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Figure 1 Schematic diagram of the change of point group, polarization
response curve and arrangement of electric dipoles in ferroelectric phase
transition
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Figure 2 The structure of perovskite materials and the mechanism of ferroelectric. (a) Inorganic perovskite (top), organic-inorganic hybrid perovskite
(middle), metal-free perovskite (bottom). (b) Atomic displacement type (top), atomic order-disorder transformation type (middle), bond-switching
transition type (bottom). (¢) Zero-dimensional molecular materials with perovskite-like structure [(CH;),NH,][CsHsCH,NH;],BiBrg (top left), one-
dimensional perovskite C,N,H;,PbBr, (top right), two-dimensional perovskite (CcHoF,N)Pbl, (bottom left), three-dimensional perovskite
C4H;(N,RbBr; (bottom right). Omit hydrogen and halogen atoms for brevity
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Table 1 Some OIHP ferroelectrics reported recently
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Figure 3 “Quasi-spherical theory” designs materials with multiple polar axes and application schematic diagrams. (a) Polycrystalline ferroelectrics
with unipolar axis do not change significantly before and after external electric field polarization, and the effective polarizability is low (top).
Polycrystalline ferroelectrics with multi-polar axis have multiple possible polarization directions, and the effective polarizability is higher after external
electric field polarization (bottom). (b) Schematic diagram of order-disorder phase transition of quasi-spherical molecules (top). N-methyl-1,4-

diazabicyclo[2.2.2]octane order-disorder phase transition (below)
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Figure 4 “Quasi-spherical theory” designs multipolar molecular perovskite ferroelectrics and property testing. (a) High-resolution PFM studies of
TMCM-MnCl; indicated the direction of multiple polarization axes''. (b) Current density-bias voltage (J-V) curves (red), polarization intensity-bias
voltage (P-V) hysteresis loop (blue)[lg]. Copyright © 2017 AAAS. (c) Space group and phase transition temperature of (TM)Pbl;, (TMFM)Pbl;,
(TMCM)Pbl;, (TMBM)Pbl; and (TMIM)PbI; at room temperaturem]. (d) The crystal structure of (TMIM)Pbl; ferroelectric phase at room temperature,
which contains three non-equivalent TMIM cations. The pink dotted lines indicate the I -+~ I interaction””. Copyright © 2018 American Chemical
Society. (e) The o}, in [szabco]2+ disappears in [MeHdabco]2+ through the “quasi-spherical theory” design strategy to get the ferroelectric [MeHdabco]
RbI3[45]. (f) Crystal structure of [MeHdabco]Rbl; in ferroelectric phase (273 K) and 4paraelectric phase (413 K). In the figure, hydrogen atoms are
omitted for simplicity[m, (g) Hysteresis loop of [MeHdabco]RbI; at room temperature[ 7, (h) Photoluminescence excitation (PLE) spectrum (blue) and
photoluminescence (PL) spectrum (red) at 360 nm™. Copyright © 2017 American Chemical Society
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Figure 5 H/F substitution to design molecular perovskite ferroelectrics. (a) H/F substitution strategy to design high 7, perovskite molecular

ferroelectrics®
Copyright © 2019 American Chemical Society

922

[69]
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Figure 7 Design and development of piezoelectric properties of molecular perovskite ferroelectrics. (a) Design of quasi-spherical TMXM cations
from spherical tetramethylammonium cations. (b) TMCM-MnCl; structural unit in the low-temperature phasem]. (¢) TMCM-MnCl; in LTP (top) and
HTP (bottom) structure stacking diagrams[lg]. (d) The 12 different polarization directions of TMCM-MnCl3[19]. (e) PZT phase diagram and MPB
schematic diagram. (f) The phase diagram and point group of (TMFM)(TMCM),_MnCl; (0=<x= 1) indicate that MPB exists in the composition range
of 0.25<x=0.3, and it is difficult to grow a uniform crystal with a composition of 0.5<x<0.55, because severe compositional segregation occurs in the
area indicated by asterisks (*)[88], Copyright © 2019 AAAS; (g) The ds; and T, coordinates of inorganic ferroelectrics (black), organic molecular
ferroelectrics (blue), and organic-inorganic hybrid perovskite ferroelectrics (red)
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Figure 8 Molecular perovskite ferroelectrics band gap regulation and performance characterization. (a) Structure of (CHA),PbCl, at 293 K. Omit
hydrogen atoms attached to carbon atoms for brevity[go]. (b) Partial density of states (PDOS). The PDOS of all C atoms in the benzene ring are similar,
so the C, atoms are used as an example to represent the PDOS of the C atoms in the benzene ring[go], Copyright © 2015 Springer Nature. (c) Layered
perovskite structure of (CHA),PbBr,_41,(x=0.175) at 293 (top) and 463 K (Bottom)"". (d) Normalized absorption spectra of x=0, 0.175 and 1°%.
Copyright © 2016 Wiley; (e) H/F substitution design of (DFCHA),Pbl, ferroelectric photovoltaic test. Measure the short-circuit photocurrent with
electrodes parallel and perpendicular to the direction of ferroelectric polarization (indicated by different colors)[gl]. Copyright © 2019 Wiley
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NH,Br; and R-3AQ-NH,Br; (bottom). (b) Chemical structure of metal-
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Discovered in 1920 by Valasek, a molecular crystal of Rochelle salt (potassium sodium tartrate tetrahydrate) displayed
abnormal electrical hysteresis, named as ferroelectric effect. After that, ferroelectrics became an important class of
functional materials, due to their unique reversible spontaneous polarization characteristics and other fascinating dielectric,
thermoelectric and piezoelectric properties. Although the first reported ferroelectric material is an organic material, the
later discovered inorganic materials almost dominated the fields of ferroelectrics for both fundamental studies and practical
applications. Among them, inorganic perovskite ceramics received rapid development and showed great application
potential in a wide-range of applications such as non-volatile memories, capacitors, sensors, energy convertors, etc., due to
their high phase transition temperature and excellent ferroelectric/piezoelectric properties.

Comparing to inorganics, molecular materials possess advantages as low acoustic impedance, good flexibility of
structure design and composition modification, simple solution synthesis and easy realization of functional properties.
Thus, molecular ferroelectrics are expected to be an irreplaceable complement to conventional inorganics, especially in
applications like flexible electronics and thin film devices. In the large family of molecular materials, some adapt a similar
structure of perovskite with partial substitution of metal ions by organic molecules. These hybrid materials have attracted
widespread attention because of their extraordinary optoelectronic and photovoltaic performance. Since last decade, the
ferroelectric related properties of molecular perovskite materials were also largely improved. The combination of highly
adaptive perovskite structures and variable composition attributes hybrid perovskites them unparalleled potential in
rational design of ferroelectricity and piezoelectricity.

In this review, we firstly introduced the structural characteristics and dimensionalities of different molecular perovskite
ferroelectrics. The next part, we focused on the current design strategy toward rational synthesis of molecular perovskite
ferroelectrics, especially on how to tune polarization performance and introducing multiple polar axial properties. In the
third part, we briefly introduced the latest progress of molecular piezoelectrics and the role of perovskite structure,
molecular design, halogen-bonding and morphotropic phase boundary (MPB) in dramatically improving the piezoelectric
coefficient ds;. The fourth part of this review is an application-driven example of tuning band gap in molecular perovskite
ferroelectrics, for better optoelectronic and photovoltaic performance. In the last part, a new class of perovskite materials,
the metal-free perovskite, is introduced. Without the limitation of metal ions, the metal-free system is believed to have
more potential with even better related properties.

In summary, the ferroelectric, piezoelectric, and optoelectronic properties of perovskite molecular ferroelectric materials
have been greatly developed. This article introduces several design strategies of perovskite molecular ferroelectrics,
including “quasi-spherical” theory, H/F substitution and hydrogen bonding introduction method. Meanwhile, we combine
comprehensive examples to introduce its recent application and the progress made in other functional characteristics such
as band gap regulation and photo electricity. This review provides macroscopic view and general introduction of the
evolution and recent progress in molecular perovskite ferroelectrics materials and is suitable for readers in a broad area of
research.

perovskite, molecular ferroelectric, piezoelectric, molecular design
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