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Mechanically deformable organic
ferroelectric crystalwith plasticity optimized
by fluorination

Pei-Zhi Huang1,4, Zunqi Liu2,4, Lou-Kai Ye1,4, Hao-Fei Ni1, Jia-Qi Luo1, Gele Teri1,
Qiang-Qiang Jia1, Bo Zhuang3, Chang-Feng Wang1, Zhi-Xu Zhang 1 ,
Yi Zhang 1 & Da-Wei Fu 1,2

The ability of plastic deformation exerts in bulk crystals would offer great
promise for ferroelectrics to achieve emerging and exciting applications.
However, conventional ferroelectric crystals generally suffer from inherent
brittleness and are easy to fracture. Here, by implementing fluorination on
anion, we successfully design a flexible organic ferroelectric phenylethy-
lammonium trifluoromethanesulfonate (PEA-TFMS) with interesting plasticity
in its bulk crystals. To our knowledge, it is the first observation since the
discovery of organic ferroelectric crystal triglycine sulfate in 1956. Compared
to parent PEA-MS (phenylethylammonium mesylate), fluorination subtly
alters ionic orientation and interactions to reorganize dipole arrangement,
which not only brings switchable spontaneous polarization but also endows
PEA-TFMS crystal with macroscopical bending and spiral deformability,
making it a competitive candidate for flexible and wearable devices. Our
work will bring inspiration for obtaining mechanically deformable organic
ferroelectric crystals toward flexible electronics.

Ferroelectrics that characterized by switchable spontaneous polar-
ization enable wide functional applications from information proces-
sing, energy conversion to medical detection1–6. Since the first
discovery of ferroelectricity7, the past century has witnessed con-
tinuous developments in ferroelectrics that have mainly concentrated
on the inorganic ones represented by BaTiO3 and Pb(Zr1-xTix)O3 with
heavymetals and high hardness8,9. Whereas, the newpursuits formore
energy-saving, biocompatible, flexible and wearable devices have dri-
ven great interest in molecular ferroelectrics over recent years, espe-
cially pure organic ones10,11. By taking the attributes of facile solution
processing, lightweight, structural diversity and tunability, organic
ferroelectric crystals also possess unrivalled advantages in material
preparation and functional design12–15. Due to tight molecular packing

or coordinated network, however, most organic ferroelectrics usually
exhibit inherent brittleness16, which restricts crystal deformation and is
detrimental to their potential applications in flexible electronics.
Mechanically flexible devices rely on the mechanical properties of
materials, which shouldmeet the necessary requirements for adaptive
deformation indifferentworking environments17–19. Notably, a series of
excellent plastic molecular ferroelectrics have been reported pre-
viously, but their mechanical bending characteristics require imple-
mentation in high-temperature paraelectric phases20–22. Depositing
epitaxial thin films of ferroelectric crystals on polymer substrates has
been studied for developing flexible devices, nevertheless, such way
suffers from complex preparation processes and possible ferroelectric
performance losses23–25. To this stage, whether free-standing bulk
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ferroelectric crystals can directly achieve plastic deformation without
other auxiliary limitations, and thereby purposefully achieving adap-
table mechanical shaping for application conditions, remains a long-
term pursuit and expectation in ferroelectric field. Admittedly, the
plastic deformation of bulk crystals have been extensively studied in
various fields18,26–31. However, since the first discovery of organic fer-
roelectric crystal triglycine sulfate in 195632, organic one equippedwith
such abilities remains just an academic interest.

Natural modifiability and diversity of organic molecules have
become fertile ground for designing ferroelectrics. Fluorination has
emerged as a promising strategy for eliciting or intensifying desir-
able properties across multiple fields involving energy, catalysis,
medicine, etc.33–36. In crystal engineering, introducing fluorine
atoms can to some extent alter the molecular dipole moment and
orientation as well as molecular interactions, thereby affecting
crystal symmetry and physical properties37,38. For ferroelectricity,
its required crystal polarity is closely associated with the internal
permanent dipoles and their arrangement in lattice39–41. For
instance, Zhang et al recently reported a fluorinated organic ferro-
electric crystal HOCH2(CF2)3CH2OH, showing high piezoelectric
response and good biodegradability that are attractive for biome-
dical electronics6. The H/F substitution strategy has been success-
fully implemented in ferroelectric design and performance
optimization as exemplified by [4-fluoro-quinuclidinium]ReO4

42,
(m-fluoroanilinium)(dibenzo[18]crown-6)[Ni(2-thioxo-1,3-dithiole-
4,5-dithiolate)2]

43, and [(CH3)3NCH2F]ZnCl3
44. Emphatically, the

introduction of fluorines would have a significant impact on the
mechanical properties of crystals. Hayashi et al. implemented
fluorination to introduce S-F interactions to extend π-conjugated
system, and thereby successfully creating flexibly elastic organic

single crystals, whose elastic mechanism is analogous to that of the
first elastic crystal45,46. But meanwhile, complex molecular interac-
tions and subtle molecular structural distortions also bring great
uncertainty and contingency to ferroelectric design and perfor-
mance regulation. Unravelling intrinsic mechanism and feasible
ways to achieve organic ferroelectrics with fascinating plasticity has
always been the academic interests.

In this work, we carry out the conventional fluorination strategy
on PEA cations of parent PEA-MS, which crystallize in centrosymmetric
I2/a space group, but unfortunately the results are unsatisfactory for
all the fluorinated productions with different H/F substitution sites
(Fig. 1). It must be pointed out that, towards ferroelectrics, the fluor-
ination strategy is almost always applied to cationic parts inmolecular
crystals, while its pivotal role in anionic parts has been historically
overlooked. In view of this, we pioneer to implement the H/F sub-
stitution on anionic parts of ionicmolecular crystals, aiming to explore
their effects in ferroelectric design (Fig. 1). Compared to parent PEA-
MS, excitingly, the fluorinated PEA-TFMS shows crystal polarity with
Pna21 spacegroup,which features two-dimensional hydrogenbonding
network in a wave-like pattern. Fluorination cleverly changes ionic
orientations and interactions, reorganizing dipole arrangement to
create opportunities for switchable spontaneous polarization. More
interestingly, fluorination endows PEA-TFMS with remarkable plasti-
city, that is, its ferroelectric phase exhibits macroscopic bending and
spiral deformation under external forces, without recovering upon
their removal. This phenomenon represents an unprecedented
occurrence among the reported organic ferroelectric crystals to date.
Combined with aqueous solution preparation, these attributes make
PEA-TFMS andesirable candidate formechanically flexible andhuman-
wearable devices.
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Fig. 1 | Designing strategy. Designing strategy of an organic ferroelectric with
mechanical flexibility by implementing fluorination on anionic parts. The blue
cartoons at the top left represent cationic fluorinated crystals. The green cartoons
at the bottom left and top right represent anionic fluorinated crystals. Ec: Coercive

field of spontaneous polarization of ferroelectrics. PS: Saturation polarization of
spontaneous polarization of ferroelectrics. The dimension of the object in the
bottom right photo is 20mm× 7mm×2mm.

Article https://doi.org/10.1038/s41467-025-58416-y

Nature Communications |         (2025) 16:3071 2

www.nature.com/naturecommunications


Results
Structural analysis of crystals
All thecrystals are easily preparedby slowevaporationof their respective
methanol solutions (Supplementary Note 1). For crystal structure of PEA-
MS, interestingly, PEA cations andMS anions are stacked in a layered-like
manner along the [001] direction, where two MS layers alternately
separate the PEA layers (Fig. 2a). Such arrangement is stabilized by
N−H···OhydrogenbondingbetweenNatomsof PEAandOatomsofMS,
which form a quasi two-dimensional (2D) hydrogen bonding network
(Fig. 2b). Theorientation of adjacent PEA layers is opposite to eachother,
and the same applies to the neighboring MS layers. These structural
characteristics of PEA and MS arrays leads to the cancellation of dipole
moments, making PEA-MS crystallizes in a centrosymmetric I2/a
space group (Supplementary Table 1). Given the previous success of the
H/F substitution strategy, we implemented this strategy on the PEA
cations of the parent PEA-MS, aiming to induce crystal polarity. However,
the resulting o-FPEA-MS (o-fluorophenethylammonium mesylate),
m-FPEA-MS (m-fluorophenethylammonium mesylate) and p-FPEA-MS
(p-fluorophenethylammonium mesylate) maintain the crystal symmetry
of the centrosymmetric space group, belong to Pbca, P21/n and C2/c
space group respectively (Supplementary Table 2). Moreover, their
ionic arrangements are also similar to those of the parent PEA-MS,
featuring 2D network with repeating double hydrogen bonding layers
(Supplementary Fig. 1).

For ionicmolecular crystals, anionic parts are also an indispensable
component for determining chemical and physical properties, but they
have long been overlooked in terms of designing ferroelectricity. We
thus carried out H/F substitution on MS anions of parent PEA-MS, and
exhilaratingly, the crystal symmetry of resulting PEA-TFMS transformed
into polar Pna21 space group (Supplementary Table 1). Structurally,
PEA-TFMS also adopts a quasi 2D hydrogen bonding network with an
alternating stacking arrangement of PEA and TFMS layers (Fig. 2d). But
differently, compared to PEA-MS, the repetitive unit of such 2Dnetwork
of PEA-TFMS changes into a single hydrogen bonding layer, displaying
in a wave-like pattern (Fig. 2c). Notably, besides N −H···O hydrogen
bonding, anionic fluorination introduces new C −H···F weak interac-
tions, which act like ropes pulling on PEA and TFMS ions to subtly alter
the stacking arrangement and orientation of ions (Fig. 2d). From
packing view, a striking feature of structure is that both PEA and TFMS
are aligned toward the crystallographic c-axis direction, which will
accumulate dipole moments to generate a macroscopic spontaneous
polarization along [001] direction (Fig. 2e).

Thermal analysis revealed that PEA-TFMS experiences a reversible
phase transitionbyobserving apair of endothermic/exothermicpeaks at
346/334K (Fig. 3a & Supplementary Fig. 2a). Five cycles of differential
scanning calorimetry (DSC) measurements (Supplementary Fig. 2b)
further confirm the good reversibility and cycling stability of PEA-TFMS’s
phase transition. For clarity, we label the phases below and above the
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Fig. 2 | Structural information. a Packing structure of PEA-MS viewed along b-axis
with N −H···O hydrogen bonds (bule bonds). b-c Quasi 2D network layers of
hydrogen bonds in the structure of PEA-MS (b) and PEA-TFMS (c). d Packing
structure of PEA-TFMS viewed along c-axis with N −H···O hydrogen bonds (bule
bonds) andC −H···F interactions (yellowbonds). e, f Packing structureof PEA-TFMS
viewed along a-axis in ferroelectric phase (e) and paraelectric phase (f). The arrow
in (e) represent the spontaneous polarization direction. The orange and green

spheres in (f) represent highly disordered oxygen and fluorine atoms.
g, h Equatorial plane projection of point group and spatial symmetry operations of
space groups of ferroelectric phase (g) and paraelectric phase (h) for PEA-TFMS.
Some hydrogen atoms were omitted for clarity. The red-blue-white surfaces in
(a, d) represent the Hirshfeld surfaces of the PEA+ cations in the crystal structure,
with the red points meaning hydrogen bonding interactions.
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transition temperature as low-temperature phase (LTP) and high-
temperature phase (HTP) respectively. At 353K in HTP, the structure
of PEA-TFMSwas determined in the centrosymmetric Pbam space group
ofmmm point group (Supplementary Table 1), where some atoms were
split to satisfy a good refinement due to the intensified atomic thermal
vibration. In lattice, PEA and TFMS ions are situated in a symmetric
position of mirror plane that perpendicular to the c-axis, making its
orientation disordered to offset dipole moment (Fig. 2f). Accordingly,
the phase transition mechanism can be ascribed to the joint order-
disorder transition of both PEA cations and TFMS anions. As shown in
Fig. 2g, h, the Aizu notation for the symmetry breaking is mmmFmm2.

Characterization of ferroelectricity
We further determined the crystal symmetry of these materials using
the second harmonic generation (SHG) technique, which exhibits high
sensitivity to the absence of inversion centers, except for 432, 622, and
422 point groups. As shown in Supplementary Fig. 3, the PEA-MS and
its cationic modified derivatives with centrosymmetric crystal struc-
tures show inactive SHG signal, while non-zero SHG intensity of its
anionic fluorination products PEA-TFMS indicate the crystal polarity.
The variation trend of SHG response with temperature confirms that
the reversible symmetry change from polar Pna21 to centrosymmetric
Pbam space group of PEA-TFMS (Fig. 3b). Typical paraelectric-
ferroelectric phase transitions are generally accompanied by sig-
nificant anomalies of dielectric constant. The temperature-dependent
dielectric constant of PEA-TFMS exhibits a λ-type mutation peaked at
about 346 K (Fig. 3c), as well as the dielectric loss (Supplementary
Fig. 4a). Moreover, the dielectric response is consistent with Curie
−Weiss law, 1/ε ≈׳ (T − T0)/C. By fitting this law, the curve shows an
obvious jump in the vicinity of Tc (Supplementary Fig. 4b).

The nonlinear hysteresis relationship between polarization (P)
and applied electric field (E) is one of themost essential characteristics
of ferroelectricity. By using Sawyer-Tower method, at 353K, the

measured P exhibits a linear relationship with the variation of E, con-
forming to the nature of ordinary dielectrics in paraelectric phase.
Below Curie temperature (TC), the well-defined P-E hysteresis loops
emerged in the range of 343–330K, directly demonstrating ferroe-
lectricity of PEA-TFMS (Fig. 3d). As the temperature decreases, the
saturation polarization (PS) value gradually increases to reach about
1.46μC/cm2 at 330K. Furthermore, density functional theory (DFT) is
employed to evaluate the polarization dynamics of PEA-TFMS
(Fig. 3e, f), yielding a calculated polarization value of 1.47μC/cm2,
which is consistent with the experimental value. Additionally, PEA-
TFMS does not show a substantial fatigue effect after 107 switching
cycles (Supplementary Fig. 5).

Ferroelectric domain dynamics at micro-scale were studied by
piezoresponse forcemicroscopy (PFM) technique. The PFMamplitude
and phase images of PEA-TFMS thin film show domain structures
where different polarization states are separated by clear domain
walls, which are independent from topography of the film surface
(Supplementary Fig. 6). Selecting a specific region with an initial
almost single-domain state (Fig. 4a–c), we successively applying a tip
voltage of +120 V and –120V to examine local polarization switching
process. As shown in Fig. 4e, f, h, i, the evolution of color contrast
observed in phase image aswell as the evident domain wall movement
in amplitude image intuitively indicate ferroelectricity of PEA-TFMS.
Additionally, the butterfly amplitude loops and 180° phase shifts fur-
ther demonstrate robust ferroelectric switching (Fig. 4d, g).

Mechanical properties of crystals
The fluorination on anionic parts not only successfully induces fer-
roelectricity, but also greatly improves mechanical flexibility. Parent
PEA-MS exhibits brittleness (Supplementary Fig. 7a), while the fluori-
nated PEA-TFMS shows remarkable mechanical adaptability and plas-
ticity, allowing for macroscopic bending and even helical deformation
without losing its integrity under external stress (Fig. 5a &
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Fig. 3 | DSC, SHG, dielectric properties and ferroelectricity of PEA-TFMS. aDSC
curves of PEA-TFMS. DSC: Differential scanning calorimetry. b The SHG intensity of
PEA-TFMS as a function of temperature. SHG: second harmonic generation. c Real
part of dielectric constant during the heating process. The blue image is the
topography of PEA-TFMS modeled by the crystal structure. d P-E hysteresis loops

measured on the PEA-TFMS crystal. e Two ferroelectric states with opposite
orientation of polarization. Some hydrogen atoms were omitted for clarity. The
arrows represent spontaneous polarization direction. The “+“ and “-“ signs repre-
sent positive and negative charges. f Ferroelectric polarization evolution of PEA-
TFMS as a function of structure parameter λ.
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Supplementary Fig. 7b). Single-crystal X-ray diffraction determination
was conducted to obtain the crystal structure of bent PEA-TFMS
crystal. Compared with original structure, the space group and cell
parameters of bent crystal remain unchanged (Supplementary
Table 1). The morphology of the crystal’s side surface (100), as char-
acterized by scanning electron microscope (SEM) and atomic force
microscope (AFM), reveals that both the straight and bent sections
exhibit no significant textures on the surface, indicating the integrity of
the crystal during the bending process (Fig. 5b–j). Among which, the
striped patterns observed in the AFM images of the straight section
result from the crystal growth process. Additionally, Raman spectro-
scopy was also employed to investigate the crystal structure change of
bent and unbent PEA-TFMS at a molecular level. As shown in Supple-
mentary Fig. 8, compared with the Raman spectrum of the unbent
region, no additional peaks areobserved in thebent region, suggesting
that the crystal does not become amorphous after bending, which
means the molecular arrangement in the crystal structure maintains
orientational order and retains the polar alignment. Then, nanoin-
dentation technique was employed to assess the mechanical proper-
ties of both PEA-TFMS and PEA-MS crystals, and the load-displacement
curves were fitted based on the Oliver-Pharr model to obtain the
Young’s modulus (E) and hardness (H)47, as shown in Fig. 5k and Sup-
plementary Fig. 9a–d. The PEA-TFMS crystals present an average
Young’s modulus (E) of 4.31, 2.18, and 2.07GPa and hardness (H) of
204.1, 42.1, and 71.4MPa for (010), (100), and (001) planes, respec-
tively, obviously smaller than those of the parent PEA-MS (10.21 GPa,

482.4MPa), and presenting favorable competitiveness among organic
crystals with an average E and H of 12.05 GPa and 500.0MPa48. More-
over, the value of Young’s modulus and hardness of PEA-TFMS are
several orders of magnitude lower than those of inorganic ferro-
electrics such as BaTiO3 (167.9GPa, 13.6 GPa)49, and are close to the
organic polymer PVDF (3.28GPa, 240.3MPa)50 (Fig. 5l).

The PEA-TFMS bulk crystal exhibits the rare combination of
plasticity and ferroelectricitity (Supplementary Table 3), which has
inspired us to further explore its dielectric and ferroelectric properties
under bending conditions. As shown in Supplementary Fig. 10, the
dielectric constant remains essentially unchanged with the bending of
the crystal. Furthermore, the ferroelectric characteristics are still pre-
sent in the bent crystal, as demonstrated by the obvious P-E hysteresis
loopswith the value of Ps being 1.31μC/cm2, consistent with that of the
unbent crystal (Fig. 5m). The bent crystal can be conceptualized as
consisting of an infinite number of straight crystals, eachwith its polar
axis rotated at specific angles. The polarization direction of the bent
crystal exhibits a component along the “original c-axis”, thus allowing
spontaneous polarization remains in the bent crystal (Supplementary
Fig. 11). Additionally, the PFM measurements were performed on the
same position of the PEA-TFMS crystal both before and after bending,
as indicated by the circled area in Fig. 6a, e. As shown in Fig. 6b–d, f–h,
after bending, clear domain structures remain observable, with a slight
shift of domain walls within the bent region. This observation
demonstrates that ferroelectricity does not disappear even when the
crystal is bent. Based on the plasticity of the ferroelectric crystal PEA-

Fig. 4 | Ferroelectric domain structures and polarization switching of PEA-
TFMS. a–c PFM images of topography (a), amplitude (b), andphase (c) in the initial
state. PFM: Piezoresponse force microscope. d, g PFM amplitude (d) and phase (g)
signals as functions of the tip voltage. The yellow and dark blue curves represent

the spontaneous polarization of the crystal in two opposite directions.
e, f, h, i Amplitude and phase images after applying tip voltages of +120V (e, f) and
−120 V (h, i).
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TFMS,wefixed the crystal on thefinger joint, allowing it to dynamically
change shape with the movement of the joint while maintaining a
secure fit (Fig. 6i–k & Supplementary Movie 1). In order to satisfy the
multi-form application, the bending test of PEA-TFMS thin film was
also carried out, and the results showed that PEA-TFMS thin film was
still intact after 300 times of bending cycles (Supplementary Fig. 12 &
Movie 2). Therefore, the PEA-TFMS crystal can be processed into dif-
ferent shapes and sizes, making it easier to satisfy the designing
requirements of electronic devices and demonstrating greater appli-
cation potential.

Such interesting mechanical adaptability of PEA-TFMS crystal
closely depended on the structural stacking arrangement and mole-
cular interactions, which can be revealed by the “anisotropic stacking
or sliding plane model” that as recognized mechanism to explain
plastic deformation of organic crystals30,51–54. Fluorination endows PEA-
TFMS with wave-like 2D hydrogen bonding networks while adjacent
hydrogen bonding layers are supported through weaker inter-
molecular interactions, forming the significant anisotropy in the
strength of interactions in the orthogonal direction. Meanwhile, the
weaker interactions are assembled to form low-energy slip planes
perpendicular to [010] direction, which is conducive to a relative slip

of ionic layers proceeding along this direction, resulting in anisotropic
deformation from external stimuli. Moreover, the distance between
adjacent hydrogen bond layers of PEA-TFMS ismore than twice that of
PEA-MS (Supplementary Fig. 13a, b). In view of this, we calculated the
cell void occupancy rate of PEA-MS and PEA-TFMS. The results indicate
that the cell void occupancy rate of PEA-TFMS is 36.29%, higher than
that of PEA-MS (34.86%) (Supplementary Fig. 13c, d). Therefore,
fluorination increases the cell void occupancy and enhances the free-
dom of ionic motions, both of which facilitating the plasticity of PEA-
TFMS. As shown in Fig. 6l, when PEA-TFMS crystal is subjected to
external mechanical stress along [010] direction, the hydrogen
bonding-formed molecular layers will bend respectively, leading to
interlayer sliding or dislocation and thereby realizing bent on the (010)
face, andkeeping shapeafter removingexternal forces. For the interior
of a single molecular layer, this bending process inevitably causes a
change in hydrogen bonding, accompanying a shorter distance with
contracting on the inside of the bending area and a distance increase
with expanding on the outside. It is undoubtedly that wave-like 2D
hydrogen bonding networks provides sufficient space for ion dis-
locations, which prevents crystal fracture during the bending process.
Such structural arrangement allowsmolecular layers to twist along two
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Fig. 5 | Mechanical properties and morphology of PEA-TFMS. a Pictures of
progressive bending of PEA-TFMS caused by external forces. b Morphology and
surface texture of PEA-TFMS crystal’s side surface (100) visualized by SEM. SEM:
scanning electron microscope. c, d Morphology and surface texture of PEA-TFMS
crystal’s side surface (100) on straight section (b) and bent section (c), respectively.
e AFM measurement on the straight section of PEA-TFMS crystal’s side surface
(100). AFM Atomic force microscope. f, g AFM images of the straight section of

PEA-TFMS crystal’s side surface (100). h AFMmeasurement on the bent section of
PEA-TFMS crystal’s side surface (100). i, j AFM images of the bent section of PEA-
TFMS crystal’s side surface (100). k Load-displacement curves of PEA-TFMS and
PEA-MS. lComparison of Young’smodulus (E) and hardness (H) betweenPEA-TFMS
and several well-known ferroelectrics32,49,50,60. TGS triglycine sulfate.mComparison
of P-E hysteresis loops of unbent and bent PEA-TFMS crystal.

Article https://doi.org/10.1038/s41467-025-58416-y

Nature Communications |         (2025) 16:3071 6

www.nature.com/naturecommunications


different directions in (010) face, realizing helical-like deformation
(Fig. 6l & Supplementary Figs. 7b and 14).

Discussion
Our study demonstrated that the fluorination implement on anionic
parts realize both ferroelectricity and mechanically deformable flex-
ibility, as a breakthrough of organic ferroelectric crystals as well as
crystal engineering. Fluorination on anionic parts enables the PEA-TFMS
with a wave-like 2D hydrogen bonding network to align the dipoles and
reorganize anisotropy of molecular interactions, which not only induce
switchable spontaneous polarization but also endow the PEA-TFMSwith
interesting plasticity. This successful example provides a reliable route
to pursue mechanically adaptive ferroelectrics in organic crystals with
plasticity, to finally reach the aim of mechanically flexible devices. It can
be foreseen that organic ferroelectric crystals with various mechanical
functions may be available in the near future.

Methods
Single-crystal X-ray diffraction (SXRD) determination
Single-crystal diffraction data of PEA-TFMS at LTP and HTP were col-
lected using a Bruker D8 venture with Mo-Kα radiation (λ = 0.71073Å)
and Cu-Kα radiation (λ = 1.54184 Å), respectively. Among the other
crystals, excluding PEA-MS which utilize Mo-Kα radiation, the rest
employ Cu-Kα radiation. Refinement and reduction were carried out
by APEX-III software. Crystallography data of the single crystals was
solved and refined with the SHELXT and OLEX2 1.5 software packages,
and all the non-hydrogen atoms were anisotropically manipulated.

Powder X-ray diffraction (PXRD)
Powder X-ray diffraction measurements were performed on a Rigaku
D/MAX 2000 PC X-ray diffractometer at room temperature in the
degree range of 5–40° at room temperature. Simulated powder pat-
terns of samples were calculated by Mercury software package with
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Fig. 6 | PFM images and plasticity of PEA-TFMS. a–dMorphology (a), height (b),
amplitude (c) and phase (d) images of straight PEA-TFMS crystal visualized by PFM.
e–h Morphology (e), height (f), amplitude (g) and phase (h) images of bent PEA-
TFMS crystal visualized by PFM. The region in solid black boxes in (a and
e represents the crystal morphology observed during PFM testing. The region in

dashed red boxes indicates bending deformation occurs. i–k PEA-TFMS exhibit
plasticity and canbe fitted into the finger joint. The PEA-TFMScrystals are in the red
dashed boxes. l Schematic diagram of the mechanism for the plastic bending
process of PEA-TFMS.

Article https://doi.org/10.1038/s41467-025-58416-y

Nature Communications |         (2025) 16:3071 7

www.nature.com/naturecommunications


crystallographic information file. The PXRD patterns of PEA-MS and
PEA-TFMS measured at room temperature were shown in Supple-
mentary Fig. 15.

Thermal and second harmonic generation (SHG) measurements
The DSC measurements of PEA-TFMS powder were executed using
NETZSCH-214 instrument at nitrogen atmosphere with the experi-
mental rate being 20, 10 and 5 K/min. SHG data was collected by an
unexpanded laser beam with low divergence (pulsed Nd:YAG at a
wavelength of 1064 nm, 5 ns pulse duration, 1.6MWpeak power, 10Hz
repetition rate), whose instrument model is Ins 1210058, INSTEC
Instruments, while the laser is Vibrant 355 II, OPOTEK.

Dielectric and P-E hysteresis loops measurements
The temperature-dependent permittivity was measured with a
TH2828A impedance analyzer and the measurement of the P-E hys-
teresis loop was conducted on a commercial equipment Radiant Pre-
cision Premier II with operation frequency of 50Hz. The method
employed to test the ferroelectric properties is Sawyer-Towermethod.
The samples for dielectric and P-E hysteresis loops measurements are
same. The crystal is precisely cut to the appropriate size (Supple-
mentary Fig. 16), and the surfaces perpendicular to its polar axis are
coated with silver conductive paste. Subsequently, the crystal is uti-
lized to fabricate electrode for measurement following the drying of
the silver conductive paste. Thepolarization fatiguewasobtained after
more than 107 cycles of polarization switching with Sawyer-Tower
method.

Preparation of thin film
The thin film was prepared by evaporating methanol solution of PEA-
TFMS. The precursor solution was prepared by dissolving 100mg of
PEA-TFMS in 2mL of methanol. The thin films were obtained from the
precursor solution (50μL) dripped on a clean indium-tin-oxide (ITO)
coated glass/polyethylene terephthalate (PET) substrate at room
temperature. The diffraction data for PEA-TFMS thin filmwas shown in
Supplementary Fig. 17.

SEM, AFM and PFM measurements
The morphology of PEA-TFMS crystal was observed by field emission
scanning electron microscope (GEminiSEM 300, Zeiss) and atomic
force microscope (Vero AFM, Asylum Research). The PFM measure-
ment was carried out on a resonant-enhanced PFM (MFP3D, Asylum
Research) with conductive Pt/Ir-coated silicon probes (EFM, Nano-
world), which is based on a commercial piezoresponse force micro-
scope (Oxford instrument, Cypher ES) with high-voltage package and
in-situ heating stage. PFM measurements were performed at the
contact-resonance frequency of approximately 740 kHz and a 2 V a.c.
drive voltage was applied to the PFM probes in PFM switching spec-
troscopy measurements.

Raman spectroscopy
The Raman spectroscopy measurements of straight and bent PEA-
TFMS crystals were executed using Renishaw inVia Reflex instrument
at room temperature in the range of 200–3800 cm-1. The excitation
wavelength is 633 nm (He–Ne laser).

Nanoindentation method
The nanoindentation measurements of PEA-TFMS and PEA-MS were
conducted using a Bruker Hysitron TI Premier nanoindentation
instrument. A standard diamond Berkovich probe with a radius of
curvature of 150nm was employed as the test probe.

Computational calculations
The DFT calculations were performed by using Vienna Ab Initio
Simulation Package (VASP)55. The projector-augmented wave method

(PAW)56 and Perdew-Burke-Ernzerhof (PBE)57 functional were used to
describe the electron-ion and the exchange-correlation interactions
respectively. Ferroelectric polarization calculation was based on the
Berry phase method developed by Kingsmith and Vanderbilt58. The
calculation was based on the crystal structures without structural
relaxation. The cutoff energy of 550eV and 3 × 1 × 4 k-point meshed
were used for all simulations. And the energy convergence criteria
were set to 10−6 eV.

Data availability
The crystal structures generated in this study have been deposited in
theCambridge CrystallographicData Centre with reference number of
CCDC 2333578-2333583 and 2401492 [www.ccdc.cam.ac.uk/data_
request/cif]. Source data is provided with this paper (reference59)
and in the figshare database under accession code [https://doi.org/10.
6084/m9.figshare.28423577]. Source data are provided with
this paper.
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