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Relaxor ferroelectric polymer exhibits ultrahigh
electromechanical coupling at low electric field
Xin Chen1†, Hancheng Qin2†, Xiaoshi Qian3, Wenyi Zhu4, Bo Li5, Bing Zhang2, Wenchang Lu2,
Ruipeng Li6, Shihai Zhang5, Lei Zhu7, Fabrice Domingues Dos Santos8, J. Bernholc2, Q. M. Zhang1,4*
Electromechanical (EM) coupling—the conversion of energy between electric and mechanical forms—
in ferroelectrics has been used for a broad range of applications. Ferroelectric polymers have weak
EM coupling that severely limits their usefulness for applications. We introduced a small amount
of fluorinated alkyne (FA) monomers (<2 mol %) in relaxor ferroelectric poly(vinylidene fluoridetrifluoroethylene-chlorofluoroethylene) (PVDF-TrFE-CFE) terpolymer that markedly enhances the polarization
change with strong EM coupling while suppressing other polarization changes that do not contribute
to it. Under a low–dc bias field of 40 megavolts per meter, the relaxor tetrapolymer has an EM coupling
factor (k33) of 88% and a piezoelectric coefficient (d33) >1000 picometers per volt. These values
make this solution-processed polymer competitive with ceramic oxide piezoelectrics, with the potential
for use in distinct applications.

ive performance of ferroelectric polymers in the
market, are much smaller than k33 > 70% and
d33 > 700 pm/V of the widely used ferroelectric
ceramic Pb(ZrTi)O3 (PZT) (1, 3–6). In the past
several decades, various efforts have been devoted to improving the EM performance of
ferroelectric polymers, with limited success
(3, 4, 7, 8). For example, Ohigashi and colleagues
developed P(VDF-TrFE) (TrFE: trifluoroethylene)
single crystals that raised k33 to 33% and d33 to
−40 pm/V (7). More recently, by exploiting the
morphotropic phase boundary (MPB) effect
in P(VDF-TrFE) copolymers, Liu et al. reported
a d33 of −65 pm/V and k33 <27% for copolymer
compositions near the MPB (8).
In ferroelectrics, the piezoelectric effect from
the normal ferroelectrics and the electrostric-
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Fig. 1. Electromechanical
properties of P(VDF-TrFECFE-FA) relaxor polymers.
(A) Thickness strain S3 of
P(VDF-TrFE-CFE-FA) with different FA contents at 50 and
80 MV/m unipolar fields at
1 Hz. (B) Thickness strain of
terpolymer and 1.9% stretched
tetrapolymer at 1-Hz unipolar
field versus electric field. In (A)
and (B), the curves serve as a
guide to the eye. (C) Strain and
(D) polarization at 1-Hz ac field
under 30- and 40-MV/m bias
fields. (E) Comparison of d33
and k33 of commercial P(VDFTrFE) copolymer, copolymer
single crystal, and copolymer at
MPB, Pb(ZrTi)O3 (PZT) piezoceramic, and the relaxor P(VDFTrFE-CFE-FA) tetrapolymer
under 40-MV/m dc bias.

Chen et al., Science 375, 1418–1422 (2022)

25 March 2022

1 of 5

Downloaded from https://www.science.org at George Mason University on June 21, 2022

F

erroelectric materials have been widely
used in electromechanical (EM) energy
conversion such as energy harvesting,
acoustic transducers for imaging, fault
detection, ship navigation, and sensors
and artificial muscles in robots (1, 2). Owing
to their high pliability, easy fabrication into
complicated shapes, light weight, and low
cost, ferroelectric polymers are attractive for
these applications (2–5). However, the low EM
performance of polymers, compared with their
inorganic counterparts, severely limits their
usefulness in these applications. For example, the EM coupling factor (k33) of 23% and
piezoelectric coefficient (d33) of −35 pm/V of
poly(vinylidene difluoride) (PVDF)–based ferroelectric polymers, which have the most attract-

tive effect from the relaxor ferroelectrics have
been investigated and used for EM applications
(1, 4, 6, 9–11). Biasing dc electric fields in relaxor
ferroelectrics generate piezoelectric states whose
EM response can be tuned by varying the dc bias
field (see schematic in fig. S1). Relaxor ferroelectric polymers have been developed in the
past, and they exhibited relatively high EM
responses at high fields such as k33 > 50% at
120 MV/m (4, 12–14). However, high fields prohibit their application in practical devices owing
to easy electric breakdown and failure. For the
reliable operation of PVDF polymer-based dielectric devices, the applied field should be
lower than 60 MV/m (15, 16). We report relaxor
ferroelectric P(VDF-TrFE-CFE-FA) (CFE: chlorofluoroethylene, FA: fluorinated alkynes) tetrapolymers that generate large electrostriction at
low electric fields. Under a low–dc bias field of
40 MV/m, the tetrapolymer exhibits a k33 of
88% and d33 of −1050 pm/V.
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Phenomenologically, the EM responses of
ferroelectric materials can be considered as
arising from the electrostriction, e.g., the strain
S is proportional to the square of the polarization P (4, 9, 10),
S3 ¼ Q33 P2

ð1Þ

where S3 is the thickness strain and Q33 is the
electrostriction coefficient. For piezoelectric
coefficient d33 (= DS3/DE), d33 = 2 Q33 Pb DP/
DE (DP/DE = e33 ), and the associated electromechanical coupling factor k33 is
k33 ¼ d33

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Y =e33 ¼ 2Q33 Pb Y e33

ð2Þ
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Fig. 2. Polarization data and electrostriction coefficients of P(VDF-TrFE-CFE-FA) relaxor polymers.
(A) Polarization versus electric field measurement at 1 Hz for terpolymer and s-tetrapolymer. (Inset) Dielectric
properties versus temperature for s-tetrapolymer. (B) Effective dielectric constant versus electric field for
terpolymer and s-tetrapolymer. (C) Electrostriction coefficient |Q33| versus applied electric field for stretched
tetrapolymer compared with the terpolymer. In (B) and (C), the curves serve as a guide to the eye.

transforms a ferroelectric into a relaxor ferroelectric at P(VDF-TrFE) compositions <70/30
VDF/TrFE mol % (4, 24). As shown by Yang et al.
(25), CFEs, owing to their bulkier size, are excluded from the crystallites and thus do not
prevent the transition of the terpolymer from
relaxor to ferroelectric phase at high electric
fields.
We investigated FA monomer units, which
have a smaller size than VDF and TrFE (fig.
S2A), as random defects to modify P(VDFTrFE-CFE) 63/29.7/7.3 mol % terpolymer, with
the VDF/TrFE ratio of 68/32 mol %. Earlier
studies showed that a minimum of 7 mol %
CFE is required to completely convert ferroelectric P(VDF-TrFE) into relaxor ferroelectric
(4, 24). We hypothesize that such smaller-size
defects can be at least partially included in the
crystalline phase and thus can be effective in
controlling the polarization responses in the
relaxor polymer. Such FA monomer units can
be introduced easily in P(VDF-TrFE-CFE) by
dehydrochlorination of CFEs in the terpolymer (fig. S3). We synthesized and characterized P(VDF-TrFE-CFE-FA) tetrapolymers with
different FA contents. The tetrapolymer with
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the 63/29.7/5.4/1.9 composition displays the
highest electroactuation (Fig. 1A). In electroactive polymers, mechanical stretching of polymer films will align the polymer chains and
generate morphology changes that can profoundly affect the electroactive responses of
the polymers (3). For PVDF-based ferroelectric
polymers, electromechanical responses perpendicular and parallel to polymer chains have
opposite signs, and thus in polymer films with
randomly oriented chains, the combination of
these competing effects will lower the electromechanical responses. We uniaxially stretched
the tetrapolymer film with 1.9 mol % FA to
more than seven times stretching ratio. We
determined the thickness strain (S 3 ) as a
function of the applied field (unipolar field)
for the stretched tetrapolymer P(VDF-TrFECFE-FA) 63/29.7/5.4/1.9 mol % (s-tetrapolymer)
at fields below 80 MV/m. The S3 is −3.5% at
50 MV/m compared with −1% of the terpolymer,
a marked enhancement (Fig. 1B). We obtained the strain-applied electric field loops of
s-tetrapolymer along with strain loops of terpolymer and unstretched terpolymer (Fig. 1B,
inset, and fig. S4, A and B). The general rule
2 of 5
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where Pb is the bias polarization, Y is the elastic modulus, and e33 is the dielectric permittivity at constant stress (17). e33 = K e0, where
K is the dielectric constant at constant stress
and e0 = 8.85 × 10−12 F/m is the vacuum permittivity. In most ferroelectrics, the polarization
P can arise from many different processes. In
inorganic ferroelectrics, P originates from single
ferroelectric domains and domain wall motions
(6, 18). In polymers such as PVDF-based ferroelectric semicrystalline polymers, in addition
to the P from the crystalline phase, additional
polarization contributions arise from the amorphous phase and crystalline-amorphous interfaces (3, 19, 20). These different polarization
processes will contribute to the EM response
differently; they will have different Q values
in Eq. 1. For example, in P(VDF-TrFE) ferroelectric polymers, the polarization switch is
primarily through successive 60° domain wall
motions (3, 21, 22). Owing to the pseudohexagonal symmetry of the unit cell, these
domain wall motions will not generate high
strain. The |Q33| of P(VDF-TrFE) ferroelectric
copolymers is usually <3 m4/C2, resulting in
low k33 and d33 (21, 23). Hence, in developing
PVDF-based ferroelectric polymers for generating large EM responses, a critical step is to
develop a strategy to raise Q33 and e33 substantially while maintaining the large polarization
or also even enhancing P in the polymers.
We selected the P(VDF-TrFE-CFE) relaxor
terpolymer on the basis of these considerations. The relaxor terpolymer exhibits a high
dielectric constant K over a broad temperature range (K > 50) near room temperature,
much higher than that for P(VDF-TrFE) copolymers and other PVDF-based polymers.
In functional ferroelectric materials, a small
amount of defects and/or dopants can profoundly
affect material performance (1, 3, 4, 6, 18). In
ferroelectric P(VDF-TrFE) copolymers, copolymerizing with CFEs that are bulkier than both
VDF and TrFE monomers (see fig. S2A for
size) and hence expand the interchain spacing
as random defects converts all-trans bonds
into trans-gauche bonds (see fig. S2B for
conformations in the PVDF polymers) and
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for dielectric devices such as polymer actuators and capacitors is that the fields should be
lower than 20% of the dielectric breakdown
strength. We therefore focused on the compositions with high responses below 60 MV/m.
In addition to the electrostriction, Maxwell
stress may also generate large electromechanical
responses in polymers (4, 26). For isotropic
polymers, the thickness strain SM from Maxwell
stress is
SM = −½ e(1 +2 s) E2/Y

(3)

where s is the Poisson’s ratio and E is the
applied electric field. We treat unstretched
tetrapolymer as isotropic and take s ~0.3 for
Chen et al., Science 375, 1418–1422 (2022)

PVDF-based polymers. At 50 MV/m, the tetrapolymer has e = 67 e0, yielding a SM of −0.53%,
about 15% of the observed actuation strain
(Fig. 1B and fig. S4B). We approximate the
actuation strain in the tetrapolymer as occurring from electrostriction.
A dc bias field is often used in electrostrictive
materials to induce a piezoelectric state and
piezoelectric response (4, 9–11). We characterized the electroactuation under low dc bias
fields, 30 and 40 MV/m, with an ac field amplitude of 10 MV/m. We show the strains and
polarizations under the two dc biases for the
s-tetrapolymer film (Fig. 1, C and D) and the
unstretched tetrapolymer (fig. S4, C to F)
from which d33 (= S/EAC) and e33 (= Ke0 = DP/
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Fig. 3. Structural analysis of P(VDF-TrFE-CFE-FA) relaxor polymers. (A) X-ray diffraction patterns of
tetrapolymers with various contents of FA (x-ray wavelength is 0.154 nm). The inset presents the lattice
spacing and crystalline size of the (200/110) diffraction peaks versus FA content deduced from XRD data.
(B) FT-IR spectra for tetrapolymers with various contents of FA. XRD patterns under different electric fields
for (C) terpolymer and (D) s-tetrapolymer. (E) DFT calculations on crystal structures of 3/1 helix and all
trans (tttt) for P(VDF-TrFE) and P(VDF-TrFE-FA); detailed parameters in table S2.

EAC) at dc-biased states are obtained (Table 1).
We measured the elastic modulus, Y, of unstretched tetrapolymer films as 0.224 GPa
using dynamic mechanical
analysis (DMA).
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
We deduced k33 from d33 Y =e33 at dc-biased
states for the tetrapolymer films (Table 1),
using Y = 0.224 GPa for both the unstretched
and s-tetrapolymer films. We found high
EM performance of P(VDF-TrFE-CFE-FA)
s-tetrapolymers, with a k33 of 88% and d33
of –1050 pm/V even at low electric fields
(<50 MV/m), which exceed the benchmark
piezoceramic PZT, as shown in Fig. 1E and
table S1 (1, 6–8, 27).
We measured the dielectric properties versus temperature at different frequencies for
s-tetrapolymer (Fig. 2A, inset) and terpolymer
(fig. S5A) (13). We did not find much change in
the dielectric dispersion for s-tetrapolymer
associated with the relaxor response, whose
broad dielectric peak temperature shifts progressively toward lower temperature with frequency (11–13), but there is an additional,
broad dielectric peak around 40°C that does
not move much with frequency. Differential
scanning calorimetry data (fig. S6) also show
a weak transition peak at ~40°C. This suggests a diffused ferroelectric transition in the
s-tetrapolymer.
We obtained the polarization response under
unipolar and bipolar electric fields for the
polymers studied, along with the dielectric
properties of the tetrapolymer (Fig. 2A and
fig. S5, B, C, and E). In relaxor ferroelectrics,
a critical field, Ec, exists above which the
relaxor transitions to a ferroelectric phase
(28). The large increase in the polarization
and polarization hysteresis in the P-E data
of terpolymer (Fig. 2A) indicate a transition
to ferroelectric at fields around 60 MV/m
(25), whereas there is no such transition for
the s-tetrapolymer at the experimental fields.
To make a quantitative comparison, we plotted
the P/E ratio as a function of the applied
field [K= P/(e0 E)] for the terpolymer and
s-tetrapolymer (Fig. 2B). The terpolymer has
a lower K and hence lower polarization values
than those of the s-tetrapolymer at fields
below 60 MV/m. Above 60 MV/m, the fieldinduced transition to the ferroelectric phase
raises the polarization, polarization hysteresis,
and K above those of the s-tetrapolymers. That
is, the FA defects in the s-tetrapolymer lower
the local polarization switch barriers, which
results in a higher polarization response at
fields below 60 MV/m. At higher fields, the
FA defects also prevent the transition of the
relaxor to the ferroelectric phase. All these are
desirable for generating high EM coupling.
From the electroactuation strains (Fig. 1B)
and polarizations (Fig. 2A), we deduced Q33
for the s-tetrapolymer from Eq. 1 at different
electric fields (Fig. 2C). We also calculated Q33
for the terpolymer for comparison. From the
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Table 1. EM performance for the tetrapolymer at bias fields. Electromechanical and dielectric
properties of P(VDF-TrFE-CFE-FA) 63/29.7/5.4/1.9 at dc-biased states.

dc bias

d33 (pm/V)

K

k33

30
MV/m (tetrapolymer)
–747
40
59%
.....................................................................................................................................................................................................................
30 MV/m
–890
42
69%
(s-tetrapolymer)
.....................................................................................................................................................................................................................
40
MV/m (tetrapolymer)
–858
34
74%
.....................................................................................................................................................................................................................
40 MV/m
–1050
36
88%
(s-tetrapolymer)
.....................................................................................................................................................................................................................
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(responsible for the relaxor) and TGTG′ bonds
(fig. S8) (29, 30). These observations are consistent with the reduced interchain spacing
(Fig. 3A). The small-angle x-ray scattering (SAXS)
spectra of tetrapolymer (1.9 mol % FA) and
terpolymer show a slight reduction of lamellar
spacing from terpolymer (~49.3 nm) to tetrapolymer (~40.6 nm) (fig. S9). In contrast to
CFEs, which are bulkier than VDF/TrFE and
are excluded from the crystalline phase, FAs
are at least partially included in the crystalline
regions and, as a result, generate a large EM
response.
Different applied fields can affect the XRD
(110/200) peak, as shown in Fig. 3, C to D, and
fig. S10. We found little change in the XRD
peak at electric fields ≤40 MV/m for the
terpolymer, consistent with the low actuation strain at these fields. By contrast, the
s-tetrapolymer film exhibits a broad peak at
19.5° even at 20 MV/m, in addition to the
original peak at ~18.4°. This indicates an induced polarization transition that reduces the
interchain spacing in the s-tetrapolymer at
ultralow fields. The original (110/200) peak
broadens with the applied field, showing a
decrease in the coherent crystallization region
from ~36 nm at zero electric field to ~23 nm at
40 MV/m. Our XRD results indicate that converting CFEs to FAs at 1.9 mol % substantially
reduces the barriers for switching from nonpolar (or less polar) bonds to polar bonds
locally in the crystalline phase, generating
large EM actuations at low electric fields, consistent with the electroactuation results (Fig. 1).
We performed density functional theory
(DFT) calculations to determine the local
lattice parameters and probe local structure
changes due to FA bonds in the polymer (Fig. 3E
and table S2). We also performed a DFT calculation of polarization and strain of the ferroelectric phase of P(VDF-TrFE), in which the
polarization response is mainly from dipole
reorientation under electric fields (fig. S11).
Although the polarization rotation can generate a large polarization change, the electroactuation strain is small (1.1%), causing |Q33| <
3 m4/C2. In a large DFT unit cell, the P(VDFTrFE) 3/1 helix structure has a lower energy
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elastic and dielectric properties, it is deduced
from Eq. 3 that Maxwell stress generates more
than 50% of our observed electroactuation for
the terpolymer, and hence the true Q33 is only
about half that value. Thus, the s-tetrapolymer
has more than a four times improvement in
Q33. This demonstrates that in PVDF-based
ferroelectric polymers, most of the polarization changes do not contribute much to the
EM performance, thus yielding a low EM
coupling factor and small d33 (Fig. 1E and
table S1). In the ferroelectric phase, polarization rotations generate very little electromechanical response. The exceptionally large
|Q33| in the relaxor tetrapolymer indicates
that FA defects effectively suppress the polarization responses that do not contribute appreciably to the electromechanical response.
We also deduce Q33 from d33 = 2Q33PbDP/DE
for the s-tetrapolymer films at the two dc bias
fields (Fig. 1, C and D). Q33 of s-tetrapolymer
films in the dc-biased state can reach more
than 60 m4/C2, whereas the dielectric constant K (~40) is lower than that at zero-bias
field (Fig. 2, A and B).
We examined the polymers’ molecular and
mesoscopic structures related to the large EM
coupling in the tetrapolymers. Our x-ray diffraction (XRD) data show the (110/200) reflection of tetrapolymers shifting to higher angles
and broadening with FA content (Fig. 3A).
These features are indicative of a reduced
interchain spacing and reduced coherent
crystallization region (from ~51 to 45 nm) by
converting CFE to FA in the relaxor polymers.
When comparing the s-tetrapolymer to unstretched tetrapolymer with 1.9 mol % FA
(fig. S7), we found no change in the peak position but a large reduction of the coherent
crystalline size (from ~45 to 36 nm). The
results suggest that stretching increases the
inclusion of FAs in the crystalline phase, generating defect structures that reduce the
coherent-scattering crystalline region of the
XRD peak. A comparison of Fourier transform
infrared (FT-IR) spectra of terpolymer and
tetrapolymers (Fig. 3B) reveals that converting
CFE into FA causes an increase in the all-trans
bonds and a reduction of 3/1 helix bonds

than the polar all-trans structure, both with
and without FA defects (table S2). Also, the
3/1 helix has a much smaller polarization than
the all-trans. Therefore, as the electric field
increases, the all-trans structure becomes energetically more favorable because of the –E·P
term. The transformation from the helix to the
all-trans phase results in substantial negative
strain (table S2), in agreement with our experimental observations. We obtained our DFT
results for crystalline bulk structures and thin
films, but the relaxor polymers that we studied
experimentally consisted of small crystalline
domains embedded in an amorphous matrix.
Nevertheless, our calculations confirmed the
observed preference for a low-polarization structure. Prior studies of phase transformations
in PVDF show that chain transformations in
PVDF-structure polymers proceed in a concerted fashion (31), in which nearby monomers rotate nearly simultaneously, thereby
lowering the transformation barriers. The FA
monomers are smaller and thereby present
fewer steric constraints for chain transformation. They also partially decouple segments
between two FA defects from adjacent segments,
allowing for easier segment transformation.
The polarization changes in ferroelectric
P(VDF-TrFE) polymers can originate from
different processes. Some show strong EM
coupling, such as molecular conformation
changes between TG (3/1 helix, TGTG′, and
T3GT3G′) and all-trans bonds, whereas others
do not contribute substantially to EM coupling,
e.g., polarization reorientations between different crystal directions. Introducing a small
amount of FA monomers in relaxor ferroelectric P(VDF-TrFE-CFE) polymers can markedly
enhance the polarization changes between
TG and all-trans bonds at low electric fields
while suppressing the polarization reorientations. P(VDF-TrFE-CFE-FA) tetrapolymer with
1.9 mol % FA generates a higher polarization
change at fields below 50 MV/m, leading
to large electroactuation. For example, the
s-tetrapolymer has an electrostriction coefficient
|Q33| larger than 40 m4/C2, about four times
that in P(VDF-TrFE-CFE) relaxor polymer.
Under a low–dc bias field of 40 MV/m, the
s-tetrapolymer exhibits a k33 of 88% and
d33 of –1050 pm/V, which makes them attractive for practical applications such as energy harvesting, sensors and actuators in soft
robots and wearable devices, and transducers
for imaging.

RES EARCH | REPOR T

7. K. Omote, H. Ohigashi, K. Koga, J. Appl. Phys. 81, 2760–2769
(1997).
8. Y. Liu et al., Nature 562, 96–100 (2018).
9. F. Li, L. Jin, Z. Xu, S. Zhang, Appl. Phys. Rev. 1, 011103 (2014).
10. D. Damjanovic, R. E. Newnham, J. Intell. Mater. Syst. Struct. 3,
190–208 (1992).
11. L. E. Cross, Ferroelectrics 76, 241–267 (1987).
12. Q. M. Zhang, V. Bharti, X. Zhao, Science 280, 2101–2104
(1998).
13. F. Xia et al., Adv. Mater. 14, 1574–1577 (2002).
14. Z. Zhang, X. Wang, S. Tan, Q. Wang, J. Mater. Chem. A Mater.
Energy Sustain. 7, 5201–5208 (2019).
15. X. Chen et al., Appl. Phys. Lett. 113, 113902 (2018).
16. R. Ma et al., Science 357, 1130–1134 (2017).
17. IEEE Standard on Piezoelectricity (ANSI/IEEE Standard
176-1987,1988).
18. D. Damjanovic, Rep. Prog. Phys. 61, 1267–1324 (1998).
19. R. G. Kepler, R. A. Anderson, R. R. Lagasse, Phys. Rev. Lett. 48,
1274–1277 (1982).
20. T. Wongwirat et al., Macromolecules 53, 10942–10954 (2020).
21. T. Furukawa, N. Seo, Jpn. J. Appl. Phys. 29 (4R), 675–680
(1990).
22. I. L. Guy, J. Unsworth, Appl. Phys. Lett. 52, 532–534 (1988).
23. I. Katsouras et al., Nat. Mater. 15, 78–84 (2016).
24. R. J. Klein, F. Xia, Q. M. Zhang, F. Bauer, J. Appl. Phys. 97,
094105 (2005).

25. L. Yang et al., Polymer 54, 1709–1728 (2013).
26. R. Pelrine, R. Kornbluh, Q. Pei, J. Joseph, Science 287,
836–839 (2000).
27. H. Wang, Q. M. Zhang, L. E. Cross, A. O. Sykes, J. Appl. Phys.
74, 3394–3398 (1993).
28. V. Bobnar, Z. Kutnjak, R. Pirc, A. Levstik, Europhys. Lett. 48,
326–331 (1999) (Europhysics Letters).
29. Y. Liu et al., Nat. Mater. 19, 1169–1174 (2020).
30. A. J. Lovinger, G. T. Davis, T. Furukawa, M. G. Broadhurst,
Macromolecules 15, 323–328 (1982).
31. V. Ranjan, M. B. Nardelli, J. Bernholc, Phys. Rev. Lett. 108,
087802 (2012).

National Synchrotron Light Source II (NSLS-II), Brookhaven
National Laboratory (BNL), a US DOE User Facility operated by
BNL under contract DE-SC0012704. Author contributions: Q.M.Z.
directed the research; X.C., B.L., and W.Z. conducted experiments
(except NMR and SAXS); H.Q., B.Z., W.L., and J.B. performed and
analyzed DFT calculations; R.L. and L.Z. performed SAXS; X.C. and
Q.M.Z. performed experimental data analyses; and all authors
participated in discussions. Q.M.Z., J.B., and X.C. prepared the
manuscript with input from all authors. Competing interests:
Q.M.Z. and X.C. have filed a provisional patent at Penn State
(US Application No. 63/197,275). Otherwise, the authors declare no
competing interests. Data and materials availability: All data are
available in the main text or supplementary materials.

ACKN OWLED GMEN TS

We thank Z. Han for assistance in NMR measurement of
tetrapolymers and Z. Zhu and G. Rui for SAXS data analysis.
Funding: This research is supported by the US Office of Naval
Research under award no. N00014-19-1-2028 at Penn State
(X.C., W.Z. and Q.M.Z.) and by N00014-19-1-2033 at NCSU (H.Q.,
B.Z., W.L., and J.B.). L.Z. acknowledges financial support from the
National Science Foundation (DMR-2103196). X.Q. acknowledges
financial support from National Natural Science Foundation of
China (52076127). The calculations were performed at Oak Ridge
Leadership Computing Facility, supported by DOE contract DEAC05-00OR22725. The SAXS used the 11-BM CMS beamline of

SUPPLEMENTARY MATERIALS

science.org/doi/10.1126/science.abn0936
Materials and Methods
Supplementary Text
Figs. S1 to S13
Tables S1 to S4
References (32–37)
2 November 2021; accepted 8 February 2022
10.1126/science.abn0936

Downloaded from https://www.science.org at George Mason University on June 21, 2022

Chen et al., Science 375, 1418–1422 (2022)

25 March 2022

5 of 5

Relaxor ferroelectric polymer exhibits ultrahigh electromechanical coupling at low
electric field
Xin ChenHancheng QinXiaoshi QianWenyi ZhuBo LiBing ZhangWenchang LuRuipeng LiShihai ZhangLei ZhuFabrice
Domingues Dos SantosJ. BernholcQ. M. Zhang

Science, 375 (6587), • DOI: 10.1126/science.abn0936

View the article online
https://www.science.org/doi/10.1126/science.abn0936
Permissions
https://www.science.org/help/reprints-and-permissions

Use of this article is subject to the Terms of service
Science (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW, Washington, DC
20005. The title Science is a registered trademark of AAAS.
Copyright © 2022 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works

Downloaded from https://www.science.org at George Mason University on June 21, 2022

Polymer piezo
The best-performing piezoelectric materials are oxide ceramics, which are widely used for sensors and actuators.
X. Chen et al. added two additional components to poly(vinylidene difluoride) trifluoroethylene to improve the
electromechanical coupling (see the Perspective by Wang and Liao). The resulting tetrapolymer has piezoelectric
properties that are dramatically improved and it appears to be competitive with traditional oxides. The pliability and
relative ease of fabrication of this tetrapolymer piezoelectric makes it attractive for a range of interesting applications.
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