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            Abstract
Piezoelectricityâ€”the direct interconversion between mechanical and electrical energiesâ€”is usually remarkably enhanced at the morphotropic phase boundary of ferroelectric materials1,2,3,4, which marks a transition region in the phase diagram of piezoelectric materials and bridges two competing phases with distinct symmetries1,5. Such enhancement has enabled the recent development of various lead and lead-free piezoelectric perovskites with outstanding piezoelectric properties for use in actuators, transducers, sensors and energy-harvesting applications5,6,7,8. However, the morphotropic phase boundary has never been observed in organic materials, and the absence of effective approaches to improving the intrinsic piezoelectric responses of polymers9,10 considerably hampers their application to flexible, wearable and biocompatible devices. Here we report stereochemically induced behaviour in ferroelectric poly(vinylidene fluoride-co-trifluoroethylene) (P(VDF-TrFE)) copolymers, which isÂ similar to that observed at morphotropic phase boundaries in perovskites. We reveal that compositionally tailored tacticity (the stereochemical arrangement of chiral centres related to the TrFE monomers11,12) can lead to intramolecular order-to-disorder evolution in the crystalline phase and thus to an intermediate transition region that is reminiscent of the morphotropic phase boundary, where competing ferroelectric and relaxor properties appear simultaneously. Our first-principles calculations confirm the crucial role of chain tacticity in driving the formation of this transition region via structural competition between the trans-planar and 3/1-helical phases. We show that the P(VDF-TrFE) copolymer with the morphotropic composition exhibits a longitudinal piezoelectric coefficient of âˆ’63.5 picocoulombs per newton, outperforming state-of-the-art piezoelectric polymers10. Given the flexibility in the molecular design and synthesis of organic ferroelectric materials, this work opens up the way for the development of scalable, high-performance piezoelectric polymers.
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                    Fig. 1: Structural evolution of P(VDF-TrFE) copolymers at various compositions.


Fig. 2: Dielectric, ferroelectric and piezoelectric properties of P(VDF-TrFE) copolymers.


Fig. 3: Phase diagram and transition near the intermediate region in P(VDF-TrFE) copolymers.


Fig. 4: Influence of chain tacticity on the stability of the trans-planar and 3/1-helical phases in P(VDF-TrFE) copolymers near the transition region.
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Extended data figures and tables

Extended Data Fig. 1 Crystallographic structures of different phases in the phase diagram of P(VDF-TrFE) copolymers.
a, b, Side (a) and top (b) view of the trans-planar phase. c, d, Side (c) and top (d) view of the 3/1-helical phase. e, Side view of the gauche dihedral angle Ï• in the 3/1-helical phase. f, Top view of the regular 3/1-helical phase (Ï•â€‰=â€‰60Â°). g, Top view of the (pseudo-)disordered 3/1-helical phase (Ï•1,Â Ï•2Â â‰ Â 60Â°). Intramolecular disorder occurs in the (pseudo-)disordered 3/1-helical phase in terms of random departure from the gauche dihedral angle of 60Â° in the regular form (f). The 3/1-helical phase becomes energetically more stable than the trans-planar phase as the VDF content decreases in the vicinity of 50Â mol% (Fig.Â 4a). Moreover, intramolecular disorder develops mainly in the 3/1-helical phase at the critical VDF content of 55Â mol%, while the fraction of the regular trans-planar phase decreases. With further decrease of the VDF content (49Â mol%â€‰â‰¤â€‰CVDFâ€‰â‰¤â€‰55Â mol%), the fraction of the disordered 3/1-helical phase increases substantially and strongly competes with the trans-planar phase (we call this phase coexistence of the pseudo-disordered and ordered phases, or a morphotropic phase in the phase diagram). Here the morphotropic phase (49Â mol%â€‰â‰¤â€‰CVDFâ€‰â‰¤â€‰55Â mol%) differs from the disordered paraelectric phase owing to the existence of a phase transition (Fig.Â 3). As the VDF content decreases below 49Â mol%, only the disordered 3/1-helical phase (namely, the pseudo-disordered phase) is energetically preferred. In this case, the pseudo-disordered phase has nearly the same structure as the disordered paraelectric phase owing to the absence of a phase transition (Fig.Â 3), and differs from both the morphotropic and the VDF-rich compositions. We note that we use the structure of PVDF to simplify this discussion. For the case of P(VDF-TrFE), the substitution of some H atoms by some F atoms leads to different chain tacticities of P(VDF-TrFE) (Fig.Â 1a), which requires a slight generalization of the above description.


Extended Data Fig. 2 Analysis of 19F NMR spectra of P(VDF-TrFE) copolymers.
a, Assignments of 19F NMR signals of P(VDF-TrFE). The monomers indicated by the 19F NMR signals are undelined. Hâ€“H, head to head; Hâ€“T, head to tail; Tâ€“T, tail to tail. b, Unconditional probabilities of different regiosequences as a function of VDF content. P(VDF-TrFE) is dominated by normal Hâ€“T isoregic sequences (about 76.7%â€“78.3%) with almost constant Hâ€“H/Tâ€“T regiodefects and non-regioisomers (marked as â€˜othersâ€™). The slight variation in regioirregular sequences indicates that neither regiodefects nor non-regioisomers are responsible for the observed conformational competition. Instead, we identify the dominant contribution to be the dramatic tacticity change upon the formation of the MPB-like transition. c, Unconditional probabilities of normal Hâ€“T sequences consisting of the VDF-VDF, VDF-TrFE and TrFE-TrFE segments. With decreasing VDF content, the TrFE-TrFE units grow substantially, becoming even larger than their VDF-TrFE counterparts (which remain nearly constant for CVDFâ€‰=â€‰45â€“65Â mol%) for CVDFâ€‰<â€‰49Â mol%, and this change is accompanied by a remarkable decrease in the VDF-VDF units. These results clearly indicate that the polymer chain becomes more PTrFE-like for the copolymers with TrFE-rich compositions. Our findings disagree with previous results31, which showed the Hâ€“T VDF-TrFE sequence to be predominant for the copolymers (for CVDFÂ â‰ˆÂ 30â€“75Â mol%). The poor NMR resolution (56.5Â MHz) of the previous measurement led to the absence of many resonance peaks (above 130Â p.p.m.). Moreover, only the -CF2- resonance area was considered, and the contributions from the -CHF- resonance area were disregarded31. Consequently, the regioregularity was not appropriately described and the chain tacticity was not analysed. Error bars in b and c represent standard deviations obtained from at least three measurements using different samples and are typically smaller than the symbols. d, The -CFH- resonances. All the triad assignments are indicated by grey arrows.


Extended Data Fig. 3 FTIR spectra of P(VDF-TrFE) copolymers at room temperature.
a, Raw data for selected polymer compositions (CVDFâ€‰=â€‰70Â mol%, 65Â mol%, 55Â mol%, 49Â mol% and 45Â mol%). The intensities of the characteristic bands corresponding to the TGT\(\bar{{\rm{G}}}\) conformation near 614Â cmâˆ’1 and to the 3/1-helical conformation at around 507Â cmâˆ’1 increase considerably with decreasing VDF content. Because of the extremely low band intensity of the TGT\(\bar{{\rm{G}}}\) conformation, we mainly consider the conformational interconvention between the all-trans and 3/1-helical conformations. b, Zoom-in of the grey regions in a. The left panel shows the band characteristic of the all-trans conformation at around 1,290Â cmâˆ’1 and the right panel presents the band characteristic of the 3/1-helical conformation at around 507Â cmâˆ’1. c, d, FTIR spectra of the magnified regions around 1,290Â cmâˆ’1 and 507Â cmâˆ’1, with appropriate offset adjustments for clarity.


Extended Data Fig. 4 DSC and DMA results for P(VDF-TrFE) copolymers.
a, b, Heat flow versus temperature. c, Latent heat. d, Melting enthalpy. e, Crystallinity. f, tan(Î´) peak. tan(Î´) is defined as the ratio of the loss modulus to the storage modulus, measured using oscillatory shear stress tests, and can be used to evaluate the ratio between the viscous and elastic components per cycle of sample deformation. A very broad exothermic peak is found for CVDFâ€‰<â€‰49Â mol% (a), which is accompanied by a dramatic reduction in latent heat (c). As CVDF decreases from 55Â mol% to 49Â mol%, the relative change in crystallinity (e) and the shift of the transition temperature are limited to aboutÂ 2% and 6%, respectively, which cannot explain the observed approximatelyÂ 60% enhancement in d33 achieved at CVDFâ€‰=â€‰50Â mol%. We find that tan(Î´) decreases considerably with increasing VDF content (e), which implies that P(VDF-TrFE) copolymers with high VDF content are more elastic. This might be due to lattice contraction with increasing VDF content (Fig.Â 1e), which imposes restrictions against molecular mobility. We measured the elastic modulus, known as Youngâ€™s modulus Y, to provide a measure of stiffness for our polymers (Extended Data Fig.Â 7e). The Y value of the P(VDF-TrFE) copolymers increases substantially with increasing VDF content, mediated by an intermediate (grey) region (49Â mol%â€‰â‰¤â€‰CVDFâ€‰â‰¤â€‰55Â mol%). The compositional evolutions of the latent heat and tan(Î´) reveal the existence of an intermediate transition region (grey). Error bars in câ€“f represent standard deviations obtained from at least three measurements using different samples.


Extended Data Fig. 5 Temperature-dependent dielectric constant and loss of P(VDF-TrFE) copolymers.
aâ€“d, Dielectric constant as a function of temperature for P(VDF-TrFE) copolymers with CVDFâ€‰=â€‰45Â mol% (a) CVDFâ€‰=â€‰49Â mol% (b), CVDFâ€‰=â€‰55Â mol% (c) and CVDFâ€‰=â€‰65Â mol% (d). aâ€“c show relaxor behaviours, whereas d shows the typical dielectric response of normal ferroelectrics, in which the dielectric peak is independent of frequency. The dielectric response near Tmax results from molecular motions in the crystalline regions rather than in the amorphous regions32. Therefore, both normal-ferroelectric and relaxor properties coexist in the crystalline regions of P(VDF-TrFE) within the transition region (49Â mol%â€‰â‰¤â€‰CVDFâ€‰â‰¤â€‰55Â mol%). The discovery of relaxor behaviour not only explains the emergence of the peak at low 2Î¸ in the XRD pattern (Fig.Â 1d) but also allows the correlation of its origin with intramolecular disorder. The arrows in aâ€“d are guides for the eyes.


Extended Data Fig. 6 Polarization hysteresis in P(VDF-TrFE) copolymers at room temperature.
a, Polarization versus electric field, measured using a triangular a.c. electric field of 100Â Hz. A polarization hysteresis curveâ€”characteristic of a normal ferroelectricâ€”is shown for CVDFâ€‰â‰¥â€‰49Â mol%, whereas an antiferroelectric-like hysteresis loop is observed for CVDFâ€‰<â€‰49Â mol%. bâ€“d, Maximum polarization Pm (b), remanent polarization Pr (c) and coercive field Ec (d) as a function of VDF content, measured at 1Â Hz and 100Â Hz. Considerable reduction in Pr is found in c (CVDFâ€‰<â€‰49Â mol%), which is indicative of the disappearance of long-range ferroelectric order. Error bars in bâ€“d represent standard deviations obtained from at least three measurements using different samples.


Extended Data Fig. 7 Electrostrictive properties and theoretical descriptions of the piezoelectric effect in P(VDF-TrFE) copolymers.
a, Strainâ€“electric field (S3â€“E) curves. b, Strainâ€“polarization (S3â€“P) curves. c, S3â€“P2. Typical P(VDF-TrFE) compositions are shown in aâ€“c for clarity. d, Q33 as a function of VDF content. e,Â Youngâ€™s modulus Y as a function of VDF content.Â f, The magnitude of the piezoelectric voltage constant, g33, as a function of VDF content at room temperature. g33 is determined according to g33â€‰=â€‰d33/(ÎµrÎµ0), where Îµr and Îµ0 are the relative and vacuum permittivities, respectively. The lines in dâ€“f are guides for the eyes. The light-green shaded areas in e and f indicate the transition region. g, Comparison between experimental and theoretical g33 values. hâ€“l, Electrostrictive data for P(VDF-TrFE) copolymer at 50/50Â mol% measured at 70â€‰Â°C. h, Pâ€“E loops. i, Electric-field-induced strain. j, S3â€“P curves. k, S3â€“P2curves. l, Electric-field-induced strain at an electric field of 25Â MVÂ mâˆ’1. The calculated d33 is âˆ’68.3Â pCÂ Nâˆ’1 using Q33â€‰=â€‰âˆ’4.18Â m4Â Câˆ’2 (k), which is slightly larger in magnitude than the experimental data (âˆ’63.5â€‰Â±â€‰3.2Â pCÂ Nâˆ’1) for P(VDF-TrFE) with CVDFâ€‰=â€‰50Â mol%. A detailed discussion about the data shown here can be found inÂ Supplementary Information. Error bars in dâ€“f represent standard deviations obtained from at least ten measurements using different samples.


Extended Data Fig. 8 X-ray patterns of P(VDF-TrFE) copolymers at various temperatures.
aâ€“h, X-ray patterns of P(VDF-TrFE) copolymers with selected VDF contents (a and e, CVDFâ€‰=â€‰45Â mol%; b and f, CVDFâ€‰=â€‰49Â mol%; c and g, CVDFâ€‰=â€‰55Â mol%; d and h, CVDFâ€‰=â€‰65Â mol%) upon heating (aâ€“d) and cooling (eâ€“h). â€˜Oâ€™, â€˜Dâ€™ and â€˜PDâ€™ indicate the ordered, disordered and pseudo-disordered phases (Extended Data Fig.Â 1), respectively. For CVDFâ€‰<â€‰49Â mol%, the peaks shift towards a lower 2Î¸ at an even rate upon heating (a) and cooling (e), indicating the absence of a phase transition. For CVDFâ€‰â‰¥â€‰49Â mol%, a change in shift rates is observed near the phase transition temperature (bâ€“d, fâ€“h), indicating the emergence of the orderâ€“disorder phase transition. Moreover, the order of the phase transition can be determined by analysing the thermal hysteresis at the transition temperature from the heating and cooling processes.


Extended Data Fig. 9 Infrared absorbance bands of P(VDF-TrFE) copolymers at around 1,290Â cmâˆ’1 and 507 cmâˆ’1, measured at various temperatures.
aâ€“h, Infrared absorbance curves obtained during heating for copolymers with CVDFâ€‰=â€‰45Â mol% (a, e), CVDFâ€‰=â€‰49Â mol% (b, f), CVDFâ€‰=â€‰55Â mol% (c, g) and CVDFâ€‰=â€‰65Â mol% (d, h). iâ€“p, Corresponding curves obtained during cooling for CVDFâ€‰=â€‰45 mol% (i, m), CVDFâ€‰=â€‰49Â mol% (j, n), CVDFâ€‰=â€‰55Â mol% (k, o) and CVDFâ€‰=â€‰65Â mol% (l, p). â€˜Oâ€™, â€˜Dâ€™ and â€˜PDâ€™ represent the ordered, disordered and pseudo-disordered phases (Extended Data Fig.Â 1), respectively. For CVDFâ€‰<â€‰49Â mol%, the characteristic bands that correspond to both the all-trans and 3/1-helical conformations shrink or expand uniformly upon heating (a, e) or cooling (i, m), implying no phase transition. For CVDFâ€‰â‰¥â€‰49Â mol%, two distinct regimes can be clearly resolved (as marked by grey arrows), signifying the presence of the orderâ€“disorder phase transition. Thermal hysteresis is negligible for 49Â mol%â€‰â‰¤â€‰CVDFâ€‰â‰¤â€‰55Â mol% (second-order phase transition), whereas substantial thermal hysteresis is observed for P(VDF-TrFE) with a VDF contant of 65Â mol% (first-order phase transition).


Extended Data Fig. 10 Rietveld analysis for P(VDF-TrFE) copolymer with CVDFâ€‰=â€‰55Â mol%.
a, XRD pattern in the 2Î¸ range [10Â°, 50Â°], measured at room temperature. The indexation was done according to the monoclinic space group Cc. a, b and c are the refined lattice parameters and Î²M is the monoclinic angle. b, c, Fitting results. Apparent disagreements are observed for the (200,110) and (310) peaks (a), leading to a large agreement factor of Râ€‰=â€‰25.54% (b, c), which is within the range (about 23%â€“29%) reported in a previous study25. This poor fitting result is only slightly improved (aboutÂ 23.03%; Supplementary Fig.Â 8) by considering chain deflection32. These results suggest that simply considering the planar-zigzag-based chain structure (namely, the â€˜cooledâ€™ phase model25) cannot yield a reasonable fit for the XRD data near the transition region. Additionally, no reasonable fit was obtained by considering other space groups, such as Cm or Cm2m (not shown here). Indeed, a large agreement factor (about 10%â€“30%) was usually achieved in previous structural refinements25,26,32 in PVDF and its copolymers. One of the main reasons for this disagreement is that polymer crystallography generally corresponds to the ideal condition, disregarding concomitant structural defects (disorder) and complex morphology (a composite of amorphous, crystalline and intermediate regions) that exist in real polymers. Typically, the Bragg peaks are very broad at high values of diffraction angle 2Î¸ and the number of available reflections is limited for morphotropic compositions, which considerably increases the difficulty of crystallographic analysis. Obviously, further studiesâ€”both theoretical and experimentalâ€”of the crystal structure of P(VDF-TrFE) near the transition region are required.
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