the driving voltage, and the d,; value
obtained by linear fitting is about 8.02 + 0.26 pm V!, further con-
firming the intrinsic piezoelectric properties of the single crystal
of PyPT.

2.4. Flexible Piezotronics Devices for Sound Detection and
Recognition

Piezotronics is an emerging field that combines piezoelectric ma-
terials with semiconductor technology to create devices that can
convert mechanical energy into electrical signals and vice versa,
with the potential to revolutionize how we harness and inter-
act with mechanical energy in electronic systems. Sound detec-
tion technology requires promptly recognizing and responding
to acoustic changes in the environment, such as unusual noises
from industrial equipment or alarms from safety systems, which
is crucial for maintaining the safety of equipment operation and
environmental monitoring.

Piezoelectric materials can be used to detect and convert sound
waves into electrical signals, enabling applications in sound sen-
sors and microphones. Currently, inorganic piezoelectric materi-
als like barium titanate have lower mechanical strength and are
prone to fracture under strong vibrations or pressure.[*’] More
importantly, these materials are difficult to degrade and pose
environmental hazards. Therefore, it is essential to explore a
new generation of organic materials with low toxicity, rapid re-
sponse, and good flexibility in the field of sound recognition.
Organic piezoelectric materials can offer these benefits, making
them ideal candidates for developing advanced sound detection
technologies.

To verify the sound recognition ability, the crystal PyPT-based
piezotronics sensor was attached to a loudspeaker. As shown
in Figure 4B—E and Figures S18-S20 (Supporting information),
when a tapping sound with a steady volume and a frequency of 50
Beats Per Minute (BPM) was applied, the sensor outputs a stable
electrical signal of 2 pA. The sound volume and the beat speed
were controlled using metronome software (interface shown in
Figure S18 (Supporting information), APP by Wuhan Net Power
Technology Co., Ltd). A periodic variation in the electrical signal
(strong-weak-weak-weak) was observed as the volume changed
during the routine. The frequency of the output electrical signal
remains steady at 50 BPM. Moreover, as the trapping frequency
increased to BPM = 100, the intensity and frequency of the out-
put electrical signal remained unchanged, and the calculated re-
sponse time is ~12 ms (Figure S20, Supporting information).
These results indicate that the piezotronics sensor can rapidly
and sensitively identify sound volume and frequency.

Further, to identify the sensitivity of the sound sensor to differ-
ent timbres, musical instruments (such as woodblock, electronic
organ, and drum) were selected as the acoustic source. As shown
in Figure 4C, when maintaining a consistent output volume and
frequency (BPM = 100) of the sound, the corresponding fre-
quency of the output electrical signal is consistent with the sound
frequency. However, the intensity of the output electrical signal
is dependent on the acoustic source from different musical in-
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struments, following the order of drum (2 pA) > electronic organ
(1.57 pA) > woodblock (1.14 pA) with an error value of less than
5% (Figure S21, Supporting information). More importantly, un-
der the stimulation of different acoustic sources, the wave shape
of the output electrical signal is also different. The differentia-
tion in the fingerprint waveform of the acoustic source offers
an efficient way of distinguishing types of musical instruments.
Therefore, this crystal PyPT-based piezoelectric sensor shows
strong potential as a high-performance sound-electronic trans-
ducer for applications in sound information storage and acoustic
identification.

3. Conclusion

In summary, a new pure organic piezoelectric material, PyPT,
containing phenothiazine was synthesized via a Pd-catalyzed
coupling reaction. The compound exhibits excitation-dependent
emission behavior, originating from the variety of terminal sub-
stituents on the phenothiazine in the excited state. Moreover, the
non-centrosymmetric crystal PyPT exhibits a low Young’s modu-
lus (1.63 GPa), an anisotropic-dependent piezoelectric property, a
large electrical output of 721 pA under a 0.59% strain, and a high
dy; value of 8.02 + 0.26 pm V~! along the (010) axis. Furthermore,
the crystal PyPT-based piezoelectric sensor was demonstrated to
be capable of identifying the physical characteristics of sound
(such as volume, timbre, etc.) via a visual output electronic signal
and the acoustic source from different musical instruments. This
research offers a new approach for developing high-performance
pure organic pyrene-based molecules with piezoelectric behavior
and helps to expand the various potential applications of pyrene-
based functional materials and flexible sensors.

4. Experimental Section

Synthesis of PyPT (10-(pyren-1-yl)-10H-Phenothiazine): Under a nitro-
gen atmosphere, mixture of 1-bromopyrene (1) (300 mg, 1.07 mmol,
1.0 eq.), phenothiazine (255.17 mg, 1.28 mmol, 1.2 eq.), CS,CO5(1.7 g,
5.33 mmol, 5 eq.) and t-BusP (1.08 g, 5.34 mmol) in toluene (12 mL)
solution was stirred 10 min at room temperature, Pd(Oac), (60 mg,
0.27 mmol) were then added, the mixture was stirred and heated to 100
°C for 48 h. After it was cooled, the mixture was quenched by H,O (50 mL)
and extracted by CH,Cl, (50 mLx 3) three times, the combined organic
layer was successively washed with water and brine (50 mL) and dried over
MgSO, and evaporated. The residue was purified by column chromatogra-
phy eluting with hexane to give 10-(pyren-1-yl)-10H-phenothiazine (PyPT)
(168 mg, 37%). TH NMR (400 MHz, CDCl,, 6): 8.38 (s, 1H), 8.28 (s, 2H),
8.18 (d, J = 2.0 Hz, 3H), 8.08 (dd, J = 11.1, 9.8 Hz, 3H), 7.06 (dd, J =
7.6, 1.5 Hz, 2H), 6.77 (d, J = 1.2 Hz, 2H), 6.66 (s, 2H), 5.95 (dd, J = 8.3,
1.1 Hz, 2H). *C NMR (100 MHz, CDCl3, 6): 131.5, 131.1, 131.0, 129.1,
128.4,127.1, 127.0, 126.6, 126.6, 126.5, 126.4, 126.4, 125.9, 125.8, 124.8,
122.8, 122.5, 119.7, 116.0. HRMS (FTMS + pAPCI) m/z: [M + H]* Calcd
for C,gH NS, 400.1082; Found, 400.1156.

Materials Characterization: "H and *C NMR spectra were recorded
on a Bruker AV 400 M spectrometer using chloroform-d solvent and
tetramethylsilane as an internal reference. J-values were given in Hz. High-
resolution mass spectra (HRMS) were recorded on a LC/MS/MS, which
consisted of a HPLC system (Ultimate 3000 RSLC, Thermo Scientific, USA)
and a Q Exactive Orbitrap (QE orbitrap type) mass spectrometer. UV-vis
absorption spectra and photoluminescence (PL) spectra were recorded
on a Shimadzu UV-2600 and the Hitachi F-4700 spectrofluorometer. PL
quantum yields were measured using absolute methods using a Hama-
matsu C11347-11 Quantaurus-QY Analyzer. The lifetime was recorded on
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Figure 4. Performance evaluation of the piezoelectric sensor made of PyPT. A) Schematic diagram of the current output of PyPT devices under different
conditions. B) Current signals at different volume and frequency sounds. C) Current signals at the same frequency, same size, but different timbres of
sound. D) Current output of PyPT devices under fixed frequency (BPM = 50), steady volume. E) Current output of PyPT devices under fixed frequency

(BPM = 50) and periodic variation in volume.

an Edinburgh FLS 980 instrument and measured using a time-correlated
single-photon counting method. Thermogravimetric analysis was carried
on a Mettler Toledo TGA/DSC3+ under dry nitrogen at a heating rate of
10 °C min~'. The quantum chemistry calculation was performed on the
Gaussian 09 (B3LYP/6-311G (d, p) basis set) software package.

X-ray Crystallography: ~ Crystallographic data for the compounds was
collected on a Bruker APEX 2 CCD diffractometer with graphite monochro-
mated Mo Ka radiation (4 = 0.71073 A) in the @ scan mode.[*34°] The
structures were solved by charge flipping or direct methods algorithms
and refined by full-matrix least-squares methods on F,[4>% All esds (ex-
cept the esd in the dihedral angle between two Ls. planes) were estimated
using the full covariance matrix. The cell esds were considered individ-

Adv. Electron. Mater. 2025, 2400933 2400933 (7 of 9)

ually in the estimation of esds in distances, angles and torsion angles.
Correlations between esds in cell parameters were only used when they
were defined by crystal symmetry. An approximate (isotropic) treatment
of cell esds was used for estimating esds involving Ls. planes. The final
cell constants were determined through global refinement of the xyz cen-
troids of the reflections harvested from the entire data set. Structure so-
lution and refinements were carried out using the SHELXTL-PLUS soft-
ware package.l*%) The partially occupied water molecule of crystallization
was modeled by the Platon Squeeze procedure. Data (excluding struc-
ture factors) on the structures reported here have been deposited with
the Cambridge Crystallographic Data Centre. CCDC 2328888 contains the
supplementary crystallographic data for this paper. These data could be
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obtained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.

Fabrication of Devices: A rectangular crystal PyPT (dimensions: 180—
240 pum in length, 25-31 um in width, and 16-22 pm in thickness) was
placed on a flexible polyimide film (3 cm length X 1 cm width x 100 um
thickness). Both ends of the crystal were fixed using silver paste, serving
as electrodes. The fabricated piezoelectric device was tested in ambient
air without encapsulation. Over 10 devices were prepared, finding that the
electrical signal remained consistent across different crystal dimensions.
However, a longer channel length may reduce the device’s lifecycle. All
devices demonstrated nearly identical electrical responses under the same
measurement conditions.

Piezoresponse Force Microscopy (PFM) Measurement: One end of the
crystal PyPT was affixed to a silicon wafer with silver paste under micro-
scopic observation. The silicon wafer, containing PyPT crystals, was then
positioned on the Atomic Force Microscope (AFM, Bruker, Dimension
Fastscan) sample stage, with conductive copper adhesive 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 um range on the crys-
tal surface. The sample’s response in both the vertical and horizontal di-
rections was recorded using the AFM’s lock-in amplifier to detect surface
topography.

Preparation of Crystal PyPT-Based Sound Sensor: A suitable crystal
PyPT-based piezoelectric device was selected and attached to the loud-
speaker surface with double-sided tape. When sound was played, the de-
vice underwent varying degrees of deformation, generating an electrical
signal corresponding to the sound volume and beat speed. The sound set-
tings were controlled via software (developed by Wuhan Net Power Tech-
nology Co., Ltd.), with an interface shown in Figure S16 (Supporting infor-
mation). The software allows for four sound volume levels (from weak to
strong, levels 1-4) and BPM adjustments from 20 to 200 beats per minute.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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