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Organic ferroelectrics are multifunctional candidates for future organic electronic and optical

devices. In spite of their potential, only a few organic compounds are known to exhibit a

ferroelectric transition. The conventional approach to ferroelectrics, in general, relies on the use of

asymmetric dipolar molecules and/or substituents. Recently, distinct design strategies have been

developed using the molecular compounds of binary- or multi-components, combined with ‘‘non-

covalent’’ forces: charge-transfer interactions and/or hydrogen bonding. This article focuses on

the supramolecular systems of hydrogen-bonded acid and base molecules. Ferroelectricity and a

significant dielectric response, as well as an antiferroelectric ordering induced by proton transfer,

are demonstrated in the hydrogen-bonded chains composed of 2,5-dihydroxy-p-benzoquinone

derivatives and nitrogen-containing aromatic bases.

Introduction

Hydrogen (H)-bonded inorganic and organic compounds are

often associated with various types of structural phase

transitions including the transformation to a ferroelectric

state. Ferroelectricity is a prominent phenomenon, constitut-

ing an important research field in condensed matter science,

alongside conductivity, superconductivity, and magnetism.1 In

contrast to their fundamental scientific interest, ferroelectrics

are currently of great interest in technological applications1,2

from electronics to optics.

Ferroelectrics are polar (pyroelectric) crystals that exhibit

spontaneous electric polarization, mostly belonging to the

inorganic or organic–inorganic hybrid compounds such as

barium titanate (BaTiO3), sodium nitrite (NaNO2), potassium

dihydrogen phosphate (KH2PO4, KDP), and triglycine sulfate

(TGS). The most important characteristic of ferroelectrics is

that their spontaneous polarization can be reversed by

inverting the external electric field. During polarization

reversal for a coercive field, the electric displacement (D) as

a function of the field (E) exhibits hysteresis (a D–E loop). In

general, the ferroelectrics undergo a paraelectric-to-ferro-

electric phase transition. The dielectric susceptibility usually

obeys the Curie–Weiss law at high temperatures and exhibits a

divergent-like increase to large values as the temperature

approaches the phase transition point (Curie temperature Tc).
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It is known that ferroelectric phase transitions are categorized

as either an order–disorder or displacive type. In the former

mechanism, orientational ordering of the asymmetric mole-

cules or ions carrying permanent dipoles generates the

spontaneous electric polarization. Sodium nitrite is a well-

known example, in which the bent NO2
2 ion bears the electric

dipole. In the displacive mechanism, the relative displacement

between the different charges of the ions yields macroscopic

polarization in the crystal. An example are the perovskite

ferroelectrics, such as BaTiO3.

The ferroelectric phenomenon and related properties can be

utilized for a diverse range of technological applications.1–3

The hysteresis behavior of the bistable polarization is directly

applied to the non-volatile memory elements such as a

ferroelectric random access memory (FeRAM) or a ferro-

electric field-effect transistor (FeFET). The associated large

dielectric susceptibility can be exploited for a high-capacity

condenser and capacitor. These important electronic applica-

tions in thin film form are currently being investigated

extensively using inorganic oxides.3 The thermal change of

spontaneous polarization (the pyroelectric effect), which is

often large especially near the phase transition limit, is useful

as a thermal detector. Furthermore, ferroelectric crystals

exhibit unusually large electromechanical coupling, the coupl-

ing between the mechanical strain and electric polarization.

The large electrostriction and piezoelectric effect are utilized in

actuator, transducer, ultrasonic motors, piezoelectric elements,

and etc. In addition, second-order optical non-linearity is

observed as a second harmonic generation (SHG) activity and

linear electro-optic effect. These properties may be applied to,

for instance, frequency multipliers and light modulators.

If the above technologies could be fabricated using organic

ferroelectrics, all-organic electronic and photonic devices,

currently of great interest, could also be fabricated. It is

increasingly important in organic electronics to establish

design methods for materials, to control the properties of

these materials to various external stimuli, such as electric,

magnetic, mechanical, optical, thermal, and chemical. This

article describes a new design strategy and prospective

approaches to the fabrication of novel organic ferroelectrics.

General features of organic ferroelectric solids

Ferroelectricity is rarely encountered in low-molecular-weight

organic compounds. Historically, the first report of a ferro-

electric organic component (tartrate ion), the ferroelectric

compound ‘‘Rochelle salt’’ [KOOCCH(OH)CH(OH)COONa?

4H2O], was in the 1920s.4 Conventional organic ferroelectrics,

in general, are of the order–disorder type, since the constituent

molecules can be readily endowed with asymmetry. Other than

with thiourea (1),5 ferroelectricity is, in general, due to the

orientational ordering of molecular dipoles in the single-

component organic ferroelectrics as presented in Chart 1:

2,2,6,6-tetramethylpiperidine 1-oxyl (tanane) (2),6 1,6-bis(2,4-

dinitrophenoxy)hexa-2,4-diyne (3),7 trichloroacetamide (4),8

and 1,19-cyclohexane diacetic acid (5).9 The dielectric constant

is not large at room temperature (eRT, typically ,10). Thiourea

(Tc = 169 K) also has an asymmetric molecular structure, but

the displacement of the molecular orientation is responsible for

the displacive-type ferroelectricity with a larger eRT (y30) and

significant spontaneous polarization (y3 mC cm22).5 The best-

known examples of organic ferroelectric solids are the ferro-

electric polymers such as polyvinylidene fluoride10 and

copolymers of vinylidene fluoride with trifluoroethylene,11

and these materials have been extensively studied.12 The

ferroelectricity of these polymers is based on the similar

chemical origin of their polar side groups that carry the

permanent dipoles. The ferroelectric polymers show very high

spontaneous polarization (y10 mC cm22) and modest

dielectric susceptibility (e , 100). However, compared with

other ferroelectric compounds, the coercive field for polariza-

tion reversal is extremely high, since its process requires the

rotation of side groups around the main chain.

In contrast, molecular compounds of more than two

different components may exhibit similar behavior to the

BaTiO3 compound, which undergoes a displacive ferroelectric

transition when oppositely-charged ions are displaced. Until

recently, this design strategy was applied only to the charge-

transfer (CT) complexes composed of electron donor (D) and

acceptor (A) molecules.13 As exemplified by a complex of

tetrathiafulvalene (TTF) and p-chloranil (QCl4) (Fig. 1),14 the

molecules typically form p-stacked columns of alternating D

and A (the ‘‘mixed stack’’) in one dimension. Occasionally the

strong electron–lattice interaction (Peierls instability) triggers a

molecular displacement, with D–A dimerization gaining the

electric dipoles along the p-molecular stack as schematically

illustrated in Fig. 1.13,15,16 Alternatively, when the flat D or A

molecules are flexible enough to bend, the spontaneous

bending deformation can break symmetry, generating the

polar D–A chains.17 Such crystals can be either ferroelectric or

antiferroelectric, depending on the three-dimensional arrange-

ment of the polar chains. The ferroelectric and antiferroelectric

ordering styles are shown in contrast by TTF–QCl4
16 and its

dimethyl-substituted analogue (DMTTF–QCl4),18 respec-

tively. Apparently, these ferroelectric CT complexes do not

require the asymmetric molecules to build the polar crystal.

Their phase transition and dielectric properties have been

closely controlled in various ways depending on chemical and

physical modifications of the crystals. Among them, a

quantum phase transition18 and relaxor ferroelectricity,19 both

Chart 1 Single-component organic ferroelectrics of low molecular

weight.
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of which are currently attracting interest from both the

academic and application perspectives, are realized in organic

CT complexes. Recent reviews discuss the topics and chemical

designs in detail.20 One of the main properties of the CT

complexes is the large dielectric constant, which varies from a

few hundred up to ca. 2000. However, these CT complexes

exhibit a relatively narrow charge gap and, hence, are bad

insulators. The large dielectric loss tends to degrade sponta-

neous polarization, preventing various ferroelectric applica-

tions near room temperature. This drawback has been resolved

by replacing the CT interaction with hydrogen bonding as

shown below.

Hydrogen-bonded organic compounds as KDP
analogues

Ferroelectricity and the related properties of hydrogen-bonded

systems have been long studied in many inorganic salts.1 The

KH2PO4 (KDP) crystal is the best known ferroelectric.21 The

PO4 ions are connected in a three-dimensional interpenetrating

network of homonuclear O–H…O hydrogen bonds with a

short O…O distance (2.50 Å). While the phase transition is

triggered by the collective ordering of protons, the magnitude

of spontaneous polarization arises mainly from the displacive

motion of highly polarizable PO4 ions. When the protons are

replaced with deuterons, the Curie temperature Tc dramati-

cally increases. Therefore, the roles of hydrogen bonding and

proton dynamics are significant.1,22–24 In particular, there have

been numerous investigations of the mechanism of ferroelec-

tricity. Blinc23 proposed the proton tunneling model, which

states that a different H+(D+)-tunneling frequency, due to the

mass change, is responsible for the extremely large isotope

effect on Tc in the KDP family. Recent progress in the

experimental and theoretical details is described in ref. 24 and

references cited therein.

The proton-transfer and dielectric properties of some

hydrogen-bonded molecular crystals have been examined to

explore organic analogues of ferroelectric KDP. Among the

few known examples, 3,4-dihydroxy-3-cyclobutene-1,2-dione

(squaric acid) has been the prototype,25 in which the square

planar C4O4
22 ions are strongly hydrogen bonded with a short

O…O distance (2.55 Å), forming a two-dimensional (2D)

network of intermolecular O–H…O bonds (see Chart 2). In

this crystal, the phase transition at T = 373 K is related to the

collective order–disorder of the protons and exhibits a

significant H/D isotope effect, in close analogy with KDP.

Each squaric acid molecule preserves two protons in total

during the proton transfer, similar to ice and KDP crystals.

This constraint, called the ‘‘ice rule’’, characterizes the

correlated motion of protons. It should be noted that the

collective proton transfer is coupled with a geometric

transformation of the p-conjugated system. For the proton-

ordered low-temperature phase, the electric polarization

occurs in the hydrogen-bonded molecular sheet. A large

dielectric constant is observed parallel to this sheet.

However, its temperature dependence is relatively weak and

shows a rounded peak instead of the Curie–Weiss-type

divergence typical of the ferroelectrics. This is because the

antiferroelectric interlayer coupling cancels out the net

polarization. True ferroelectric analogues of KDP are still to

be disclosed in the purely organic system.

There are other interesting KDP-like dielectric crystals,

derived from 9-hydroxyphenalenone (HPLN) molecules.26 The

hydrogen bonding is categorized to a zero-dimensional type,

since it is confined within the HPLN molecule as a homo-

nuclear O–H…O (O…O distance is 2.47 Å) bond between the

hydroxy and carbonyl groups. As illustrated in Scheme 1, the

electric dipole moment can be reversed by the intramolecular

proton-transfer process and the simultaneous conversion of

the p-conjugated forms, where this interconversion is a type of

Chart 2 Intermolecular hydrogen bonding of the KDP-like ferro-/

antiferroelectrics: squaric acid molecules (left) and mono-protonated

diazabicyclo[2.2.2]octane (Hdabco+) cations (right).

Scheme 1 Tautomerism of the 9-hydroxyphenalenones.

Fig. 1 Schematic representation of ferroelectric transition obtained

from the displacement of the D and A molecules in charge-transfer

complexes.
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tautomerism.27 Some of the HPLN derivatives exhibit a phase

transition with proton ordering. The long-range order is an

antiferroelectric type and accompanied by relatively small

anomalies in the dielectric constant. These compounds show a

rather low phase transition temperature (Tc), and even an

incipient phase transition called ‘‘quantum paraelectricity’’

achieved in 5-bromo-HPLN (BrHPLN).26b The deuterium

substitution gives rise to a significant effect on Tc. The deuter-

ation induces the phase transition for BrHPLN. Tc is signifi-

cantly increased for 5-methyl-HPLN. During the deuterium

substitution, the O…O distance is fixed within the rigid HPLN

molecule. The KDP family28 and squaric acid,25b on the other

hand, exhibit a significant elongation of the intermolecular

O…O bond, known as the ‘‘Ubbelohde effect’’.29 Therefore,

the sizable isotopic effect on Tc in the HPLN family can be

attributed solely to the different tunneling (quantum) motions

between the proton and deuteron, without invoking the

geometric effect. The analogous tautomerism has been studied

in the s-trans-3-hydroxyenenones30 and bisquaric acid,31 which

belong to the (quasi) one-dimensional hydrogen-bonded

system. Besides the collective proton transfer, the system

attracted considerable interest in terms of the possible

dynamics of the protonic solitons, generated as the boundaries

between the oppositely-polarized domains.32

Recently, Szafrański et al. reported some genuinely ferro-

electric analogues of KDP using inorganic–organic binary

compounds: the diazabicyclo[2.2.2]octane (dabco) salts with

inorganic anions.33 The mono-protonated amines (Hdabco+

cations), which are not p- but s-bonded molecules, form an

infinite chain constructed of short homonuclear N–H+…N

bonds (N…N distance: 2.84 Å, Chart 2). These salts displayed

a well-defined electric hysteresis behavior with a very large

spontaneous polarization (4–16 mC cm22). Also, Tc is near

room temperature, being much higher than those of the KDP

family. In the ReO4 salt,33a the direction of the largest

spontaneous polarization coincides with the hydrogen-bonded

chain, proving that the reversal of polarity is due to the

collective proton transfer processes along the chain.

Displacive-type ferroelectricity in neutral co-crystals

As a new strategy for developing organic ferroelectrics, our

recent studies have simultaneously utilized both of the

previously mentioned key features: the DA-type multi-compo-

nent system and hydrogen bonding. This new methodology is

simply supramolecular chemistry, as the proton-donor (acid)

and -acceptor (base) molecules are combined with intermole-

cular hydrogen bonds. The hydrogen-bonded DA-type com-

pounds are generally superior to the above CT complexes as

insulators, advantageous in ferroelectricity and the corre-

sponding applications.

The first discovered compounds34 are neutral adducts

consisting of phenazine (Phz) as the base (A) and 2,5-dihalo-

3,6-dihydroxy-p-benzoquinones (chloranilic acid (H2ca) and

bromanilic acid (H2ba)) as the acids (D). In the following dis-

cussion, the anilic acids35 are designated as H2xa. It should be

noted that both the acid and base are p-conjugated molecules.

Before discussing their electric properties in detail, we will

note some important characteristics of the component H2xa

molecules. First, the molecules have an excellent ability to

form various DA-type compounds because they can adopt

various degrees of protonation and oxidation as illustrated in

Scheme 2. They usually serve as strong dibasic acids (pK1 =

0.73, pK2 = 3.08 for H2ca)36 in combination with various

bases. Neutral adducts or proton-transferred monovalent or

divalent salts are formed depending on the basicity and/or

D–A molar ratio.37,38 They also work as strong electron

acceptors. Therefore, many CT salts have been prepared with

various electron donors, such as TTF derivatives39 and

decamethylferrocene.40 Most of these salts include simple

deprotonated Hxa2 or divalent xa22 species instead of the

reduced forms. The D molecules are oxidized but do not accept

protons from these acids. The CT salt with TTF41 includes

the reduced form, two-electrons–two-protons-accepted H4ca

(tetrahydroxy-p-dichlorobenzene), in addition to the deproto-

nated ca22 dianion, as formulated by (TTF+)2(ca22)(H4ca).

Accordingly, the reduction of H2xa with strong donors in

solution should be accompanied by such a proton dispropor-

tionation. The other novel feature is the molecular topology

that exhibits a p-conjugated fragment of the b-diketone enol

(enolone, HO–CLC–CLO) as given by the chemical formula in

Scheme 2. This conjugated form is known to yield strong intra-

or intermolecular interactions, called ‘‘resonance-assisted

hydrogen bonding (RAHB)’’.42 There are two enolone

fragments linked with each other with a short O…O distance

within the molecules. These oxygen atoms can connect tightly

with the base molecules through bifurcated O…H…N bond-

ing, which may vary from a neutral to ionic form (Chart 3).

Furthermore, the H2xa and deprotonated Hxa2 and xa22

molecules are found to form various hydrogen bonds with

themselves or the solvent molecules, constructing a variety of

supramolecular synthons.

Scheme 2 The 2,5-dihydroxy-p-benzoquinone derivatives (H2xa) and the corresponding proton-transfer processes. The molecule on the right is

the two-electrons–two-protons-accepted species observed in the CT salt with TTF.
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The ferroelectric Phz–H2xa co-crystals reveal a very large

dielectric constant (e), exceeding 100 even at room temperature

(Fig. 2), and obey the Curie–Weiss law, e = C/(T 2 h),

increasing divergently up to 2000–3000 at the Curie tempera-

ture (Tc = 253 and 138 K for D = H2ca and H2ba,

respectively).34 The observed e values are the largest among

the organic ferroelectrics. The Tc significantly increases with

an applied pressure or through deuteration of the H bonds,

and reaches room temperature with an applied pressure of

0.60 GPa or through the deuterium substitution of the Phz–

H2ca crystal.

Fig. 3 shows the polarization hysteresis curves for Phz–H2ca

and its deuterated crystals.34 The electric polarization is nearly

linear with the applied electric field in the high-temperature

phase, being typical of the paraelectric state. For temperatures

below Tc, the clear polarization hysteresis curve validates the

ferroelectricity. The Phz–D2ca crystal exhibits room-tempera-

ture ferroelectricity as indicated in Fig. 3b. Spontaneous

polarization in the Phz–H2xa crystals and their deuterated

analogs is as large as 0.7–0.8 mC cm22 at low temperatures.

The displacive-type mechanism was suggested from magnitude

of the polarization. Saito et al. confirmed this from the heat

capacity measurements, demonstrating small entropy changes

at Tc compared with that expected for the configurational

order–disorder mechanism.43

The structures of the Phz–H2xa co-crystals (Fig. 4) belong to

the monoclinic system. In the paraelectric structure with the

nonpolar space group P21/n, both molecules are symmetric on

the center of inversion and electrically neutral since the two

protons are not transferred to the base molecules. The D and A

molecules form the respective p-stacked columns along the b

direction. It is important to note that the D and A molecules

are connected with each other by a heteronuclear O–H…N

bond through a short O…N distance (2.72 Å). This

intermolecular hydrogen bonding is an infinite supramolecular

chain of alternating D and A molecules. With the loss of the

n-glide crystal symmetry due to the phase transition, the low-

temperature structure belongs to the polar space group P21,

yielding a polarity along the crystallographic b axis. The phase

Chart 3 Hydrogen bonding types between the H2xa and base

molecules.

Fig. 2 A plot of the dielectric constant as a function of temperature,

of Phz–H2xa and the corresponding deuterated co-crystals.34

Fig. 3 Hysteresis loops of electric polarization at various tempera-

tures for (a) Phz–H2ca and (b) Phz–D2ca crystals, as direct evidence of

ferroelectricity.34

Fig. 4 Molecular arrangement in the ferroelectric phase of Phz–H2ca co-crystal from single crystal X-ray diffraction measurements at 160 K.34a

(a) The crystal structure with macroscopic electric polarization P viewed along the crystallographic a axis. (b) The arrangement of molecules on the

z = 3/4 plane. The dotted lines and orange arrows indicate hydrogen bonds and the directions of molecular displacement from the paraelectric

symmetric structure, respectively.
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transition barely modifies the molecular structures and, hence,

the molecules remain neutral in both phases. The symmetry is

broken because of a molecular displacement as illustrated by

arrows in Fig. 4.

The O–H…N bonding exhibiting the significant H/D

isotope effect is an important part of the ferroelectricity.

However, the present system appears to be distinct from KDP

and its analogous compounds. First, all these hydrogen bonds

preserve the asymmetric O–H…N form even in the low-

temperature ferroelectric structures. Therefore, the site-to-site

proton transfer process cannot be the origin of the polarization

reversal. The other distinct features appear in the change of the

hydrogen-bonding geometry. The H/D substitution increases

Tc and the O…N distance, in agreement with the general

behavior of the KDP family. However, the substitution of Cl

for Br in the H2xa results in an opposite behavior. The Tc

increases in spite of the shortened O…N distance. The

application of hydrostatic pressure also raises the Tc, in

contrast to the KDP. Therefore, the observed Tc change

cannot be correlated with the geometric effect. From these

observations, the Phz–H2xa system should be distinguished

from the KDP-type ferroelectrics.

The observed large spontaneous polarization and large

dielectric response in the Phz–H2xa co-crystals is unexpected,

because all the constituent molecules remain nearly nonpolar

and electrically neutral even in the ferroelectric phase. The

calculated dipole in the crystal, as a simple sum of the

molecular dipoles and the contributions from a displacement,

cannot account for the observed large polarization.34 In the

field of ferroelectrics, the origin and evaluation of the electric

polarization is a critical issue. The exact evaluation of electric

polarization, especially for the infinite lattice system with

covalent bonding character, was established only a decade ago

using the modern theory based on the Berry-phase picture.44

The fascinating feature demonstrated is that the polarization

can be amplified (by a factor of #3) through the electron

transfer interaction, shown for many displacive-type ferro-

electrics45 having covalent bonds. This new theoretical appro-

ach, using the state-of-art first-principle calculations,34,46 has

reproduced the large polarization on the Phz–H2ca, suggesting

that the covalent nature of bonds plays an important role in

the crystal. The covalency in the molecular crystals should

correspond to a significant charge density on the intermole-

cular space, the actual case for the intermolecular O–H…N

bonds for the present crystals. The partially covalent character

in the hydrogen bonds has been argued in other dielectrics46

and even in ice.47 In terms of the displacement along with the

partially covalent bonds, the Phz–H2xa co-crystals could be

viewed as a molecular-crystal version of ‘‘BaTiO3’’.

Toward KDP-type ferroelectrics from proton donor–
acceptor compounds

When the different molecules are joined as binary- or multi-

component compounds, their intermolecular hydrogen bonds

should acquire more or less an asymmetric potential for

moving protons. This is typically the case for the heteronuclear

type as exemplified by the O–H…N bond in the above Phz–

H2xa co-crystals. One may thus imagine that the proton

transfer in such compounds should be a limited case,

compared with the symmetric homonuclear type like the

above KDP analogues. Nevertheless, Reetz et al. have

postulated an intermolecular proton transfer in the hetero-

nuclear hydrogen bonds responsible for thermally-induced

phase transition and thermochromism in the co-crystal of

4,49-bipyridine with squaric acid,48 formed by short hydrogen

bonds (N…O distance 2.60–2.61 Å). Moreover, recent neutron

diffraction studies on some strongly hydrogen-bonded DA-

type compounds have actually visualized novel, thermally-

induced proton migration; co-crystals of 4-methylpyridine

with pentachlorophenol,49 of 4,49-bipyridine with pyromellitic

acid,50 and of urea with phosphoric acid.51 These bases and

acids are appropriately selected with a similar proton affinity

to guarantee that the protons of the heteronuclear hydrogen

bonds can easily attach to both molecules. Such a proton

delocalization between the base and acid can strengthen the

covalent-bonding character of the hydrogen bonds.52 Since

analogous proton dynamics are required for the KDP-type

ferroelectricity, these observations have convinced us that

supramolecules are also well suited for this purpose.

Indeed, an antiferroelectric phase transition accompanying

the collective proton ordering has recently been found in a

proton-transferred monovalent salt of H2ca with 5,59-

dimethyl-2,29-bipyridine (55DMBP) (Scheme 3).53 The dielec-

tric susceptibility is large (#140) and shows a rounded peak

indicative of an antiferroelectric phase transition near room

Scheme 3 Hydrogen-bonding structures of [H–55DMBP][Hca] in (a)

the low-temperature (ordered) and (b) high-temperature (disordered)

phases.
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temperature (Tc = 318 K) (Fig. 5). The temperature

dependence is similar to that observed for the antiferroelectric

squaric acid25b but is distinct from the divergent behavior

typical of the ferroelectrics obeying the Curie–Weiss law. The

substitution of the protons with deuterons significantly raises

the Tc, typical of the KDP analogues. The dielectric properties

are highly anisotropic with a large response only along the

hydrogen-bonded chain. These observations highlight the

important role of hydrogen bonding on the phase transition.

The powdered sample also exhibits a discernible thermochro-

mism as a color change varying from violet to reddish brown

upon heating above Tc. This is evident in the slight decrease of

the intensity of the 2.4 eV band in the optical absorption

spectra as indicated in the inset of Fig. 5. This thermochromic

band is assigned to the absorption of the Hca2 monoanions.

Its intensity change, as well as the dielectric response, is related

to the proton transfer dynamics discussed below.

The crystal structure (Fig. 6)53 at 100 K belongs to the

triclinic system (space group: P1̄). The monovalent

H–55DMBP+ cation in the planar trans form and the Hca2

anions are alternately linked, forming an infinite linear chain

with intermolecular hydrogen bonding. This structure stands

for the low-temperature (LT) phase. All the protons appear to

be in a long-range order. The O–H and N–H+ bonds are all

aligned in the same direction. The alternating O–H…N and

N–H+…O2 constitute a polar chain, as illustrated in

Scheme 3a. In this case, the polarization could be reversed

between the two degenerate states, related by transferring all

the protons simultaneously. In the actual crystal, the existence

of a neighboring chain with an opposite polarity cancels out

the net polarization; the molecular arrangement parallel to the

ab plane constitutes a polar layer but the corresponding

interlayer coupling is antiferroelectric due to inversion

symmetry. This agrees with the antiferroelectric character of

the dielectric response.

In contrast, the crystal structure of the high-temperature

(HT) phase (triclinic, space group: P1̄) exhibits disorder. First,

the unit cell volume is reduced in half from the LT form

indicated by a dotted square in Fig. 6. All the molecules are

located on the centers of inversion. Hence, the corresponding

hydrogen bonds do not result in polar chains. The electron

distribution on the hydrogen bond for both phases has been

analyzed using the maximum entropy method (MEM),

recently developed with the use of high-resolution diffraction

data of synchrotron X-ray measurements.54 In the LT form,

electron density distributions in the O–H…N (Fig. 7a) and

N–H+…O2 regions (Fig. 7b) appear as electron clouds of

Fig. 5 A plot of the dielectric constant as a function of temperature

of [H–55DMBP][Hca] and the 76%-deuterated crystals.53 The ac

field (100 kHz) was applied parallel to the a, b*, and c-axis of the

[H–55DMBP][Hca] crystal. The inset is the thermal change of the

electronic optical absorption spectra of [H–55DMBP][Hca] measured

on a KBr pellet.

Fig. 6 Crystal structure of the [H–55DMBP][Hca] at 100 K (low-

temperature phase).53 The dotted square highlights the corresponding

unit cell of the high-temperature phase.

Fig. 7 The 3D electron density of (a) the neutral O–H…N and (b)

ionic N–H+…O2 hydrogen bonds in the LT phase (T = 100 K) and (c)

corresponding region at the HT phase (T = 370 K) obtained from the

maximum entropy method (MEM) analysis as an equal-density

contour surface with contour map projecting on the plane containing

the hydrogen-bonding site.53 The equicontour level in the 3D maps is

1.5 e Å23 and the contour maps are drawn from 0.3 e Å23 (blue) to

0.8 e Å23 (red).
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distorted OH and NH ellipses, respectively, indicating the

localized electrons of the hydrogen atoms. The electron

density, however, for the HT form is extensively delocalized,

with the maximum around the averaged (centered) position

(Fig. 7c). The O…H…N hydrogen bond may be viewed as a

four-center–five-electron covalent bond (Scheme 3b). This

picture differs from the proton dynamics in a simple double-

wells potential, which should result in double maxima in the

electron density of a hydrogen atom. Such disorder also

precludes the neutral or divalent form for the HT phase and,

hence, the molecules should be at the intermediate state, i.e.

the monovalent form. Considering the nature of the phase

transition as described above, the collective proton transfer

illustrated in Scheme 3a should be a plausible mechanism of

polarity reversal. This is exactly what was first expected to

achieve the KDP-type ferroelectricity.

The schematic drawings in Fig. 8 show the displacive-type

and KDP-type ferroelectricity in similar supramolecular chains

in contrast. These design strategies should not be limited to the

compounds of proton D and A molecules. For example, a

similar approach to ferroelectrics may be applied to more

complicated systems that serve simultaneously as the proton

DA and electron DA type and may undertake a cooperative

proton–electron transfer (PET).55 Let us consider the case of

the quinhydron crystal as a typical example.56 In this crystal,

the proton-donating electron donor, hydroquinone, and the

proton-accepting electron acceptor, p-benzoquinone, form the

mixed p-molecular stack with CT interactions, alternately

linked with O–H…O hydrogen bonds. If such a molecular

crystal were to experience molecular displacement, or collec-

tive PET, the nonpolar structure made from these symmetric

molecules could possibly turn to the similar polar form.

Conclusions

In this article, we have demonstrated that hydrogen bonding

between proton donor and acceptor molecules is a way to

produce novel organic ferroelectrics. The first discovered Phz–

H2xa co-crystals are similar to the displacive-type ferro-

electrics. Furthermore, the proton dynamics with a large

dielectric response in the H–55DMBP salt convinces us that

this approach is also a potential route to genuine organic

analogues of the KDP-type ferroelectrics. These would be

good examples of the close association between supramole-

cular chemistry and organic electronics.

Ferroelectricity in organic solids is quite important for the

production of all-organic electronic and photonic devices.

Hence, supramolecular chemistry will be useful for this

purpose. As an example of an application, several investiga-

tions of ferroelectric FET (FeFET) have recently utilized

ferroelectric polymers to fabricate ‘‘entirely organic’’ perma-

nent memory devises.57 Organic semiconductors exhibiting

good performance properties can be progressively applied to

the active layer. Compared with ferroelectric polymers having

a very high coercive field (Ec), the Ec of the Phz–H2xa co-

crystals is 2–3 orders of magnitude lower. Similar DA

molecular compounds could be useful devices that operate at

much lower voltages. Moreover, the ferroelectric co-crystals

exhibit a large permittivity (k) exceeding 100, promising for

high-k elements including capacitors. The [H–55DMBP][Hca],

as well as the squaric acid, salts exhibit a large k (.100) above

the phase transition temperature. The high-k applications

often require the permittivity to be constant over a wide

temperature range. The collective proton dynamics in the latter

compounds, though not exhibiting a ferroelectric ordering,

would satisfy this requirement since the permittivity exhibits a

modest temperature dependence compared with the strong

T-dependence in the ferroelectrics. Proton dynamics has

attracted interest for potential diverse applications, from

electronics to optics, as well as in the fundamental role in

many chemical reactions and biological functions.58

Ferroelectricity should be a challenging target as one of the

highlighting functions. Therefore, further exploratory studies

on a variety of ferroelectric and related materials, using low-

molecular-weight organic systems, should be of increasing

importance in the development of new functionality in an

emergent research field.
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