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Designing the morphotropic phase boundary (MPB) has been the most sought-after approach to achieve
high piezoelectric performance of piezoelectric materials. However, MPB has not yet been found in the
polarized organic piezoelectric materials. Here, we discover MPB with biphasic competition of β and
3=1-helical phases in the polarized piezoelectric polymer alloys (PVTC-PVT) and demonstrate a
mechanism to induce MPB using the compositionally tailored intermolecular interaction. Consequently,
PVTC-PVT exhibits a giant quasistatic piezoelectric coefficient of >32 pC=N while maintaining a low
Young’s modulus of 182 MPa, with a record-high figure of merit of piezoelectricity modulus of about
176 pC=ðN · GPaÞ among all piezoelectric materials.
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The piezoelectrics, acting as indispensable materials in
electromechanical systems, have been used in ultrasonic
imaging devices [1], various wearable sensors [2], and
underwater sonars [3]. To meet the increasing demands of
advanced piezoelectric devices, especially high-resolution
ultrasonic imagers and implantable ultrasensitive sensors, it
is urgently necessary to obtain high piezoelectric perfor-
mance [4,5]. Designing the morphotropic phase boundary
(MPB) with biphasic competition has become the most
effective approach to enhance piezoelectric performance
[6,7] due to the ease of polarization rotation at the external
electric field or stress [8,9]. But this physical concept has
been exclusive to inorganic piezoelectric materials for the
past few decades [10], ranging from Pb-based piezoelec-
trics like PbðZrx;Ti1−xÞO3, PbðMg1=3Nb2=3ÞO3-PbTiO3 to
Pb-free piezoelectrics like BaðZr;TiÞO3-ðBa;CaÞTiO3

and Bi1=2Na1=2TiO3-BaTiO3.
MPB was only reported in a unpolarized piezoelectric

copolymer in 2018 [11], in which the compositionally
tailored tacticity induces the evolution from nonpolar phase
to polar phases, contributing to biphasic competition
between the β and 3=1-helical phases. But MPB has not
yet been found in the polarized organic piezoelectric
materials; i.e., because these organic materials are usually
polarized by external electric fields to exhibit piezoelec-
tricity. Their molecular conformations are easy to change
at the poling field [12] and two phases are directly trans-
formed into a single phase [13], resulting in the disappear-
ance of the phase boundary. So far, there exists no

mechanism to induce MPB in polarized organic piezo-
electric materials. These dilemmas hamper the piezoelectric
performance improvement (quasistatic piezoelectric coef-
ficient d33 < about 25 pC=N [14,15]) and restrict the
extensive applications of organic piezoelectric materials
in wearables and bioelectronics [16].
In this Letter, we first achieve MPB in polarized piezo-

electric polymer alloys (PVTC-PVT) with phase competi-
tion between β (all-trans Tm>4; T, trans) and 3=1-helical
(ðTGÞ3=ðTG0Þ3; G, gauche) phases, which is induced by the
compositionally tailored intermolecular interaction. With
MPB, PVTC-PVT presents a giant piezoelectric coefficient
while low modulus can be maintained. Its d33 is comparable
to that of the best known single crystalline of P(VDF-
TrFE), but the Young’s modulus is 2.8% of the single
crystalline modulus. The Young’s modulus of PVTC-PVT
reaches to the lowest value among the excellent-property
piezoelectric materials.
The piezoelectric polymer alloy is designed by the

miscibility of poly(vinylidene fluoride-trifluoroethylene-
chlorofluoroethylene) [P(VDF-TrFE-CFE)] and poly
(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] at
a molecular level (The preparation and characterization are
shown in Supplemental Material S1 [17]), which is demon-
strated in Supplemental Material S2 [17]. To investigate
the piezoelectric properties of PVTC-PVT, the PVTC-PVT
with various components was fully polarized by the
external electric field. The crystal structures of polarized
PVTC-PVT at room temperature are displayed in Fig. 1(a).
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The α phase (TG=TG0) of P(VDF-TrFE-CFE) gradually
disappeared and is converted into the 3=1-helical phase and
β phase with the P(VDF-TrFE) composition increasing,
which is consistent with the FTIR results of Figs. 1(d)–1(f).
Surprisingly, an obvious competition region between the
β phase and 3=1-helical phase is found in PVTC-PVTwith
P(VDF-TrFE) content variation from 13.3 to 40 wt %, in
according with the structural features of the MPB. To
exclude the possibility of simple mixing of two phases,
in situ XRD of polarized PVTC-PVT (80=20 wt%) at
various temperatures is performed. As the temperature
increases from 25 °C to 80 °C [Fig. 1(b)], the depolarization
and Curie transition occurs. The β phase is transformed into
3=1-helical phase and then both β phase and 3=1-helical
phase gradually disappeared. For the cooling process of
Fig. 1(c), the α phase is reversibly converted into the
3=1-helical phase and β phase. Not surprisingly, the β phase
does not recover to a content before heating. Because part
of the β phase in polarized PVTC-PVT is transformed
from the 3=1-helical phase caused by the poling field, this
transition cannot be carried out spontaneously without the
poling field after the depolarization. The electric field-
induced phase transition can be confirmed by the crystal
structure difference before and after polarization [Fig. S1a
in [17] and Fig. 1(a)]. These results sufficiently demon-
strate that the 3=1-helical phase and β phase can transform
each other, but not a simple two-phase mixture. TheMPB is

possibly achieved in PVTC-PVT. The coexistence of the
3=1-helical phase and β phase can be confirmed in the
FTIR experiments of Figs. 1(e) and 1(f). The absorbance
band change of polarized PVTC-PVT is similar to that of
the unpolarized PVTC-PVT.
To further demonstrate the existence of MPB, the

physical and mechanical properties of PVTC-PVT are
studied. d33 of polarized PVTC-PVT are measured by a
quasistatic piezoelectric tester. As shown in Fig. 2(a), the
quasistatic d33 first increases and then decreases. A maxi-
mum d33 of about 32 pC=N is obtained in the PVTC-PVT
(73.3=26.7 wt%) at room temperature, which supports the
performance characteristic caused by MPB [7,9]. d33
calculated by the phase field simulation (Supplemental
Material S1 [17]) is consistent with the experimental
results, which verify the phase transition is responsible
for the d33 change. Figure 2(b) indicates the Young’s
modulus of PVTC-PVT gradually ascends in general as
a result of the increase of P(VDF-TrFE) with the higher
modulus, where the Young’s modulus is calculated by the
corresponding stress-strain curve (Fig. S5 [17]) The PVTC-
PVT (73.3=26.7 wt%) has a low Young’s modulus of
about 182 MPa. Generally speaking, the organic materials
inevitably increase Young’s modulus (>about 1 GPa) as
they gain piezoelectric property. Here, the compatibility of
two conflicting properties of high piezoelectric coefficient
(>32 pC=N) and low Young’s modulus (182 MPa) in

FIG. 1. (a) Crystal structure evolution of polarized PVTC-PVT with various compositions. (b) and (c) In situ XRD patterns of
polarized PVTC-PVT at various temperatures. (d),(e), and (f) Infrared absorbance bands of polarized PVTC-PVT at around 610, 505,
and 1280 cm−1.

PHYSICAL REVIEW LETTERS 130, 246801 (2023)

246801-2



organic materials is achieved for the first time. The d33
of PVTC-PVT is compared to that of the reported
single crystalline of P(VDF-TrFE) (75=25 mol%), but
our Young’s modulus is 2.8% of its modulus [18].
Beyond that, the figure of merit of piezoelectricity modulus
(PM ¼ jd33j=Y) for different piezoelectric materials is
calculated in Fig. 2(c). The PVTC-PVT exhibits an ultra-
high PM of about 176 pC=ðN · GPaÞ among all piezo-
electric materials, which is 229% increasing over the
state-of-the-art piezoelectric materials [15,16,18–27]. The
low Young’s modulus endows PVTC-PVTwith exceptional
biomechanicals compatible with human tissue. PVTC-
PVT with high piezoelectricity meets the requirement
of matching with the modulus of human tissue [28]
(< about 480 MPa) to ensure long-term biointegration
and minimize foreign-body reaction [29–31], which opens
up new applicable scenarios for them in the wearables and
bioelectronics. The temperature-dependent dielectric spec-
troscopies of PVTC-PVT at 100 kHz are displayed in
Figs. S6(a) and S6(b). On the whole, the maximum
dielectric constants (εm) of polarized PVTC-PVT first
decreases and then increases, governed successively by
the terpolymer and copolymer contents. εm exhibits the
abnormal properties at P(VDF-TrFE) of 3.3 and 26.7 wt %,

respectively. The abnormal improvement of εm may be
attributed to the interfacial couplings between terpolymer
and copolymer crystallites at low component [32] and the
MPB behavior at high component. The temperature
dependence of dielectric spectroscopies for polarized
PVTC-PVT at different compositions are shown in
Fig. S6(c) [17]. The dielectric spectroscopies of polarized
PVTC-PVT (PðVDF-TrFEÞ ¼ 26.7 wt%) exhibit appa-
rent frequency dispersion and diffuse phase transition.
Moreover, the frequency dependence of the temperature
(Tm) at the dielectric peak is well fitted with Vogel-Folcher
law [inset of Fig. S6(c) [17] ]. These results fully demon-
strate the polarized PVTC-PVT is of the relaxor ferro-
electric properties [33]. So far, the macroscopical MPB for
organic materials only was found in the relaxor ferro-
electrics, not normal ferroelectrics, which is obviously dif-
ferent from the inorganic ferroelectrics [10]. Figure 2(c)
reveals the dependence of composition on the polarization
hysteresis loop. The polarization level of PVTC-PVT
becomes increased and then decreased. The spontane-
ous polarization (Ps) and remnant polarization (Pr) are
obtained by the Fig. 2(c). Ps and Pr as a function of
P(VDF-TrFE) contents are shown in Fig. 2(d) and manifest
the same trend as d33 change. A maximum Ps and Pr

can reach to 5.1 and 1.6 μC=cm2, respectively. These
behaviors sufficiently demonstrate the existence of MPB
in PVTC-PVT.
With an increase of P(VDF-TrFE) content, the nonpolar

α phase of polarized PVTC-PVT is transformed into polar β
and 3=1-helical phases, which induces the formation of
MPB. The inducement mechanism of MPB is analyzed.
From the results above (Supplemental Material S2 [17]),
the intermolecular interaction between P(VDF-TrFE) and P
(VDF-TrFE-CFE) reduces mixing ΔGm and leads to their
miscibility at the molecular level. It is speculated that the
phase transition of polarized PVTC-PVT is driven by the
intermolecular interaction. To demonstrate this speculation,
in situ temperature-dependent phase transition of polarized
PVTC-PVT is first carried out. According to in situ
temperature-dependent FTIR spectra in Figs. 3(a), 3(b)
and S7(a) [17], the both 3=1-helical and all-trans con-
formation content of polarized PVTC-PVT gradually de-
creases and are converted into the TG=TG0 conformation at
the heating process. For the cooling process in Figs. S7(b)–
S7(d), the TG=TG0 conformation is reversibly converted
into the 3=1-helical and all-trans conformation, but the all-
trans conformation does not recover to the content before
heating. Interestingly, the previous results indicate the
3=1-helical conformation is hardly affected by the temper-
ature [11], because its chain structure resembles that of a
disordered paraelectric phase. The similar case is also
found in polarized PVTC-PVT with P(VDF-TrFE) content
up to 80 wt % [Figs. S7(e) and S7(f) [17] ]. The 3=1-helical
conformation of PVTC-PVT is transformed from TG=TG0
conformation at the low P(VDF-TrFE) content, which may

FIG. 2. (a) d33, simulated d33 and (b) Young’s modulus as a
function of P(VDF-TrFE) contents, inset is a quasistatic piezo-
electric tester. (c) Summary of d33, Young’s modulus, and figure
of merit of piezoelectricity modulus for bulk piezoelectric
materials reported in the literatures. (d) Polarization-electric field
hysteresis loops of PVTC-PVTat a frequency of 5 Hz. (e) The Ps
and Pr of PVTC-PVT versus different P(VDF-TrFE) contents.
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be driven by the intermolecular interaction. Its temperature
stability is closely related to the intermolecular interaction.
The intermolecular interaction is easily destroyed at high
temperature [34], due to the thermal motion of molecules,
which results in a temperature-unstable 3=1-helical con-
formation. Once P(VDF-TrFE) exceeds a certain amount,
the 3=1-helical conformation in polarized PVTC-PVT
directly comes from P(VDF-TrFE) and can maintain stable
at the high temperature.
Then, in situ XRD of polarized PVTC-PVT at various

temperatures is studied and the different phase content
can be calculated by the integral area of diffraction
peaks [Figs. 3(c) and 3(d)]. As the temperature increases,
the phase transition from ferroelectrics to paraelectrics
occurs. The β phase content markedly decreases and the
3=1-helicalþ α phase content have opposite trends. With
P(VDF-TrFE) content increasing, the temperature stability
of β phase in polarized PVTC-PVT is improved. The β
phase with relatively low transition temperature is trans-
formed from the α phase of P(VDF-TrFE-CFE) through the
intermolecular interaction. Once the P(VDF-TrFE) exceeds
a certain amount, the part of β phase of polarized PVTC-
PVT is directly derived from P(VDF-TrFE) with a high
Curie temperature and β phase shows a high transition

temperature. The existence of two Curie temperatures in
Fig. S8 [17] can prove this point. Besides, with the addition
of P(VDF-TrFE) content to 80 wt %, the β phase content
in polarized PVTC-PVT gradually increases and d33
presents obviously different change. Such a behavior
confirms that the improvement of piezoelectric perfor-
mance results from the MPB, not the β phase content,
which is different from the previous report [15]. These
results indicate that the intermolecular interaction drives the
transition from the nonpolar phase to polar phases in
PVTC-PVT. According to DSC and XRD of polarized
PVTC-PVT [Fig. S8 [17] and Fig. 1(a)], the phase diagram
about the transition temperature versus the P(VDF-TrFE)
contents is drawn, as displayed in Fig. 3(c). There are three
phase transitions in the phase diagram. Corresponding
transitions are attributed to the Curie transition from the
relaxor ferroelectric phase (RFE) of P(VDF-TrFE-CFE) to
paraelectric phase (PE) below 22.8 °C during P(VDF-TrFE)
range of 0 ∼ 3.3 wt%, FE of P(VDF-TrFE-CFE) to PE at
about 50 °C during the range of 3.3 ∼ 80 wt% and FE of
P(VDF-TrFE) to PE at about 116 °C during the range of
20 ∼ 100 wt%, respectively. The research of phase tran-
sition clearly states that PVTC-PVT have rich and con-
trollable phase structures, which not only gives the organic

FIG. 3. (a) and (b) In situ temperature-dependent FTIR spectra of polarized PVTC-PVT at around 610, 505, and 1280 cm−1. (c) and
(d) The β phase and 3=1-helical þ α phase contents as a function of the temperature. (e) Phase diagram of polarized PVTC-PVT.
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materials exceptional physical and mechanical properties
but provides an effective method for tailoring their
properties.
Finally, the first-principles calculation using density

functional theory (Supplemental Material S1 [17]) is
adopted to verify further the speculation above. The relative
energy diagrams (ΔE ¼ Eter-chain − Eground state) of single
molecular chain of P(VDF-TrFE-CFE) at the different
P(VDF-TrFE) content is calculated by DFT, as shown in
Fig. 4 and Fig. S9–S11. Here, the different single chain
energy (Eter-chain) of P(VDF-TrFE-CFE) is defined as [35]

Eter-chain ¼ Etotal − N × Ecop-chain;

where Etotal is the total energy of a chain (Tm>4,ðTGÞ3 or
TG=TG0) of P(VDF-TrFE-CFE) and N Tm>4 chains of
P(VDF-TrFE). Ecop-chain, N are the energy and the number
of Tm>4 chain of P(VDF-TrFE), respectively. A TG=TG0
chain of P(VDF-TrFE-CFE) is regarded as the ground state.
When N ¼ 0, TG=TG0 chain is lower in energy than Tm>4
chain by 0.16 eVand ðTGÞ3 chain by 1.21 eV, which results
in P(VDF-TrFE-CFE) presents experimentally the α phase
(TG=TG0 conformation). When N ¼ 1, the energy of
TG=TG0; Tm>4, and ðTGÞ3 in P(VDF-TrFE-CFE) are
−0.46, −1.18, and −1.15 eV, respectively. The energy
of polar Tm>4 and ðTGÞ3 are close, but lower than TG=TG0
chain. As P(VDF-TrFE) continues to be added, the energy
of polar phases of P(VDF-TrFE-CFE) is reduced and the
polar phases are more stable, which are consistent with the
experimental data. Arguably, the intermolecular interaction
results in the transition of nonpolar phase into polar phases
of PVTC-PVT (Table S1 [17]). Therefore, MPB is induced
by the compositionally tailored intermolecular interaction.
It follows that the inducement mechanism of PVTC-PVT is
apparently different from that reported for P(VDF-TrFE)
(49=51 mol%) [11].
In summary, we report a new mechanism to induce a

MPB using the compositionally tailored intermolecular
interaction. The intermolecular interaction drives the

transition from nonpolar phase to polar phases and induces
the formation of MPB. A challenge that MPB is difficultly
formed in polarized organic materials is overcome. As a
result, the compatibility of high piezoelectricity and low
modulus in PVTC-PVT is achieved. PVTC-PVT shows a
highest figure of merit of piezoelectricity modulus, which is
far superior to the state-of-the-art organic piezoelectric
materials. This Letter provides a promising path to tailor
phase structures and design high-performance organic
piezoelectric materials from the molecular level. In addi-
tion, the discovery of MPB in a piezoelectric polymer alloy
brings an opportunity to enrich the soft condensed matter
physics and construct advanced wearable or bioelectronic
devices.
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