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Supramolecular chemistry exploits weak, reversible interactions to form complex structures from simple
components, which offers a solution for designing new ferroelectric materials. Organic ferroelectrics
have been considered to be promising alternatives to conventional inorganic ferroelectrics due to their
molecular mobility, flexibility and tunability of well-defined structures. However, ferroelectricity in
organic solids remains underexplored, and the limited number of organic ferroelectrics with high
performance hinders their practical applications. Therefore, the design of new organic ferroelectrics with
promising ferroelectric properties is of great interest. In this perspective, we describe key material
features and properties of organic ferroelectrics. Synthetic strategies and design principles are
Received 1st April 2022, comprehensively reviewed. To further explore the possibility of organic ferroelectrics, we give our
Accepted 5th June 2022 perspectives on the computational design and how to integrate computation and automation
DOI: 10.1039/d2tc01330d approaches for the accelerated discovery of organic ferroelectrics. Some of the challenges and
opportunities in the field have been discussed. We hope this outlook can enable more research to
rsc.li/materials-c accelerate the development of high-performance organic ferroelectrics.
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to become a valuable material with a wide range of applications in
electronic and optical devices, including random access mem-
ories, actuators, transducers, piezoelectric elements, and fre-
quency multipliers.>™®

Most of the ferroelectrics used in electronic and optical
devices are oxide-based ceramics that typically contain toxic
metals and require high processing temperatures.” Organic
ferroelectrics, on the other hand, have demonstrated desirable
features and are considered promising alternatives to conven-
tional inorganic ferroelectrics. A distinguishing feature of
solution processability allows organic ferroelectrics to be cast
into films or devices in an easy and efficient way, which offers a
low-cost and environmentally friendly fabrication process."®
However, ferroelectricity in organic solids remains underex-
plored to date. Few cases can be found applying organic ferro-
electrics. Therefore, the discovery of new organic materials with
promising ferroelectric properties near room temperature is of
significant interest. Organic chemistry, especially supramole-
cular chemistry has provided effective strategies for designing
high-performance ferroelectrics in a solid state.® The ferroelec-
tricity in these materials arises from either the dynamic
motions of molecules or the collective site-to-site transfer of
electrons or protons between molecules.” This means the
bistable polarisation can result from either intrinsic molecular
dipoles or extrinsic diploes induced by non-covalent interac-
tions between molecules such as hydrogen-bonding and
charge-transfer interactions. The arrangement of organic mole-
cules in a solid state has a significant impact on the physical
properties of the materials. Thus, achieving ferroelectricity
requires engineering the self-assembly of molecules, which in
turn controls the inter and intramolecular interactions and
motions.

For a material to be a good ferroelectric with usable proper-
ties, it must have a high spontaneous polarisation (Ps), high
saturation polarisation (Pg,), high dielectric constant (e,), low
dielectric loss, and a T, near or even above room temperature.
Material performance optimisation has long been an important
topic for the development of organic ferroelectrics. Polyvinyli-
dene difluoride (PVDF)-based ferroelectric polymers have been
known for several decades, and they have exhibited excellent
ferroelectric and piezoelectric properties.'® Very recently, a
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ferroelectric polymer have shown an exceptionally high electro-
mechanical coupling at a low electric field."* However, the
number of ferroelectrics in low-molecular weight organic com-
pounds is rare. As shown in Fig. 1, by taking the advantages of
supramolecular chemistry, some low-molecular-weight organic
ferroelectrics with improved ferroelectric performance have
been reported.”>*® Even engineering a weak intermolecular
interaction such as halogen bonding could strongly influence
the property of a ferroelectric material."®

This perspective mainly focuses on the pure organic supramo-
lecular systems, including single-component, two-component and
supramolecular host-guest crystal systems and organic salts. We
will give an overview of the fundamentals of ferroelectricity and
provide a comprehensive review of the chemical structure mod-
ifications of supramolecular ferroelectrics to improve their ferro-
electric performances. Following that, we will discuss useful
strategies and modular design approaches for discovering organic
ferroelectrics. In order to obtain organic ferroelectrics with better
performances, it is highly needed to exploit new organic mole-
cules and establish the design strategy for material discovery. We
will give our perspectives on the design principles, the computa-
tional methods, and how to integrate computation and automa-
tion approaches to accelerate the discovery of organic
ferroelectrics.

1. Fundamentals of ferroelectricity
1.1 Ferroelectricity

Ferroelectrics are characterised by the switching property of
spontaneous polarisations under an external electric field. A
crystalline solid must adopt a polar space group to be ferro-
electric. Ten polar point groups exist which are 1, 2, m, mmz2, 4,
4mm, 6 6mm, 3 and 3m.%° To be a ferroelectric, a material has to
exhibit a permanent spontaneously generated electric polarisa-
tion while the orientation of its electric polarisation can be
reversed in response to an applied electric field*"** as demon-
strated by the polarisation-electric field (P-E) hysteresis loop in
Fig. 2(a). When a ferroelectric crystal is under a positive electric
field in a certain direction, the dipoles are gradually directed in
the same orientation as the external electric field leading to a
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Fig. 1 Historical timeline for the development of organic ferroelectrics.
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Fig. 2 Schematic representations of ferroelectricity. (a) Schematic diagram of the hysteresis loop of polarisation (P) versus electric field (E). The values of
P,, P, and E. are derived from the P—E loop. (b) Schematic diagram of order—disorder type and displacive type phase transition.

macroscopic saturation polarisation, denoted as Ps (position A
in Fig. 2(a)). When the electric field is removed (position B), the
majority of dipoles remain parallel to each other, giving rise to
a remanent polarisation P.. Once applying a negative electric
field at this stage, the dipoles are gradually reorientated to the
point (position C) where there is an equal number of oppositely
directed dipoles. The electric field which results in zero net
polarisation is called the coercive field E.. When the maximum
negative saturation polarisation is reached at position D corres-
ponding to a negative saturation polarisation, -Ps, the dipoles
are all aligned to the direction of the applied negative electric
field. The area enclosed by the P-E hysteresis loop gives a
measure of the energy required to achieve switching. This
switchable property of the polarisation makes ferroelectrics
useful in many technological applications.>>??

1.2 Phase transitions in the solid state

A ferroelectric material normally undergoes a structural phase
transition from a paraelectric phase to a ferroelectric phase at
the Curie temperature T.. Above T, the paraelectric phase
always adopts a non-polar point group, especially a centrosym-
metric point group. As the temperature decreases, the molecu-
lar motion strength is weakened, which is associated with
symmetry breaking during the phase transition. Below T, the
ferroelectric phase adopts a polar point group which obtains a
lower crystal symmetry.>* The phase transitions in conventional
organic ferroelectrics can be generally divided into two types:
the order-disorder type and the displacive type as sketched in
Fig. 2(b). The order-disorder type phase transition is frequently
observed in organic ferroelectrics due to the large motional
degree of freedom of organic molecules.>” The driving force for
the order-disorder type phase transition is the ordering of the
molecular dipoles. In the high-temperature paraelectric phase,
dipoles are disordered and thus cancel each other out. When
the temperature decreases, the dipoles will rearrange in an
ordered fashion leading to a polar structure at low tempera-
tures. The displacive type phase transition occurring in the
organic ferroelectrics is closely related to the dynamics of
charges, ions and molecules.”®>® The subtle change of an
atomic or molecular position can give rise to symmetry break-
ing and thus a paraelectric-to-ferroelectric phase transition will

13678 | J. Mater. Chem. C, 2022,10, 13676-13689

take place. It needs to be noted that the order-disorder and
displacive type phase transitions are not mutually exclusive.

1.3 Characterisation of ferroelectrics

The P-E hysteresis loop discussed above is a decisive analytical
technique to validate ferroelectricity. However, due to the
complicated nature of ferroelectricity, a wide range of charac-
terisation methods are required to aid the P-E hysteresis loop.

Piezoresponse force microscopy (PFM). PFM is a scanning-
probe microscopy-based technique, which can be used to per-
form polarisation dynamics and ferroelectric domain imaging
and manipulation on the micro- or nanoscale.’® PFM is based
on the piezoelectric nature of ferroelectric materials that can
produce strain under an external electric field. As shown in
Fig. 3(a), PFM works by detecting subtle displacement of the
samples in response to the electric field excitation. A conduc-
tive probe applied with Vpc and Vac is in contact with the
sample surface. The direction of polarisation can be deter-
mined by detecting an in-plane or out-of-plane piezoresponse
to the voltage. The sample dimensions could change in either a
vertical or a lateral direction, leading to the displacement of the
tip cantilever. The amplitude and phase of both vertical and
lateral signals of the tip displacement are detected by the laser
irradiation on the probe and recorded on the photodetector,
and are magnified separately by different Lock-in amplifiers.*'
A typical ferroelectric will show a butterfly-shaped curve in the
amplitude versus voltage plot and a hysteresis loop in the phase
versus voltage plot. The former can be used to identify the
sample strain behaviour, while the latter is dependent on the
switching behaviour of polarisation in a ferroelectric material.
The contribution of the PFM technique to the design and
discovery of high-performance ferroelectrics has been compre-
hensively reviewed.**

Second harmonic generation (SHG). SHG is a second-order
nonlinear optical phenomenon, which only occurs in the non-
centrosymmetric crystals, and the 10 polar point groups of
ferroelectrics can have the SHG signal.*® Since the paraelectric-
to-ferroelectric phase transition is normally a symmetry low-
ering phase transition, the centre of the symmetry disappears
in the ferroelectric phase. This means only material in its
ferroelectric phase can exhibit an SHG signal. As shown in

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Schematic diagram of the characterisation methods for ferroelectrics. (a) Sketch of the PFM working principle. (b) Schematic diagram of SHG
measurement: during the phase transition, ferroelectrics lose the center of symmetry in the low-temperature ferroelectric phase, resulting in the
appearance of the SHG signal. (c) Schematic diagram of dielectric measurement, the permittivity of ferroelectrics changes abruptly near the T.. (d)
Schematic diagram of VT-PXRD: when ferroelectrics undergo a phase transition, subtle changes in the crystal structure can be detected by PXRD. The
decrease of crystal symmetry corresponds to the appearance of extra diffraction peaks.

Fig. 3(b), once the sample is heated above T., the SHG signal
vanishes along with the phase transition, which enables vari-
able temperature SHG measurement as a powerful character-
isation method to demonstrate the structural phase transition.

Dielectric measurements. Dielectric property refers to the
ability of a material to be polarised in an applied electric field.
In general, polar materials with permanent polarisation have
larger dielectric constants than non-polar materials. Dielectric
measurements are commonly used to identify the phase transi-
tions and T.. As sketched in Fig. 3(c), when a ferroelectric
material undergoes a phase transition, a peak anomaly in the
dielectric content can be observed at T.. On the basis of the
Curie-Weiss law, the temperature dependence of the dielectric
constant above T is often described by the following equation

(g0 is the vacuum permittivity, and C is the Curie constant):***°
¢  C
e T-—T,

Variable temperature X-ray diffraction (VI-XRD). XRD is a
crucial analytical technique used to precisely determine the
crystal structures and reveal the structural changes of material
during phase transition. Single crystal XRD is a powerful tool to
solve the structure at different temperatures. It can provide

This journal is © The Royal Society of Chemistry 2022

accurate information about atomic coordinates as well as bond
lengths and angles. Powder X-ray diffraction (PXRD) is another
efficient analytical technique to routinely analyse the structure
of bulk samples. Since ferroelectricity is always accompanied by
a structural phase transition, VI-PXRD is an effective method to
investigate the structural changes of material. Once VI-PXRD is
used to refine crystal structures, it can provide precise informa-
tion on unit cell parameters and their temperature-dependent
behaviours. As shown in Fig. 3(d), the paraelectric phase usually
exists at high temperatures while the ferroelectric phase exists at
low temperatures. During the paraelectric-to-ferroelectric phase
transition, symmetry lowering normally occurs. It can be reflected
in a PXRD pattern where extra reflection peaks appear below T..
To gain detailed information on phase transition behaviours,
high-quality and high-resolution PXRD patterns collected by using
synchrotron radiation are normally required.

Symmetry-adapted distortion mode, commonly referred to
as “distortion mode”, has been developed for understanding
the phase transition behaviors of a material by analyzing single
crystal or powder diffraction data.*® Distortion mode analysis is
based on the group-subgroup relationship between crystal
symmetry before and after the phase transition. As an effective
analytical approach, distortion modes can help capture the
subtle structural changes and describe the order parameters

J. Mater. Chem. C, 2022, 10, 13676-13689 | 13679
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that break the symmetry by using a small number of
parameters.®” This method is widely employed to understand
the phase transition behaviours for a variety of functional
materials typically ferroelectric, ferromagnetic and ferroelastic
materials.*®*? As a result, we will be able to gain insights into
the nature of a phase transition and build a structure-property
relationship of a material.

2. Physical properties and applications
of organic ferroelectrics

Due to the absence of the centre of symmetry, ferroelectrics
intrinsically possess piezoelectric and pyroelectric properties
for applications in optical and electrical fields such as energy
harvesting, data storage and sensing. Other types of properties
such as multiferroicity and photo-switchable ferroelectricity
also entered the scene in the past few years. In this section,
the physical properties and applications of organic ferroelectric
materials are introduced.

2.1 Pyroelectric and piezoelectric properties

The relationship between ferroelectric, pyroelectric and piezo-
electric materials refers to their point group symmetry. Ferro-
electrics are a sub-class of pyroelectric and piezoelectric
materials.”>** The piezoelectric effect is a phenomenon by
which mechanical energy and electrical energy can be con-
verted into each other. The material can generate a voltage
under mechanical pressure, which is the direct piezoelectric
effect.** On the contrary, the piezoelectric material can gener-
ate a mechanical strain under the application of an external
electric field. This opposite process is called the converse
piezoelectric effect. Many ferroelectrics are used in energy
harvesting due to their excellent piezoelectric properties.>**>*®
As a subgroup of piezoelectric materials, pyroelectrics need to
crystallise in 10 polar point groups. In addition to being non-
centrosymmetric, pyroelectrics have unique polar axes to gen-
erate spontaneous polarisation, and can produce polarity in the
absence of an electric field. The pyroelectric effect refers to the
accumulation of electric charges on the surface of a pyroelectric
body as the ambient temperature changes uniformly, resulting
in a potential difference. According to this characteristic, pyro-
electrics have been widely used for sensing.*’

2.2 Multiferroicity

Combining ferroelectricity with other ferroic properties such as
ferromagnetism and ferroelasticity has drawn much attentions.
The materials with two of the three ferroic order parameters
coexisting are defined as multiferroics.*® Great progress has
been made in ferroelectrics that contain metal ions, however
pure organic multiferroic materials are still rare.*>! Several
excellent reviews comprehensively discussed the history and
development of multiferroicity.’>>® The discovery of magnetic
ferroelectrics presents challenges because there is contraindi-
cation between ferromagnetism and ferroelectricity.”® The
diversity of materials, mechanisms and switching dynamics

13680 | J. Mater. Chem. C, 2022, 10, 13676-13689
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has been exploited to support multiferroicity. For example, the
symmetry breaking in a charge-transfer ferroelectric can lead to
polarisation switching.>®*® Due to the redistribution of the
electronic charge, the ferroelectrics have the potential to be
magnetic as well.””*® Recently, homochiral organic ferroelectric
(R)- and (S)-N-3,5-di-tert-butylsalicylidene-1-4-bromophenylethyl-
amine (SA-Ph-Br(R) and SA-Ph-Br(S)) have been reported to show
interesting photochromic behaviour.”® In these materials, ferroe-
lectricity and ferroelasticity coexist, and both can be controlled
under photoirradiation. However, the design strategies limit the
scope of possible accessible materials and leave a vast area of
chemical space unexplored.

2.3 Photochromic property

Photochromic ferroelectrics have been shown great interest
as stimuli-responsive functional materials.®*”® Photochro-
mism is the reversible transformation of a molecule between
two isomers with different absorption spectra.”* Photochro-
mism involves chemical bond rearrangement leading to elec-
tronic and geometrical structure changes of molecules. Full
optical control of ferroelectricity is a fascinating topic due to
the potential interactions between light and ferroelectric order
parameters. This may provide photoswitchable ferroelectrics
with novel applications in data storage and sensing. Recently,
single-component photochromic organic molecules have been
reported to display ferroelectricity.®'"®* Particularly, the ferro-
electric domains can be switched under UV light illumination
by using a thin film sample of 3,4,5-trifluoro-N-(3,5-di-tert-
butylsalicylidene)aniline (TFTBSA).®> This means the polarisa-
tion switching can be achieved by optical control. Despite
recent achievements in various photochromic ferroelectrics,
quantitative conversion in the photochemical reaction in the
solid state remains a significant challenge.

3. Synthetic strategies for enhancing
ferroelectric performance

Emerging examples of organic ferroelectrics have shown
potential applications. However, there are much fewer organic
ferroelectrics exhibiting high performance. A number of chal-
lenges have existed. In this section, we introduce a wide range
of synthetic approaches that have been employed to improve
the phase transition temperatures and ferroelectric properties
including Ps, Ps,e and ¢,. The synthetic strategies mainly focus-
ing on modulating the intermolecular interactions and control-
ling the molecular motions are discussed below in detail.

3.1 Elevating phase transition temperature (T,)

One of the main obstacles that prevent organic ferroelectrics
from practical applications is the low phase transition tem-
perature compared to conventional inorganic ferroelectrics.
Controlling the strength, geometry and dimensionality of inter-
molecular interactions is of great importance in enhancing the
material performance of organic ferroelectrics.”” For example,
the highly directional hydrogen bonding is always closely

This journal is © The Royal Society of Chemistry 2022
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related to ferroelectricity and its geometry has long been known
to correlate with 7..”>

H/D substitution (deuteration) is a common method to
increase the T, of hydrogen-bonded organic ferroelectrics drama-
tically since the dynamics of hydrogen are crucial to the phase
transition. The early example of hydrogen-bonded ferroelectric
Phz-H2ca'>”*”® undergoes a paraelectric-to-ferroelectric phase
transition at T, = 253 K. Its ferroelectricity is attributed to the
movements of a proton between molecules. After H/D substitu-
tion, the deuterated Phz-D2ca undergoes a phase transition at T, =
304 K. Deuteration not only elevated T, by 51 K, but also proved
the significant role of hydrogen bonding in ferroelectricity. In
general, isotopes are different in atomic mass, volume, and spin,
thus molecules can show distinctive supramolecular interactions
due to the isotope effect.”® It is well known that the replacement
of H with D atoms can change the hydrogen-bond geometry, such
as the elongation of proton donor-acceptor distance. This phe-
nomenon is known as the Ubbelohde effect’”” and is the main
reason why T, can be raised in a hydrogen-bonded ferroelectric.
Aside from the geometric change, deuteration can also lead to a
mass-dependent effect. The localisation of the H (or D) atom in
one of the potential minima is hampered by quantum tunnelling.
The heavier D atom shows lower tunnelling frequency, and
thus can result in a higher T.. The large increase in the T. could
be the dual effect of both a geometric isotope effect and tunnel-
ling frequency change.”®”® Other substitution reactions such
as '°0/'®0, ClI/Br and H/F substitutions were also reported to be
effective strategies for constructing above-room-temperature
ferroelectrics.**®* It is worth noticing that the effect of H/F
substitution on T. is applicable for a wider range of ferroelectrics
including organic salts® and organic-inorganic perovskite-type®
ferroelectrics, even though in these ferroelectric materials
hydrogen-bonding interactions are not important for
ferroelectricity.

Another useful strategy to elevate 7. is to confine the
correlated motions of molecules or ions. An extreme case to
exemplify this is a pure organic host-guest system. The [MeO-
CeH,4~NH;]" cation can form supramolecular assembly with 18-
crown-6 molecule via N-H- - -O hydrogen-bonding interactions,
which acts as the counter cation of either [BF,]” or [TFSI|”
anions.’®® The ferroelectricity of both supramolecular
macrocycle-based molecules originates from the reorientation
of the guest cation [MeO-C¢H,~NH;]" driven by a pendulum-
like motion. However, compared to [BF,]” anions, the bulky
[TFSI]™ anion not only displays larger steric hindrance but also
contains a proton acceptor to form hydrogen-bonding interac-
tions with the cation via C-H- - -O-S bonds. As a result, the flip-
flop motion of the cation was restricted, causing a significant
increase in T, by 288 K. The fine-tuning of supramolecular
interactions and molecular motions can largely raise the T, and
enables room-temperature ferroelectricity in the supramolecu-
lar ferroelectric systems.'”»*%88:89

3.2 Enhancing ferroelectric properties

It has long been an issue that organic ferroelectrics do not show
good performance as inorganic ferroelectrics. Even though

This journal is © The Royal Society of Chemistry 2022
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organic ferroelectrics have the potential to be used in portable
devices due to their lightweight, solution-processibility and
mechanical flexibility, high ferroelectric properties such as high
Py, high Py, and high ¢, are still rarely observed in an organic
ferroelectric, especially in their polycrystalline forms. Croconic
acid" is a single-component ferroelectric which exemplifies how a
molecular system can give rise to low-field and above-room-
temperature ferroelectricity. It shows a high Pg up to 30 pC
cm 2 and its ferroelectricity can be robust to 400 K. The value of
Py, is even higher than some of the commercial inorganic ferro-
electrics, such as SrBi,Ta,0,°° and BaTiO;.”*

In terms of practical applications, once the thickness of the
ferroelectric thin film is down to the nanometre scale, it needs
a coercive field on the scale of 100 kv cm ™ to achieve fatigue-
resistant switching properties without significant current
leakage.”>*® However, organic ferroelectrics normally show a
low coercive field since they need to overcome a relatively low
energy barrier due to the weak interactions between molecules.
Engineering the intermolecular interactions has been reported
to be an effective strategy to largely increase the coercive field of
an organic ferroelectric. The metal-free organic ferroelectric
MDABCO-NH,I; shows a high P, up to 22 pC em™? which is
comparable to BTO (P, = 26 pC cm™>).'® However, this organic
ferroelectric with excellent ferroelectricity properties still cannot
meet the requirement for practical applications in flexible devices
since the coercive field is far below 100 kV cm ™. By replacing the I
anion with PFs ", a new organic perovskite was synthesised where
strong intermolecular interactions formed between the MDABCO"
cation and the highly electronegative F in PFs~ anion via N-H- - -F
bond.** After introducing extensive intermolecular hydrogen bonds
in the crystal structure, the coercive field of MDABCO-NH,(PF);
finally reached 110 kV em™*, which is about an order of magnitude
higher than MDABCO-NH,];.

Another drawback of organic ferroelectrics is the uniaxial
ferroelectricity, which often prevents the polycrystalline sample
from observing the ferroelectric P-E hysteresis loop. Normally,
the ferroelectricity of organic materials is investigated in its
single-crystal form. This is due to the low symmetry of the
crystal structures which could only give rise to uniaxial ferroe-
lectricity. The random orientation of polycrystalline samples
could almost cancel out the macroscopic ferroelectric response.
Observing ferroelectricity in polycrystalline form requires the
development of multiaxial ferroelectrics. The formation of
plastic/ferroelectric materials offers the opportunity to design
multiaxial ferroelectricity in organic substances.’>#*%%% It is
commonly observed in supramolecular host-guest ferroelec-
trics where the dramatic flip-flop motion of the polar guest
molecule gives rise to ferroelectricity.”® Similar to the molecular
rotator, molecular rotation was also observed in a family of
closely packed organic salts. The globular cation HDABCO' was
used to form a high-symmetric plastic crystal with different
tetrahedral anions.”” Such crystals normally crystallise in a
cubic crystal system and show orientational disorder of the
cation. The paraelectric-to-ferroelectric phase transition
observed in these materials originates from the frozen cation
rotation. Thus, the ferroelectric polarisation switching is
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attributed to the reorientation of the polar organic cation. Due
to the high symmetry of the paraelectric phase, many of the
plastic/ferroelectric show multiaxial ferroelectricity.”®°® The
ferroelectric P-E hysteresis loop can be measured unambigu-
ously by using polycrystalline thin films or pressed pellets.'*

4. Empirical design principles for the
discovery of new organic ferroelectrics

There is an increasing drive to develop new organic ferroelectrics
using empirical design principles to further enhance material
performances. Ferroelectricity requires not only diploes aligned in
an ordered manner without cancelling out each other, but also the
source of the bistable polarisation. Some design principles based
on polarisation switching mechanisms have been employed
to synthesise new materials. Sachio and Yoshinori summarised
design principles involving an acid-base combination and charge-
transfer systems for cocrystals with promising ferroelectric proper-
ties in 2008." Recently, Xiong and coauthors coined the term
ferroelectrochemistry to describe the design principles for
molecular-based ferroelectricity,” which includes quasi-spherical
theory, H/F substitution and introducing homochirality. In this
section, we will summarise four commonly used design principles
for organic ferroelectrics, which are: (1) incorporating polar
compounds that show orientational changes, (2) assembling
hydrogen-bonded compounds that show intermolecular proton
transfer through proton tautomerization, (3) assembling n-=
stacking compounds that show intermolecular charge transfer
and molecular displacements simultaneously and (4) design
principle of bowl-to-bowl inversion, and recent advances by
exploiting these strategies.

4.1 Design of molecular-reorientation
type ferroelectrics

One of the conventional design principles for supramolecular
ferroelectrics involves the use of freely rotating polar molecules.
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The disordering of the polar molecules triggers the phase
transition above T., which refers to an order-disorder type
phase transition.’®>'%* Under the external electric field, due
to the rotational degree of freedom, the orientation of mole-
cular dipoles is reorganised when the direction of the electric
field has switched (Fig. 4(a) and (b)). The key challenge of
designing such organic ferroelectrics is to overcome the energy
barrier for significant molecular reorientations in the solid
state. In a closely packed crystal, molecular motions can be
prevented by steric hindrance. Incorporating polar molecules into
a supramolecular macrocycle or porous frameworks has been
demonstrated to be able to promote the molecular motions and
create excellent ferroelectricity, for example, supramolecular host-
guest systems based on the crown ether®”'% and encapsulation of
a polar molecule such as ethanol within the pores of Metal
Organic Frameworks (MOFs).'**

Quasi-spherical theory (Fig. 4(c)) for controlling molecular
rotation is of particular use for an order-disorder type organic
ferroelectrics. Classic examples of organic ferroelectrics with
high performance are metal-free perovskite ferroelectric'® and
organic salts'>'%>% consisting of a polar HDABCO" cation or
its derivatives. MDABCO-NH,I; undergoes a paraelectric-to-
ferroelectric phase transition at T, = 448 K. The polar MDABCO"
cations rotate freely in the high-temperature paraelectric phase
and align in the same direction in the low-temperature ferro-
electric phase. The hysteresis P-E loop measured from a single
crystal can be obtained clearly up to 418 K which indicates
promising practical applications in the devices.

4.2 Design of proton-transfer type ferroelectrics

The hydrogen bond can play a crucial role in inducing crystal
polarity. Potassium dihydrogen phosphate (KDP) is a prototype
ferroelectric in which the polarisation reversal originates
from the proton transfer between two energetically equivalent
sites on hydrogen bonds (Fig. 5(a)). The polarisation switching
mechanism of KDP has inspired a number of organic ferro-
electrics. To obtain KDP-type hydrogen-bonded organic ferro-
electrics, two requirements were identified by Horiuchi and
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Fig. 4 Molecular-reorientation type ferroelectrics. (a) In-plane molecular rotators of DBIM, TBM(top)*°* and PMNB(down).1°? Reproduced from ref.102
with permission from the Royal Society of Chemistry. (b) Flip-flop dipole rotator of m-FAni* in m-FAni*(DB[18]-crown-6)[Ni({dmit)2]~ crystals. (c) Quasi-

spherical rotator of [3-oxoquinuclidinium]ClO, after tailored(top),'°°

and plastic ferroelectrics of [quinuclidine]lReO4(down).*®> The crystal structure is

generated using a structure (CCDC 1419397) from the Cambridge Structural Database.
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Tokura.? The hydrogen-bonding interactions must be strong
enough to allow the collective site-to-site transfer of protons.
This normally corresponds to a moderate to strong intermole-
cular hydrogen bond.'”'°® Meanwhile, the molecules must
remain chemically identical before and after polarisation rever-
sal. As demonstrated in Fig. 5(b), croconic acid is the first
successful example of KDP-type single-component organic fer-
roelectrics. The molecular structure of croconic acid contains a
unique B-diketone enol unit, promoting an excellent polarisation
switching performance through proton tautomerism between the
keto and enol form."*'% Due to the existence of the p-diketone
enol unit, the molecule can act in a dual role of proton donor and
acceptor. A similar effect could be observed in benzimidazole and
its derivatives, in which imine-enamine tautomerisation allows
the proton transfer between molecules."*

An acid-base combination is another conventional strategy to
produce organic ferroelectrics via intermolecular hydrogen bonds
(Fig. 5(c)). Anilic acid always acts as an acid component in this type.
It has comparable acid dissociation constants to those of carboxylic
acids, indicating the relatively strong proton donating ability. This
molecule is also able to yield strong intra- or intermolecular

hydrogen-bonding interactions through keto-enol tautomeri-
sation.” This interaction could be responsible for the bistable
polarisation in organic ferroelectric materials. Chloranilic acid
phenazine (CA-Phz)'>”>'""11¢ is a well-known organic ferroelectric
cocrystal. It undergoes a phase transition on cooling to 253 K,
where its paraelectric phase (monoclinic P2,/n) transforms to a
ferroelectric phase (monoclinic P2,). Hydrogen bonds play an
important role in its phase transition, evidenced by the significant
change in the Curie temperature of the deuterated compound.*?
The discovery of ferroelectricity in CA-Phz motivated the develop-
ment of several chloranilic acid-based ferroelectric cocrystals."**™"*®

4.3 Design of charge-transfer type ferroelectrics

Charge-transfer (CT) ferroelectrics complexes belong to electro-
nic ferroelectrics in which electronic charge ordering is respon-
sible for the polarisation switching. A CT complex contains
electron donor (D) and electron acceptor (A) species and
typically contains a mixed stack of D and A. In the crystal
structure, when the donor and acceptor are stacked face-to-
face, the electron will transfer from the HOMO of the donor to
the LUMO of the acceptor, as sketched in Fig. 6(a). As a
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Fig. 6 Charge-transfer type ferroelectrics. (a) Schematic diagram of charge transfer in ferroelectric crystals. (b) Molecular structures of the TTF, CA, and
QBrCls(top), polarisation reversal diagram of TTF-CA. Reproduced from ref. 56 with permission from the American Physical Society. (c) Chemical
structure of electron donor (red) and acceptor (blue) molecules (top), and crystal structures of LASO complexes (down). The crystal structure is generated

using structure (CCDC 981516) from the Cambridge Structural Database.
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consequence, the charge transfer occurs due to the valence
instability. An inherent structural instability (also known as the
Peierls instability) turns the equally spaced D" A~ D' A~ D" A~
chain into the dimerised D'A"-D'A™-D'A™ chain. The molecules
in the crystal thus move relatively along the stacking axis, result-
ing in the crystal polarity. The polarisation reversal can be
achieved by forming A"D'-A"D'-A"D' chains. As shown in
Fig. 6(b), tetrathiafulvalene-p-chloranil (TTF-QCl,) and tetrathia-
fulvalene-p-bromanil (TTF-QBr,) are the best-known examples of
mixed-stack CT complexes."”"™"** Recently a supramolecular
macrocycle consisting of quinones was used as an electron
acceptor. Even though its ferroelectric behaviour is ambiguous,
it may promote the development of new types of electron donors
and acceptors.'*®

Lock-Arm Supramolecular Ordering (LASO)' is a newly
developed strategy to allow CT complexes to co-crystallise
rapidly into a polar structure. By following the LASO design
(as shown in Fig. 6(c)), either an electron-donor or an -acceptor
in a charge-transfer complex must be functionalised with “long
arms” that can work as proton-donor and -acceptor for the
formation of hydrogen bonds.'*® The assembly of molecules
is stabilised simultaneously by charge-transfer, hydrogen-
bonding, n-n stacking and van der Waals interactions. Due to
the synergy of different interactions, the ferroelectric P-E
hysteresis loop was successfully obtained at room temperature.
The gigantic P is believed to result from both charge transfer
and proton transfer."”’

4.4 Design of bowl-to-bowl inversion type ferroelectrics

Bowl-to-bowl inversion is commonly capable of inducing fer-
roelectricity in liquid crystals."””®'*® The mechanism of polar-
isation switching is unique to any conventional approach. The
reversal of polarisation is triggered by the up-and-down bowl-
shaped structure inversion along the n-stacking direction.
Recently, the organic molecules designed by the bowl-to-bowl
inversion approach can form one-dimensional columnar stack-
ing in solid crystalline form. As shown in Fig. 7, the trithiasu-
manene (SS) molecule with shallow bowl depth was selected as
the bowl-shaped m-aromatic core.'*® The bowl-inversion barrier
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can be modulated by changing heteroatoms and side-chain
length. During the phase transition of the CnSS (n =6, 8, 10 and
16) molecules, in-plane molecular rotation and inversion take
place at the same time. Above-room-temperature ferroelectri-
cities of the CnSS series were validated by ferroelectric P-E
hysteresis loops at 383, 363, 353 and 336 K, respectively.*!

5. Perspectives on the computational
methods for the discovery of organic
ferroelectrics

Some progress has been made in the synthesis of new organic
ferroelectrics with promising properties, however, it remains
significantly challenging to intuitively predict or design ferroe-
lectricity in organic systems. A comprehensive understanding
of molecular assembly rules and structure-property relation-
ships is needed to design new organic ferroelectrics.

5.1 Pseudosymmetry search

In crystals, ferroelectricity is observed only in materials adopt-
ing polar space groups. To find potential new molecular ferro-
electrics, early studies searched polar crystal structures in the
Cambridge Structure Database (CSD) and performed a pseudo-
symmetry study on the polar structures in order to predict high-
symmetric paraelectric phase.'**'** Some software has been
developed for pseudosymmetry detection. Several new ferro-
electrics have been reported by following these procedures.
Zikmund et al. performed a symmetrical analysis on the polar
crystal structures using the CSD, and found a weak ferroelec-
tric, the cyclohexane-1,1'-diacetic acid in 1994."% Several
single-component molecular ferroelectrics based on proton
tautomerism were discovered using this method by Horiuchi
et al., especially the discovery of croconic acid in 2010." All
these compounds were extracted as the candidates from the
CSD, and their ferroelectricity was confirmed by the P-E
hysteresis loop. These materials also exhibited good material
performances. However, searching for a polar crystal structure
has not achieved much success because there are other factors

H2n+1Ch0O

Bowil-to-bowl inversion

-%f. ey :
OCHan41 E ) Ti&f\ *‘:‘-;;?%

v

Fig. 7 Molecular structure and polarisation reversal diagram of CnSS. Reproduced from ref. 131 with permission from Springer Nature.
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needing consideration for ferroelectricity design. The relative
interactions between adjacent dipoles can be cancelled out in
the crystals, leading to antiferroelectricity. Therefore, organic
ferroelectrics have been synthesised in large numbers but only
a few ferroelectric properties have been found.

5.2 Computational simulations

The search for new organic ferroelectrics would involve
ferroelectric mechanisms. This is a fundamental design chal-
lenge, relevant to all supramolecular materials, which can be
addressed by simulations. Computational simulations can
provide insights at all stages of the development and character-
isation of supramolecular materials over a wide range of time
and length scales from rationalising and predicting the struc-
tures and properties of organic ferroelectrics. A variety of
computational methods have been applied to study different
aspects of ferroelectrics. Theoretical spontaneous polarisation
can be calculated by the Berry phase theory."*®'*” First-
principles electronic structures calculations were performed
to evaluate the spontaneous polarisation. For the hydrogen-
bonded organic ferroelectrics, the calculated spontaneous
polarisations are in good agreement with the experimental
ones, which can be used to predict the material perfor-
mance.'*° In addition, Stroppa and coauthors used molecular
dynamic simulations to provide new insights into the mecha-
nism of phase transition of di-isopropyl-ammonium halide
molecular crystals."”® Furthermore, Walsh and coauthors
described the ferroelectricity of the proton transfer ferroelectric
croconic acid by selecting the correct subset of its phonon
modes and provided a deeper look at proton transfer
ferroelectrics.® Kinetic Monte Carlo simulations were used to
study switching kinetics in organic ferroelectrics. Both hyster-
esis loops and depolarisation curves were simulated for a large
range of temperatures and timescales to investigate different
flipping modes in this material."**

5.3 Crystal structure prediction (CSP)

The majority of the functional properties and the potential
applications are related to their solid state. Therefore, elucidat-
ing the structure of the solid form and understanding how this
is related to the observed behaviour of the material is a
fundamental stepping stone in achieving the rational design
of organic ferroelectrics. However, we believe there is a lack of
research in the area. Zeng and coauthors applied Crystal
structure prediction (CSP) and density functional theory
(DFT) geometry optimisation to predict tens of thousands of
packing structures and design new ferroelectric organic mole-
cular crystals with ultrahigh polarisation."*® Although the
development of CSP methods was driven by the pharmaceutical
industry, they have begun to be applied in the field of materials
science in the last few years. Recently, CSP has been used to
calculate the most energetically favourable crystal packing for
porous organic cages (POCs). Energy structure-function (ESF)
maps are a combination of CSP with each structure-property
prediction, which is an exciting strategy for the screening of
candidates of organic molecules for desirable properties.'*"**>

This journal is © The Royal Society of Chemistry 2022
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By the fact that many thousands of polymorphs need to be
screened for their crystal packings and accurately predicted
solid state properties, CSP is currently computationally expen-
sive. The ultimate goal is to identify more reliable methodolo-
gies (combined Machine learning (ML) approach with CSP) to
predict molecular packing motifs and crystal structures and
accelerate the discovery of new materials. We believe this would
have a disruptive impact on the field of organic ferroelectrics.

5.4 High-throughput computation and synthesis

Additionally, to explore the vast possibility of supramolecular
ferroelectrics and underpin the structure-function relation-
ships, an efficient chemical toolkit would be of great utility.
In the past few years, there has been emerging interest in
the development of high-throughput computation and synth-
esis targeting the discovery of materials with particular
applications."*? For example, these methods have been success-
fully applied to many types of supramolecular materials such as
POCs,'** MOFs'*® and organic polymers."*® However, the use of
a high-throughput approach for supramolecular ferroelectricity
is rare, which is partly due to the difficulties in predicting the
structure and the difficulty raised in characterising the libraries
of ferroelectrics. Given the vast organic material search space,
we also believe integrating computational and robotic workflow
might be a better platform to design and synthesise and
evaluate extremely large numbers of materials. In this case,
the number of materials that can be realised and tested will be
increased by several orders of magnitude for accelerated
organic ferroelectrics discovery. It can be expected that artificial
intelligence (AI) algorithms can provide new ways to explore the
chemical space of supramolecular ferroelectrics by truly per-
forming the ‘inverse design’ of materials based on designing a
material with optimal properties.

Summary and outlook

The field of ferroelectrics has just celebrated the centenary of
the discovery of the Rochelle salt crystal."*” However, taken as a
percentage of all known organic molecules, ferroelectricity in
organic solids remains underexplored, and the number of high-
performance organic ferroelectrics is extremely rare, which
hinders their practical applications. Therefore, the design of
new organic ferroelectrics with promising ferroelectric proper-
ties should be of great interest.

In this perspective, we summarised several important
aspects of organic ferroelectrics from the fundamentals of
ferroelectricity to the chemical structure modification strate-
gies for improving the ferroelectric performance of organic
ferroelectrics. Design principles for new molecular ferroelec-
trics have been highlighted to accelerate organic ferroelectrics
discovery.

Even though the field of organic ferroelectricity has reached
some maturity after more than 100 years of research, many
fundamental questions remain open, and the exploration of
new systems is highly needed. We believe that the most
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important results and discoveries have not yet been realised.
Here, we highlight some of the challenges and opportunities
that lie ahead and can be tracked:

(1) The tendency to crystallise in a centrosymmetric struc-
ture makes organic molecules rarely possess ferroelectricity.
How to construct polar crystal structure effectively is essential
to creating ferroelectricity. The molecular crystal packing is
often dictated by weak, competing intermolecular interactions
which rarely obey simple rational design principles. Hence, the
a priori design of materials with predetermined desirable
properties is one of the most challenging tasks. The integration
of CPS with property predictions to generate ESF maps would
offer a strategy for autonomous design for polar crystal struc-
tures. For example, for hydrogen-bonded organic molecular
ferroelectrics and charge-transfer organic molecular ferroelec-
trics, ESF maps could have a valuable role to play in the
selection of building blocks and the virtual screening of candi-
dates of organic molecules.

(2) Developing a polarisation switching process is key to
ferroelectricity. How to overcome the energy barrier of the
reorientation of dipole moments is crucial for achieving ferroe-
lectricity in the solid state. Even though the diversity of design
principles has vastly increased over the century, a few organic
ferroelectrics are able to show high performance. Due to the
close relationship between the crystal structure and the ferroe-
lectricity, we would like to emphasise the fundamental impor-
tance of understanding the structure-property relationship for
ferroelectrics design. The use of an XRD analytical method such
as the symmetry-adapted distortion mode analysis and compu-
tational simulations would be a powerful combination for the
comprehensive study of the structure-property relationship
from both experimental and computational aspects.

In summary, we have given an outlook of the organic ferro-
electric design principles. With these features in mind, we
believe the research field will overcome a major bottleneck in
the design and discovery process, offering the potential to
accelerate material discovery.
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