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In the last several years, we have witnessed significant advances in molecular ferroelectrics, with the

ferroelectric properties of molecular crystals approaching those of barium titanate. In addition, ferroelectricity

has been observed in biological systems, filling an important missing link in bioelectric phenomena.
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In this perspective, we will present short historical notes on ferroelectrics, followed by an overview of
the fundamentals of ferroelectricity. The latest developments in molecular ferroelectrics and biological
ferroelectricity will then be highlighted, and their implications and potential applications will be

discussed. We close by noting molecular ferroelectric as an exciting frontier between electronics and
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1. Introduction

When a dielectric is placed in an electric field, it becomes
polarized - positive and negative charges are separated, producing
a dipole with dipole moment given by the product of the charges
and their separation distance. The polarization is then defined as
the dipole moment per unit volume. Simultaneously, the dielectric
experiences an electrostrictive strain, which is quadratic to the
polarization, though the electrostriction is usually negligibly small
and bears no practical significance. However, if the dielectric is
not central-symmetric, a relatively large piezoelectric strain propor-
tional to the electric field is also possible. Among 21 crystalline
classes without a symmetry center, 20 of them are piezoelectric,
within which 10 of them possess a unique polar axis that is
spontaneously polarized." These 10 polar classes are referred to
as pyroelectric, whose spontaneous polarization varies with
temperature. If such spontaneous polarization can be reversed
by an external electric field, then the pyroelectric is also ferro-
electric, and ferroelectricity refers to the switchability of spon-
taneous polarization, which usually results in a hysteresis loop
between polarization and the electric field. The relationships
among dielectric, piezoelectric, pyroelectric and ferroelectric
materials are shown in Fig. 1(a), and a schematics of polariza-
tion switching in ferroelectrics are shown in Fig. 1(b).
Ferroelectrics are fascinating materials with versatile properties
and important applications in data storage, sensing, actuation,
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biology, and a number of challenges ahead are also described.
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Fig. 1 (a) The relationships among dielectric, piezoelectric, pyroelectric and
ferroelectric materials; (b) bipolar state of ferroelectrics that can be switched
by external electric field.

energy harvesting and electro-optic devices, among others.>
Recently, we have witnessed exciting progress in molecular
ferroelectrics and biological ferroelectricity. For example, molecular
ferroelectrics with properties comparable to those of perovskite
oxides have been synthesized,* and ferroelectricity in biological
materials and systems have been observed.>® In this perspective,
we will present short historical notes on ferroelectrics, followed by
an overview of the fundamentals of ferroelectricity. The latest
developments in molecular ferroelectrics and biological ferro-
electricity will then be highlighted, and their implications and
potential applications will be discussed. This is not intended to
be a comprehensive review of state of the art; rather it reflects
our personal reflections and perspective on the field.

2. Historical notes

The history of ferroelectrics can be traced back to 1655, when
Rochelle salt was first separated by Elie Seignette in France,
though pyroelectricity has been known since ancient times. But
it was not until more than 200 years later that the piezoelectricity
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of Rochelle salt was established by Curie’s brother in 1880.°
It took another 40 years before the hysteretic nature of Rochelle
salt polarization was demonstrated by Joseph Valasek in 1920,
who coined the term ‘ferroelectric’ to reflect its analogies with
ferromagnetism. For a while, Rochelle salt was the only known
ferroelectric material, until ferroelectricity was discovered in
KH,PO, (KDP) by Busch and Scherer in 1935.'" The break-
through came in the 1940s during the Second World War, when
barium titanate (BTO) of a simple perovskite structure was
synthesized, with its ferroelectricity demonstrated by von Hippel
in 1945."% Piezoelectric transducers were developed, and many
new ferroelectric perovskite oxides were synthesized. The most
notable one was lead zirconate titanate (PZT), first reported by
Shirane and coworkers in 1952," and its ferroelectricity was
demonstrated by Sawaguchi in 1953." Today, PZT remains the
most widely used ferroelectric materials, though its lead content
is a major environmental concern, and there are considerable
efforts to search for its lead-free alternatives.

While ferroelectricity was first observed in Rochelle salt,
a molecular crystal, the rapid advances of the field only
occurred after the development of ionic ferroelectrics such as
BTO and PZT. These perovskite oxides exhibit superior ferro-
electric properties, orders of magnitude higher than those
of molecular crystals, though they are rigid and heavyweight,
contain toxic lead, and require high temperature processing. In
1969, strong piezoelectricity was discovered in polyvinylidene
fluoride (PVDF) by Kawai,'®> and its ferroelectricity was sub-
sequently verified,"®"” with spontaneous polarization measured
around 8 pC cm™ -, on the same order of barium titanate. This
opens the door for practical applications of PVDF and its
copolymers, which are soft and flexible, lightweight, lead free,
processed at relatively low temperature, and biocompatible.
Today, PVDF and its copolymer are the most widely used ferro-
electric polymers, though a number of exciting new molecular
ferroelectrics have been developed in recent years, with pro-
perties approaching those of BTO, which has motivated this
perspective.

Another exciting advance closely related to molecular ferro-
electrics is the recent observation of biological ferroelectricity.
Piezoelectricity in biological systems was noticed first in 1940.
When wool fibers are rubbed together the sign of the electric
charges produced by friction, the so-called triboelectric charges,
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Fig. 2 Ferroelectric hysteresis (a) and butterfly loops (b).
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depends on the type of rubbing, and A. J. P. Martin attributed
such a phenomenon to pyroelectric and piezoelectric effects.®
Former Soviet Union physicist Bazhenov and his colleagues
observed piezoelectricity in wood in early 1950s,'*2° and Eiichi
Fukada and Yasuda Iwao published a landmark paper in 1957,
reporting piezoelectricity in bone.>" Many biological tissues
were proven piezoelectric afterward, leading to speculation
that piezoelectricity is a fundamental property of biological
tissues.”> For example, it was suggested that piezoelectricity
played an important role in bone growth and remodeling.** Not
long after the discovery of biological piezoelectricity, pyro-
electricity was reported in bone and tendon by Sidney Lang in
1966,>* and subsequently in many other biological systems as
well,*® leading to speculation of the existence of biological
ferroelectricity,”® as one would expect from Fig. 1(a). There
are actually fascinating theories developed on biological ferro-
electricity for ion channels, hypothesizing conformational tran-
sitions in voltage-dependent ion channels in terms of transitions
from a ferroelectric state to a superionically conducting state.>”
These theories were motivated by a number of experimental
observations in ion channels, and a relation between ferro-
electricity, liquid crystals and nervous and muscular impulses
was predicted by von Hippel. Nevertheless, no direct experi-
mental evidence has been presented until very recently, and it
took almost 50 years for biological ferroelectricity to be demon-
strated experimentally since Lang’s discovery of biological pyro-
electricity. The observations of ferroelectricity in biological
systems fills an important missing link in not only bioelectric
phenomena, but also molecular ferroelectrics, which we believe
stand right between electronics and biology.

3. Fundamentals of ferroelectricity

There are a number of excellent monographs on ferroelectricity,
and the readers can refer to the classical book of Lines and
Glass® for more information. The defining characteristics of
ferroelectrics is the possession of spontaneous polarization P
that can be switched by an external electric field E, resulting in
a polarization-field hysteresis loop, as shown in Fig. 2(a), from
which the spontaneous polarization Ps, remnant polarization
P,, and coercive field E. can be identified. Such spontaneous
polarization also provides an internal bias to the ferroelectric,

(b)
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resulting in the loss of central-symmetry and a large piezo-
electric strain ¢,”

&= Q(Ps + 1E)* ~ QPs* + 2Q1PE, (1)

where the first term is quadratic electrostrictive strain, and the
second term is linear piezoelectric strain; Q and y are electro-
strictive coefficient and dielectric susceptibility, respectively.
Since Q does not vary much among different materials,” eqn (1)
suggests that large spontaneous polarization and dielectric
susceptibility can lead to a large piezoelectric effect, which is
consistent with experimental observations, and explains why a
good ferroelectric is usually a good piezoelectric as well. Further-
more, as electric field and spontaneous polarization are both
reversed, the field induced strain does not change sign, which is
evident from eqn (1), resulting in a characteristic butterfly loop
between the strain and electric field, as shown in Fig. 2(b), which
is symmetric with respect to the axis of zero field.

A uniform distribution of polarization is usually energeti-
cally disfavored due to the large depolarization field associated
with it, and ferroelectrics often form complicated microscopic
domain patterns with distinct polarization distribution to mini-
mize the electrostatic energy. Indeed, the macroscopic ferroelectric
hysteresis loop does reflect the evolution of microscopic domain
patterns under an external electric field, as shown schematically in
Fig. 2(a). In addition, the spontaneous polarization decreases with
increased temperature 7, from which the pyroelectric current can
be measured, with pyroelectric coefficient p defined as”

dp,
P=ar @)

whose sign depends on the direction of the polar axis. There
exists a Curie temperature T, upon which the structural phase
transition occurs and the material becomes non-polar, and the
spontaneous polarization vanishes. The microscopic mechanism
of phase transition can be either order-disorder or displacive type,
and the dielectric constant k often shows an anomaly approaching
phase transition, as described by the Curie-Weiss law,’

C

K/K() = ﬁ, (3)

where k is the permittivity of vacuum, C is the Curie constant,

and T, is the Curie-Weiss temperature. Many molecular ferro-
electrics show order-disorder transition with C on the order of
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Fig. 3 Schematics of PFM (a) and switching PFM (b).
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10° K while oxide ferroelectrics are usually displacive type
with C on the order of 10° K. Some ferroelectrics show mixed
characteristics of order-disorder and displacive transition as well.
Depending on whether the spontaneous polarization changes
continuously or discontinuously at the Curie point, the phase
transition can also be classified as second or first order.
Because of the nonlinear relationship between the polariza-
tion and electric field in ferroelectrics, they also show a notable
electro-optic effect and possess nonlinear optic coefficients. In
particular, it can be shown that the second order nonlinear
optic coefficient ) scales with spontaneous polarization,*®

2 o P, (4)

which has been confirmed by experimental data.*® This sug-
gests that ferroelectrics with large spontaneous polarization
would have large second harmonic generation (SHG) as well.

There are a number of methods to identify possible ferro-
electricity in a material. The ferroelectric phase transition can
be studied by differential scanning calorimetry (DSC) and X-ray
diffraction (XRD). The transition from a high temperature non-
polar phase to a low temperature polar structure can also be
captured by the emergence of SHG at the Curie point, based on
eqn (4), and a dielectric anomaly in the form of eqn (3) is also a
good indication of ferroelectric phase transition. Nevertheless,
a hysteresis loop measured by the Sawyer-Tower circuit is the
most straightforward demonstration of ferroelectricity, and is
considered as the signature of polarization switching. Measure-
ment of the pyroelectric current by dynamic temperature change
is another method,

. AdP, dT

= dt = pAEa (5)

where A is the area of surface electrode, and the reversal of
pyroelectric current is a good sign of polarization switching.
All these techniques have been employed to study molecular
ferroelectrics.

The macroscopic hysteresis measurement might not always
be possible, especially for materials with large coercive field or
leakage current, or for materials that are difficult to grow into a
large sample. The emergence of piezoresponse force micro-
scopy (PFM) offers a powerful tool to probe local piezoelectricity
and ferroelectricity at the nanoscale.?® The principle of PFM is
shown schematically in Fig. 3(a). An AC voltage is applied to the
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specimen by the conductive scanning probe microscopy (SPM)
tip, and if the material is piezoelectric, local piezoelectric
vibration will be excited, which is measured by the laser diode.
The amplitude of the PFM vibration reflects the magnitude of
the piezoelectric coefficient, while the PFM phase reflects the
direction of the polar axis. Thus by scanning over the sample,
mappings of PFM phase and amplitude will be obtained,
representing the underlying ferroelectric domain structure.
Furthermore, by imposing the AC voltage on top of a sequence
of DC voltage, as shown in Fig. 3(b), wherein the DC voltage is
used to switch the spontaneous polarization and AC voltage is
used to excite the piezoelectric vibration for measurement,
a characteristic phase-voltage hysteresis loop and amplitude-
voltage butterfly loops can also be obtained. It is worth empha-
sizing that the PFM hysteresis loop, while indicating reversal of
the polar axis through the switching of PFM phase, does not
measure the polarization as in the classical Sawyer-Tower
circuit, and thus no spontaneous polarization can be obtained
directly from PFM measurement. Nevertheless, the existence of
PFM phase contrast and the reversal of a PFM phase under
external voltage is a good indication of ferroelectricity, and this
turns out to be instrumental in recent probing of molecular and
biological ferroelectrics.

4. Recent developments of molecular
ferroelectrics

Microscopically, ferroelectricity can arise from either displacive
or order-disorder transition, and both types have been explored
in molecular systems. Although relative ionic displacement in
perovskite oxides has resulted in large spontaneous polariza-
tion and excellent piezoelectric and ferroelectric properties in
BTO and PZT, such a mechanism is less successful in molecular
systems. One recent example is 4-(cyanomethyl) anilinium
perchlorate (CMAP), which recorded a hysteresis loop with
spontaneous polarization of 0.75 uC cm ™2, slightly smaller than
those estimated from DSC (0.99 uC cm™?).>® Detailed structure
analysis suggested that NH;" and ClO,” ions are displaced
upon phase transition, resulting in a separation of positive
and negative charges with a dipole moment of 1.49 Debye,
from which the spontaneous polarization is calculated to be
1.06 pC cm 2, in good agreement with DSC and heat capacity
measurements. It is interesting to note that the dipole moment
of CMAP is comparable to that of BTO (3.18 Debye), yet the
spontaneous polarization is much smaller, because its molecular
volume is much larger. This is indeed one of the limiting factors
for displacive molecular ferroelectrics. In the following, we
summarize four strategies in searching for high performance
molecular ferroelectrics that have been explored recently. More
information can be found in recent comprehensive reviews,**>*
though a number of exciting advances have been made since
then, which we will highlight.

The first strategy is to utilize the oppositely charged electron
donor (D) and acceptor (A) in the charge transfer complex,
especially in multi-component systems, to create a polar structure.
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Fig. 4 Schematics of neutral-to-ionic transition in the charge transfer complex.
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The idea is to explore the molecular chain configuration
between a regular neutral state - - -D°A’ - - and a polar dimerized
ionic state ---(D'A7)---, which has two equivalent configura-
tions with opposite dipole moment, as shown in Fig. 4. One
successful example is the tetrathiafulvalene-p-chloranil (TTF-CA)
complex, in which electronic and structural changes are coupled,
with TTF serving as the electron donor and CA as the acceptor.
Using time-resolved XRD, a photoinduced paraelectric-to-
ferroelectric phase transition has been observed.’” The neutral
state is made of homogeneous nonpolar chains where molecules
of D and A are regularly stacked. Photons excite DA pairs into an
ionic state, and the coupling between the relaxed species makes
the system switch to a metastable macroscopic ferroelectric state.
The transition occurs at a low temperature of 81 K. A similar
neutral-to-ionic transition has also been observed in TTF-QBrCl;
complex, which has a quasi-1D structure composed of mixed
stacks of a m-electron donor (TTF) and acceptor (QBrCl;), under-
going the first order transition at 70 K.** At high temperature the
system is nominally neutral with a degree of charge transfer of 0.3,
and at low temperature it is ionic with a degree of charge transfer
of 0.6. Associated with this neutral-to-ionic transition the sym-
metry is broken via DA dimerization, resulting in spontaneous
polarization, as indicated by the measurement of pyroelectric
current and the dielectric anomaly. Further insight was gained
in 2012, when the hysteresis loops were recorded for both TTF-CA
and TTF-QBrCl; complexes, yielding a large remnant polarization
of 6.3 uC cm ™2 and 6.7 uC cm?, respectively, complemented by
the measurement of the dielectric anomaly.** It was noted that the
contribution from molecular dipole moments and ionic polariza-
tions to the observed polarization is negligible, and the major
contribution is electronic polarization due to colossal effective
Born charges of opposite ions enhanced by strong orbital hybrid-
ization. This is certainly worth further investigation and explora-
tion. It was argued that their ferroelectricity is governed by
intermolecular charge transfer rather than simple displacement
of static point charge on molecules, and in fact, the macroscopic
polarization was thought to be antiparallel to the ionic displace-
ment. They thus are considered as rare electronic ferroelectrics.
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While TTF-CA and its derivatives show fascinating ferro-
electric properties at low temperature, supermolecular networks
of charge transfer complexes between a pyromellitic diimide-
based acceptor (A) and donors that are derivatives of naphthalene
(D2), pyrene (D3) and TTF (D4) have recently been developed,
showing good ferroelectricity at room temperature.*® These polar
and switchable systems utilize a structural synergy between a
hydrogen-bonded network and a charge transfer complex of
donor and acceptor in a mixed stack, which self-assembles
into an ordered three-dimensional network, stabilized by four
non-covalent bonding interactions, including charge-transfer,
hydrogen-bonding, n-n stacking and van der Waals forces.
Polarization hysteresis was observed in complexes of A-D2,
A-D3 and A-D4 at 300 K with remnant polarizations exceeding
1 uC em . At the low temperature of 7 K, the polarization for
complex A-D4 was found to be as large as 55 pC cm 2, the
highest among known molecular systems. It also exhibits a
large dielectric constant over 400 at room temperature, though
no dielectric anomaly was observed throughout the temperature
range probed. Such large spontaneous polarization is believed to
result from the combination of the charge-transfer process and
proton dynamics of orientational, displacive and/or transfer-type
mechanisms associated with hydrogen bonds in the inter-
molecular space within the crystal, and this points to another
direction for molecular ferroelectrics.

The second strategy for molecular ferroelectricity is to utilize
proton transfer in hydrogen bond, which is involved in early
ferroelectrics such as Rochelle salt and KDP, leading to sugges-
tions that hydrogen bonding is necessary for ferroelectricity,
which was proven to be incorrect later by perovskite oxides. In
KDP, the spontaneous polarization arises mainly from displa-
cement of PO,*>” ions, while collective site-to-site transfer of
protons in the O-H.- - -O bonds switches the polarization. It thus
shows mixed characteristics of order-disorder and displacive
transition. Some recent analogs of KDP ferroelectrics are
[CeH,N,]"-ClO,~ (dabcoHClO,) and [C¢H,N,]"-BF,~ (dabcoHBF,),*®
both of which contain chains of dacboH" cations bonded by
N-H---N hydrogen bond. At room temperature the acidic
hydrogen atoms are ordered in the hydrogen bonds, and dynamic
disorder of the ions increases when approaching the Curie
temperature. Because of the disorder of protons and anions,
the chains lose their polarization. Below T, the ordering of the
anions and protons breaks the symmetry and results in the
spontaneous polarization. The direction of the spontaneous
polarization is perpendicular to the chains and to hydrogen
bonds, and from the displacements of anion and dabcoH"
cation, the spontaneous polarization of dabcoHBF4 is estimated
to be 4.34 puC cm 2, in good agreement with the experi-
mental measurement of 4.6 uC cm ™. This thus suggests that
the bistable hydrogen bond is an effective mechanism for
molecular ferroelectrics. Indeed, spontaneous polarization as
high as 16.5 pC cm > has been subsequently observed in
[CeH1,N,H]-ReO,~ (dabcoHReO,),”” wherein all bistable N-H- - -N
hydrogen bonds are parallel and directed in the same sense,
instead of following a zigzag pattern. The spontaneous polari-
zation thus derives from the parallel hydrogen bonds and
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aligned polar cations in addition to ionic displacement, resulting
in a high spontaneous polarization. In other KDP type of ferro-
electrics, the contribution from the proton itself to the sponta-
neous polarization is minor.

Hydrogen bonding also plays an important role in ferro-
electric m-conjugated molecular compounds, consisting of a
supramolecular assembly of molecules of hydrogen donor (D)
and acceptor (A) using a highly directional nature. For example,
phenazine (Phz) molecule was used as the base (A), and chloranilic
acid (H,ca) and bromanilic acid (H,ba) were used as the strong
dibasic acids (D).*® In these compounds, proton donors or
acceptors reside symmetrically on both sides of the respective
molecules to form an infinite supramolecular chain through
the intermolecular hydrogen bond, as shown in Fig. 5. The
crystal structures of Phz-H,xa are nonpolar at room tempera-
ture, and both D and A molecules are located at the center of
inversion without any disorder in the atomic positions. This
suggests that the ferroelectric transition is displacive instead
of order-disorder. Hysteresis measurement at 160 K revealed
spontaneous polarization over 1 uC cm 2. According to the
crystal structure analysis, the displacement of Phz molecules
relative to Hyca is only 0.01 A along the stacking axis, and thus
the calculated spontaneous polarization is only 0.07 pC cm ™2,
much smaller than the experimental value. The discrepancy
was attributed to arise from molecular dipole and delocalized
electrons in the crystal through intermolecular interaction, and
the strong hydrogen bonding suggests possible tautomerism
that transforms the neutral crystal with O-H- - -N bonds into the
ionic state with O---H-N" bonds and simultaneously changes
the m-electron molecular geometry. The approach thus demon-
strated a concept of molecular ferroelectrics that constitutes:
(i) supramolecular structure by co-crystallization of different
molecules; (ii) m-conjugated characteristics; and (iii) strong
intermolecular hydrogen bonds.

Recently, cooperative proton tautomerism was also demon-
strated in single-component ferroelectric croconic acid, with a
room temperature spontaneous polarization as large as 20 pC cm >
measured by both hysteresis loop and pyroelectric current.” The
molecules are hydrogen bonded into a 2D polar sheet, and each
one transfers two hydroxyl protons to the carbonyl groups of
adjacent molecules during the polarization reversal. A number of
characteristics are worth mentioning. Firstly, the molecule has
rather large dipole moment, measured to be 9-10 Debye in dioxane
solution, which is close to the density functional theory calculation
of 7-7.5 Debye. Secondly, the system has hidden pseudo-centricity
in its polar phase, and such a small deviation from paraelectric
structure makes polarization reversal much easier, realized through

SHsss
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Fig. 5 Schematics of hydrogen bond mechanism in molecular ferroelectrics
Phz-Hyxa.
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the cooperative transformation from O-H- - -O bond to O- - -H-O
bond and vice versa with the simultaneous n-bond switching
process. It thus experiences less steric hindrance for polariza-
tion reversal than bulk molecular rotation. Nevertheless, no
ferroelectric phase transition has been observed. Along similar
lines, the B-diketone enol O—C-C—C-H moieties have been
explored as a simple prototype for ferroelectric tautomerism.*”
The hydrogen bonding between terminal oxygen atoms links
these units in a head-to-tail manner, forming an extended polar
molecular chain. The proton transfer therein and the con-
current switching of the m-bond alternation (the keto-enol
transformation) can reverse the chain polarity when both
occurring cooperatively.*® By searching for the polar structures
with diminished deviation from central-symmetry to ensure easier
polarization switching, three single-component ferroelectrics have
been discovered, including 2-phenylmalondialdehyde (PhMDA),
3-hydroxyphenalenone (3-HPLN), and cyclobutene-1,2-dicarboxylic
acid (CBDC), all having a relatively high Curie temperature around
400 K. These studies established that high-performance ferro-
electricity is not specific to croconic acid, and a similar mecha-
nism works in other molecular crystals as well.

By searching the crystal database for polar structures with
relatively high melting temperature, exciting molecular ferro-
electrics have recently been discovered, including diisopropyl-
ammonium chloride (DIPAC) that has a spontaneous polarization
of 8.9 uC em™? and a Curie temperature of 440 K,*° and
diisopropylammonium bromide (DIPAB) that has a sponta-
neous polarization of 23 uC cm™> and a Curie temperature
426 K.*"! The structure phase transition of DIPAB is shown in
Fig. 6(a). Comprehensive structure and functional characteriza-
tions of these systems have been carried out, which established
the ferroelectricity and ferroelectric phase transition convincingly.
These include DSC, XRD, and SHG, all confirming structure phase
transition at the Curie point, upon which a classical dielectric
anomaly was observed that can be fitted by the Curie-Weiss law.
The Curie-Weiss constant was found to be 1.32 x 10* K, con-
siderably larger than other molecular ferroelectrics. Away from the
phase transition, DIPAB shows a large dielectric constant and a
low dielectric loss at room temperature, in addition to its excellent
ferroelectric properties. A characteristic lamellar domain pattern
has been revealed by PFM, as shown in the amplitude and phase
mappings in Fig. 6(b), where the color in the amplitude mapping
(left) indicates the magnitude of the piezoresponse, while the
two different colors in the phase mapping (right) indicate two
domains with opposite polarization directions. The domain
walls are evident in the phase mapping, which is also reflected in
the amplitude mapping by reduced piezoresponse (blue), across
which the polarization direction is different, yet the amplitude is
similar. Phase-voltage hysteresis loops and amplitude-voltage
butterfly loops were recorded as well, as shown in Fig. 6(c) at
three different locations. In addition the P2, point group sym-
metry of DIPAB was verified by vertical and lateral PFM as well.
The ferroelectricity is believed to arise from the order-disorder
behavior of the N atom. When the DIPAB were heated above
426 K, it is observed that the nitrogen atoms enter an apparently
disordered state, resulting in a central-symmetric structure.
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Fig. 6 Ferroelectricity of DIPAB; (a) structure transition; (b) PFM amplitude and
phase mappings; and (c) PFM hysteresis and butterfly loops.

First principles calculations suggest that the emergence of the
spontaneous polarization in DIPAB is driven by a cooperative
atomic distortion that breaks the mirror symmetry plane of
each single molecule, resulting in an asymmetric arrangement
of the charges. Clearly, DIPAB is a molecular ferroelectric with
high spontaneous polarization and Curie temperature that
are comparable to BTO, has high dielectric constant and low
loss, and exhibits good piezoelectric properties; all these
attributes make it a viable molecular alternative to perovskite
ferroelectrics.

Finally, we point out that metal organic coordination com-
pound (MOCC) is another promising way to develop molecular
ferroelectrics, utilizing the strong and highly directional metal-
ligand coordination bonds. This topic has recently been reviewed
comprehensively.*’ MOCC bears the advantages of both organic
ligands and inorganic ions, with the organic component posses-
sing tailorability, m-conjugation and chirality while the inorganic
metal ion possesses hybrid orbital diversity and excellent electronic,
magnetic and optical properties. [Co(u)Cl;(H-MPPA)] is one of the
successful examples, wherein a 3D framework is created through
hydrogen bonds.*” It has a nice hysteresis loop with sponta-
neous polarization of 6.8 uC cm™?, and the direction of the
spontaneous polarization is perpendicular to the chains and
hydrogen bonds. The ferroelectricity of [Co(u)Cl;(H-MPPA)] is
thought to arise from bistable hydrogen bonds, similar to that in
dabcoHReO,. Much attention has also been focused on MOCC
with perovskite-type structure, and Wang and Gao reported
[NH,][Zn(HCOO);],** a three-dimensional chiral metal formate

This journal is © the Owner Societies 2013


http://dx.doi.org/10.1039/c3cp52501e

Published on 09 August 2013. Downloaded by Boston University on 07/11/2013 20:09:07.

(a) %0 (b)

-
J
|

s0{ Ella
20
10

0
=104

a

P (uC/cm?)

M(up/f.u.)

=204
-304

-404

-50 T T T T T T
25 20 <15 10 -5 0 5 10
E(kV/cm)

15 20 25

View Article Online

0.018 1.5 2
. - . 5K
= D H_la 20
0.015- ™ = 0.5 3CK J18
' == 00 1165
0.012- J1as
1122
0.009
{10x
0.006- {8 =
16
0.003 14
0.000 72
0

Fig. 7 (a) Ferroelectric hysteresis loop and (b) magnetic transition of [C;HsNH3],[CuCl,];** reprinted with permission from B. Kundys, A. Lappas, M. Viret, V.
Kapustianyk, V. Rudyk, S. Semak, C. Simon and I|. Bakaimi, Phys. Rev. B: Condens. Matter Mater. Phys., 2010, 81, 224434. Copyright (2010) by the American Physical

Society.

framework compound, which undergoes a paraelectric-to-
ferroelectric phase transition at 191 K triggered by the disorder-
order transition of NH," cations; a ferroelectric hysteresis loop has
been successfully recorded.

Within the group of ferroelectric MOCCs, we note [C,HsNH;],-
[CuCl,] as a molecular multiferroic.** It possesses a perovskite-type
layered structure, and there are infinite layers of corner-sharing
Jahn-Teller distorted CuCls octahedra with layers of ethyl-
ammonium groups attached to each side. The ethylammonium
heads form strong hydrogen bonds to all of the eight chloride
ions. A dielectric anomaly is found around 247 K, and the phase
transition is of the second-order type, with its origin ascribed to
the ordering of the organic [C,H;NH;]". It has a large remnant
polarization of 37 pnC em™? at 77 K, as shown in Fig. 7(a), and
even more interestingly, it shows ferromagnetic interactions with
a magnetic phase transition at T, of 10.2 K, as shown in Fig. 7(b).
This suggests that in such hybrid perovskites, the underlying
hydrogen bonding of easily tunable organic building blocks in
combination with the 3d transition-metal layers offers an emerging
pathway to engineer molecular multiferroics, which opens exciting
frontiers in molecular electronics and spintronics.

5. Emergence of biological ferroelectricity

In addition to the substantial progresses in molecular ferro-
electrics that has been made in the last a few years, exciting
developments have also emerged in electromechanical coupling
of biological systems. Toward this end, it is first noted that the
imidazole unit, which is ubiquitous in biological systems, has
recently been explored for molecular ferroelectrics as well. Its
proton donor and acceptor moieties easily bind molecules into a
dipolar chain, which is often bistable in polarity, and is electrically
switchable through proton tautomerization.*® Indeed, polariza-
tion hysteresis loops reveal high spontaneous polarization
ranging from 5 to 10 uC cm %, and such molecular ferro-
electrics stand right between electronics and biology, offering
numerous opportunities for bio-electric interfaces.

It is well known that many biological tissues are piezoelectric,
including bone,?* teeth,*® muscles,*” nerves,*® exoskeletons,*®

This journal is © the Owner Societies 2013

and otoliths,” and piezoelectricity was thought to be a funda-
mental property of biological tissues.>? Given the relationship
of piezoelectricity and pyroelectricity shown in Fig. 1(a), it is not
surprising that pyroelectricity was observed in many biological
systems as well.>® Athensaedt carried out systematic studies of
pyroelectricity in both animal and plant tissues from a variety
of species,”® and it was suggested that pyroelectricity might be
of fundamental physiological importance to sensory organs.>
These early development has been documented in a compre-
hensive review by Lang in 1981.%% After the discovery of piezo-
electricity and pyroelectricity in biological systems, it is only
logical to expect biological ferroelectricity as well. Hysteresis
loops were indeed recorded in 1960s in NaDNA and RNA, and
were attributed to ferroelectricity, though it was later concluded
that the phenomenon arises from nonlinear conductivity
instead of ferroelectricity.>® Such an experimental artifact has
recently been highlighted by Scott, who demonstrated a hysteresis
artifact in banana skin.>

Piezoresponse force microscopy (PFM) is a powerful tool to
probe electromechanical coupling in piezoelectric and ferro-
electric systems at nanoscale,>>>” and in recent years, it has
been applied to study a variety of biological materials, including
human bones®® and teeth,”® tooth dentin and enamel,®%°*
collagen fibrils,**** and insulin and lysozyme amyloid fibrils,
breast adenocarcinoma cells, and bacteriorhodopsin.®® While
these studies unambiguously established piezoelectricity in bio-
logical systems, biological ferroelectricity remains elusive, and
no switching behaviors were observed in a number of systems
probed, such as a single collagen.

The first indication of ferroelectricity in biological tissue
was reported by Li and Zeng in green abalone shell using PFM,>
showing typical PFM hysteresis and butterfly loops. They have
since carried out PFM studies on clamshell and nacre shell as
well, and found consistent switching in these systems.®®®® Shortly
after, we have observed biological ferroelectricity in the aortic
wall,” and almost simultaneously, ferroelectricity was reported in
gamma-glycine as well, the smallest amino acid commonly
found in protein.® We subsequently showed that ferroelectricity
in the aortic wall originates from elastin,® as shown in Fig. 8,
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different locations.

while collagen was not found to be switchable. It is interesting
to note that collagen is a much more ancient protein than
elastin, which is only found in the arteries of vertebrate and in
later stage of embryonic development, when blood pressure
becomes much higher. This suggests that ferroelectric switching
may play a role in damping increased pulsatile flow and blood
pressure.®® In addition, pyroelectricity has long been thought to
play a fundamental role in the processes of morphogenesis,”®
which correlates well with observations that elastin is a mole-
cular determinant of late arterial morphogenesis.”' Further-
more, it was discovered that ferroelectric switching in elastin is
largely suppressed by glucose, and this could be related to aging,
during which glycation between elastin and sugar naturally
occurs. Finally, we note that nacre shells are switchable, while
bones are not. They have similar inorganic constituents, yet
different organic components. Bone contains mostly collagens,
while shell contains elastic biopolymers such as chitins, which is
closer to elastin in its elasticity. Nevertheless, the 180° contrast of
the PFM phase, both in-plane and out-of-plane, have recently
been observed in rat tail tendon.”” Thus it is entirely possible
that the required coercive field is too large for switching to be
realized in bones and tendons experimentally.

6. Applications and implications

Ferroelectric materials have many important technological
applications, and so far the field is dominated by perovskite
oxides because of their superior piezoelectric and ferroelectric
properties. In the last a few years, a number of new molecular
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ferroelectrics have been developed, with ferroelectric properties
approaching their inorganic counterparts. These molecular
ferroelectrics are soft, flexible, lightweight, environmentally
friendly, biocompatible, and can be easily processed at rela-
tively low temperature and printed onto soft substrates. They
thus are promising for a wide range of applications including
sensing, actuation, energy harvesting, and data storage. With the
discoveries of biological ferroelectricity in soft tissues, direct bio-
electric interfaces are also possible, opening many more exciting
opportunities.

The most widely used molecular ferroelectrics are PVDF
based polymers and copolymers,”* as they have been around
for more than 40 years. Much of the recent efforts are devoted
toward ferroelectric memories, as recently reviewed,”” and one
interesting application is a banknote integrated with non-
volatile organic ferroelectric memory.”® Flexible programmable
logic gates have been developed with ferroelectric multilayers,
capable of logical “AND” and “OR” operation.”” VDF oligomer
was also explored for medical use as a new tactile sensor.”® One
distinct advantage of molecular ferroelectrics is that they can be
directly printed, as demonstrated in an all-printed ferroelectric
active matrix sensor network using P(VDF-TrFE).”° Recently,
energy harvesting that converts mechanical vibration into
electricity has also caught much attention, and many interesting
concepts have been proposed, including a wearable nanogenerator
on the human arm that generates electricity by folding and
releasing elbow,”® as shown in Fig. 9. Other examples include
PVDF microbelts for harvesting energy from respiration,®® and
a nanogenerator that is driven by a sonic wave.*' While all these
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prototype devices are based on PVDF and its copolymers,
we expect that newly developed molecular ferroelectrics will
enter the field soon, and thus enable many more applications.
It is also worth noting that flexible and stretchable PZT ribbons
have been developed recently,®*** which will enable biomedical
applications as well.

Even more exciting are the opportunities offered by bio-
logical ferroelectricity, which can interact directly with mole-
cular ferroelectrics. Instead of using molecular ferroelectrics
as passive devices in the human body, we can envision future
bio-electric interfaces enabled by the ferroelectric effect of
the tissues. In particular, it could be possible to monitor the
polarization state of biological system for early diagnosis, to
manipulate actively the ferroelectric state for repair and mitiga-
tion of damage, and to encode information directly into the
human body through the polarization states. All of these are
purely imaginary at the moment, but with future advances in
molecular ferroelectrics and further understanding of bio-
logical ferroelectricity, such aspirations may come to life sooner
rather than later.

7. Concluding remarks

In the last several years, we have witnessed spectacular advances
in both molecular ferroelectrics and biological ferroelectricity.
These developments have been made possible by close colla-
boration across multiple disciplines, and we call for continued
collaborations among chemists, physicists, biologists, material
scientists and engineers to overcome the many challenges
ahead. These include a deep fundamental understanding of
the molecular mechanisms of ferroelectricity in general and
biological ferroelectricity in particular. Further advances in
supramolecular crystal engineering are also desired to enable
and facilitate molecular ferroelectrics by design. The physio-
logical and pathological significance of biological ferroelectricity
are currently poorly understood, and such understanding would
be necessary for bio-electric interfaces that take advantage of
these effects. We believe molecular ferroelectrics represent
an exciting frontier between electronics and biology, and we
anticipate many more exciting discoveries and developments in
the years to come.

This journal is © the Owner Societies 2013
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