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Ferroelectric materials have attracted great attention both in
condensed-matter science and as materials for versatile
technical applications, such as ferroelectric random-access
memories, ferroelectric field-effect transistors, and infrared
detectors.[1] Since Rochelle salt (potassium sodium tartrate
tetrahydrate) was first discovered as ferroelectric material,[2a]

numerous ferroelectric compounds have been investigated,
including inorganic perovskite oxides,[2b,c] organic–inorganic
hybrids,[2d–g] and organic ferroelectric materials.[2h,i] Among
the latter ones, hydrogen bonds in ionic and organic
complexes can be considered as donor–acceptor systems
(H atom is acceptor, whereas N, O, or halogen atoms are
donors). H-bonds are directional but weaker than covalent
bonds when binding atoms in molecules. Thus, aggregates
constructed by H-bonds easily undergo transformations that
are induced by the cleavage and formation of other H-bonds,
by proton transfers, or by disordering. Such transformations
change the properties and/or functions of materials; for
example, O�H···O H-bonds in KH2PO4 (KDP) crystals are
well-known to undergo a ferroelectric phase transition.[3]

However, exploration of novel ferroelectric materials that
contain H-bonds still remains a challenge,[4] because the
ferroelectric materials should meet several requirements,
such as having a phase transition, a good electric hysteresis
loop, a dielectric anomaly or electric domain motion, and the
necessary crystallographic requirements of one of the ten
polar point groups in the ferroelectric phase (C1, C2, Cs , C2v,
C4, C4v, C3, C3v, C6, and C6v).

Rochelle salt derivatives appeared to be thoroughly
exploited as ferroelectric materials with regard to their
physical properties; proton dynamics of the hydroxy group
of l-tartrate together with atomic displacements cause
ferroelectricity during the phase transition.[5] However, rare
novel ferroelectric compounds were discovered in this

family.[4a, 5d] Ferroelectricity in compounds with different
organic components has been observed after displacing the
oppositely charged counterions to give H-bonded com-
plexes,[6] and the dimerization of electron donor and acceptor
causes phase transition or dielectric abnormity. Simple
organic molecular rotators, such as imidazole, have been
utilized to develop artificial molecular motors or potential
dielectric rotors;[7] that is, molecular rotator units have been
used to obtain new ferroelectric materials. Herein, we
introduce a new organic H-bonded molecular ferroelectric
material, bis(imidazolium) l-tartrate (complex 1), with imi-
dazole as a classical molecular rotator and l-tartaric acid as
homochiral component, which provides potential hydrogen
donor/acceptor functionalities and guarantees the possible
crystallization in the polar point group. To the best of our
knowledge, 1 undergoes a paraelectric–ferroelectric phase
transition at 252 K with an exceptional dielectric response
and a good spontaneous polarization triggered by the atomic
displacements, thus, 1 was disclosed as a novel organic
ferroelectric compound assembled by a homochiral ligand
with an organic molecular rotator.

Complex 1 was prepared by slow evaporation of an
aqueous solution of imidazole and l-tartaric acid in a molar
ratio of 2:1. Bulk high-quality colorless crystals with perfect
morphology (25 � 14 � 8 mm3) were obtained by the temper-
ature-lowering method after several days (Figure S1). The
straightforward fabrication of high-quality crystals with large
size guarantees their potential application in devices. The
phase purity of the crystals was confirmed by matching the
signal pattern of X-ray powder diffraction (XRPD) analysis at
room temperature with the calculated pattern (Figure S2).
Differential scanning calorimetry (DSC) clearly showed
a solid–solid phase transition of 1 at approximately 252 K in
the heating mode (Figure S3), which is also confirmed by the
reversible endothermic anomaly. The entropy change DS that
accompanied the transition was estimated to be approxi-
mately 3.9 J mol�1 K�1. With the Boltzmann equation DS =

R lnN, in which R is the gas constant and N is the ratio of the
numbers of respective geometrically distinguishable orienta-
tions, N = 1.6 is obtained. This N value, which is smaller than
two, indicates a complicated phase transition. The phase-
transition temperature (Tc) of the deuterated complex was
5 K higher than that of nondeuterated complex 1 in both the
heating and cooling modes, and the shape of the anomaly was
similar; that is, substituting hydrogen by deuterium leads to
an increase of the Tc.

[2e] In contrast, the racemic tartrate does
not assemble with imidazole to the analogous ferroelectric
complex. Only a fine white powder was obtained, and the
inability to grow bulk crystals restricted the potential
dielectric or even ferroelectric characterization of such
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a material. Furthermore, neither DSC nor dielectric experi-
ments on the powder sample of the racemic compound
showed an obvious anomaly (Figure S4), meaning the absence
of phase transition, which might be ascribed to the opposite
stoichiometric effect of l and d components. The results
confirm the effectiveness to assemble ferroelectric materials
with the homochiral ligand as the building block.

Variable-temperature single-crystal X-ray diffraction
indicates that the asymmetric unit of the solid-state structure
of 1 at room temperature (293 K, RT) is composed of one l-
tartrate anion and two imidazolium cations, while in the low-
temperature phase (93 K, LT) the asymmetric unit is doubled
with a slightly distinctive structure (Figure 1 and S5).[8] Here,
the pseudosymmetry analysis is used, in which a given low-
symmetry (ferroelectric) structure is represented in terms of
a symmetry-lowering Landau-type structural phase transition
from a high-symmetry (paraelectric) parent structure, based
on finding a supergroup of the given space group. The crystal
structure of 1 at RT classifies as an orthorhombic crystal
system with the space group P212121 and a nonpolar point
group D2, and exhibits paraelectric features (Table S1). The
different structure at LT confirms that 1 changes to a lower
symmetric state below Tc. When the temperature is decreased
below 252 K, the crystal structure changes into a monoclinic
crystal system with the space group P21 and a polar point
group C2, thus giving a ferroelectric phase (Figure 1). During
the cooling process, symmetry occurs with an Aizu notation of
222F2; namely, the four symmetric elements (E, C2, C2’, C2’’)
in the paraelectric phase are reduced to two (E, C2) in the
ferroelectric phase in accordance with the Landau phase-
transition theory. According to the Curie symmetry principle,
the space group in the LT phase (P21) is a subgroup of that in
the high-temperature (HT) phase (P212121), a result that is in
perfect agreement with the symmetry-breaking analysis and
the Landau theory. Structurally, all molecules are helically
located around the center of rotation without any disorder in
the atomic positions. Both RT and LT crystal structures are
constructed by a three-dimensional H-bonds network with
two types of H-bonds: 1) O�H···O H-bonds between l-
tartrate anions form infinite spiral ribbons elongated along
the RT a-axis, and 2) N�H···O H-bonds between l-tartrate
anions and imidazolium cations, linking them together in the
three-dimensional H-bonds network. Furthermore, according
to the crystal packing views, a tiny distinction between RTand
LT exists, owing to the participation of all N atoms of the
central imidazolium cations, which are guests inside the
channel, in H-bonds and thus forming bridges across the
channel with N�H···O H-bonds (see Figure 1 and S6,
Tables S5 and S9).

Measurements of the temperature dependence of the
dielectric permittivity of 1 were carried out on single-crystal
samples in the heating mode, under the applied electric field
E j j a-axis (RT) with frequencies of 1 kHz to 1 MHz
(Figure 2). The real component shows very large maxima of
dielectric anomaly around 252 K, corresponding to the phase
transition. Indeed, the maximum e’ values vary slightly with
the frequency, and are up to ten times higher than those at
higher and lower temperatures, which is the characteristic
feature for the phase transition. To verify the continuous

properties of this phase transition, the temperature depend-
ence of the reciprocal e’ value was plotted (see insert in
Figure 2a); between 220 and 290 K the corresponding results
at 10 kHz are in good agreement with the Curie–Weiss law e =

Figure 1. a) The packing diagram viewed along the b-axis in the para-
electric phase; b) the packing diagram viewed along the a-axis in the
ferroelectric phase; H-bonds: black-dotted lines; c) transformation of
the space group of 1 from paraelectric phase to ferroelectric phase.
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e0 + C/(T�T0), thus affording the Curie–Weiss temperature
T0 = 250 K and the Curie constant Cferro = 127 K. The value of
Cferro from this linear 1/e�T relationship is comparable to
those of typical ferroelectric materials containing H-bonds,
and the deduced T0 is slightly lower than Tc = 252 K. The
value of Cpara of the paraelectric phase is 212 K, which is
comparable with those found for ferroelectric compounds,
such as NH4HSO4, (NH2CH2COOH)2HNO3, and
(CH3NH3)Al(SO4)2·12H2O with values of around 200 K.[9]

Thus, the ratio of Curie–Weiss constants Cpara/Cferro = 1.7,
which is smaller than 4.0, also suggests the complicated phase
transition.[9]

Another feature of the dielectric properties of 1 is
a “relaxor-like” relaxation process, which is more obvious
for the imaginary part (e’’; Figure 2b), thus revealing that the
dielectric loss changes with the temperature at different
frequencies with the peak maxima obeying the Arrhenius
equation t = t0exp(Ea/kB T), in which T is the temperature, kB

denotes the Boltzmann constant, Ea denotes the activation
energy, and t0 is the inverse of the frequency factor. For
a Debye peak, the equation can be rewritten as ln f =

�ln(2pto)�Ea/kB Tp, considering the peak condition of
2pft = 1, in which f is the frequency. Hence, the activation
energy Ea is estimated to be approximately 296 kJmol�1,
which is similar to that of compounds reported by You et
al.[10b] but larger than that of common dielectric processes

(10–70 kJ mol�1).[10] Such a process, which has been observed
in several organic ferroelectric compounds, including
Rochelle salt,[11] is probably associated with the dipolar
reorientation or the proton transfer. In the case of our
compound, the high Ea value may be ascribed to the
hindrance to the dipole motion by the ferroelectric inter-
actions between dipoles, which is also consistent with the
structural analysis of the complicated H-bonding interaction.

Second harmonic generation (SHG) has been extensively
used to confirm the ferroelectric domain structure and phase
transition as a result of changing temperature, especially for
the symmetry breaking from a centrosymmetric structure to
a non-centrosymmetric one.[2j, 12] According to the Landau
theory, the second-order nonlinear optical (NLO) suscepti-
bilities c(2) can be described as c(2) = 6e0bPs if higher-order
items are ignored.[4c,12d] Considering that b is nearly inde-
pendent of the temperature, the expression indicates that c(2)

is proportional to the saturation polarization Ps. Here, the
temperature-dependent SHG signal of 1 was recorded
between 150 and 300 K (Figures 3 and S7). Complex 1

exhibits an obvious SHG signal around 532 nm in both
paraelectric and ferroelectric phases, which is in fairly good
agreement with the non-centrosymmetric structures. SHG
intensities of 1 were estimated by comparison with those of
KDP standard samples, and were about 2.5 times as large as
that of KDP. That is, 1 may also be considered as a potential
organic NLO material. Additionally, a slightly increasing
tendency of SHG intensity is found in its ferroelectric phase,
which is similar to several displacive-type ferroelectric
materials, such as LiTaO3, LiNbO3, and CMAP (4-(cyanome-
thyl)anilinium perchlorate).[4c] These observations suggest
that the primary contribution to the ferroelectricity of 1 might
be of a displacive type.

The ferroelectric nature of 1 has been directly proven by
hysteresis measurements of the electric polarization (P)
versus electric field (E) at about 20 K below Tc. The P–E
loop under the electric field of triangle waveform was
recorded approximately along the a-axis (Figure 4a). Initially,
a straight line is observed without any change down to 252 K,

Figure 2. Temperature-dependence of the complex dielectric constant
along the RT a-axis: a) Real part (e’) at different frequencies. The inset
shows the reciprocal of the real part of the complex dielectric constant
versus the temperature; b) imaginary part (e’’) at different frequencies.

Figure 3. The variable-temperature experimental SHG signal of 1 at
532 nm. Inset: The integrated area of corresponding signal curves for
the approximate comparison of signal intensities.
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thus showing the paraelectric feature. Then, the line opens
and becomes a typical ferroelectric loop at around 247 K.
Furthermore, the loop reaches its saturation at 235 K with the
spontaneous polarization Ps = 1.72 mC cm�2, the remanent
polarization Pr = 1.56 mC cm�2, and the corresponding electric
field Ec� 1.1 kVcm�1. Coinciding with the phase transition,
the Ps values are nearly stable around 235 K (Figure 4b), and
the magnitude is consistent with those of typical ferroelectric
materials containing H-bonds,[2h] but much larger than those
of ferroelectric l-tartrate crystals, such as Rochelle salt
(Table S10). Moreover, the dipole moment calculated from
the saturated polarization derived from the P–E curve is ms =

Vcell Ps/Z (1.35 � 10�30 Cm), with the density of D–A dipolar
pairs estimated as 3.148 � 1027 m�3 with four dipoles in the unit
cell (Z = 4). The effective paraelectric moment derived from
the C = Zmc

2/kBe0 Vcell (kB = Boltzmann constant; e0 = permit-
tivity of vacuum) is mc = 2.22 � 10�30 Cm. The ratio of mc/ms is
approximately 1.63:1 and is thus rather close to those of
several displacive-type ferroelectric materials, which are
distinct from order-disorder type ferroelectric compounds
having mc/ms ratios of approximately 1:1.[6b,13]

The results of dielectric and hysteresis-loop experiments
clearly show the ferroelectricity of 1 in the LT phase. Taking
into account the extensive research on ferroelectricity in the
Rochelle salt family, this novel ferroelectric material is quite
an unexpected discovery. However, clarifying the distinct
origin of the ferroelectricity of 1 remains challenging, owing
to the more complicated structure of 1 compared with
Rochelle salt. Generally, it is disputably recognized that the

proton dynamics in the hydroxy group of l-tartrate together
with atomic displacements are contributing to the ferroelec-
tricity of Rochelle salt.[4a,14] The current X-ray diffraction
results of 1 may merely present no change in proton dynamics.
Thus, it is necessary to perform the neutron diffraction
analysis on 1 to determine the positions of the hydrogen
atoms in the bridges, which will be a subject of forthcoming
experiments. Currently, it may be deduced that the small
change of crystal packing during phase transition might
contribute to the appearance of polar properties in LT phase.
The symmetric operations of twofold screw axes exist along
three crystallographic directions with imidazolium cations
lying perpendicularly to the RT a-axis. When the temperature
decreases, the bc plane undertakes a slight shearing trans-
formation, thus causing the symmetric operations of twofold
screw in this plane to disappear; namely, the breaking of
symmetry occurs. Thus, the LT b-axis was determined as the
exclusive polar direction to minimize the change of its length
and the obtuse monoclinic angle b, as is commonly recom-
mended in the ferroelectric phase. The total macroscopic
polarization is parallel to the LT b-axis, owing to a and
c components being cancelled out. A comparison of the
crystal structures of 1 in HT and LT phases allows us to
deduce the possible origin for its spontaneous polarization
below Tc (Tables S2 to S9). Little deformation of imidazole
and l-tartrate molecules was observed during the phase
transition. The important contribution to the spontaneous
polarization of 1 arises from the representative displacement
in the O···O separation (Figure 5). In the paraelectric phase,
the O···O distances of two typical O�H···O H-bonds in the

anion ribbons are 2.727 and 2.888 �, respectively. However,
in the LT phase, the corresponding values decrease to 2.687
and 2.860 �, thus confirming the atomic displacement along
the polar direction during the phase transition.[5c, 15] The
above-mentioned result supports the theory that the phase
transition is not order–disorder but displacive type, which is
also consistent with the X-ray diffraction results and the
conclusion drawn from the ratio of dipolar moments. When
we assumed two point charges of cation and anion, the atomic
displacement (d) is estimated to be approximately d = Ps Vcell/
Z q = 0.08 �, in which q is� 2e.[15b] The experimental (0.04 �)

Figure 4. a) Dielectric hysteresis loops of 1 with E j ja-axis at various
temperatures; b) Temperature dependence of the saturated polariza-
tion Ps.

Figure 5. Schematic illustration of the representative O···O separations
in the ribbon during the phase transition.
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and estimated (0.08 �) difference might be accounted for the
intermolecular interactions in this complicated ferroelectric
system. Moreover, whether the switching of H-bonds parallel
to the RT a-axis (O1�H4B···O4) ascribes to the optimization of
hydrogen in the hydroxy group of l-tartrate anions during the
phase transition and accounts for the spontaneous polar-
ization will be investigated by the forthcoming neutron
diffraction experiments.

In conclusion, the present work has successfully demon-
strated a novel H-bonded molecular ferroelectric material,
bis(imidazolium) l-tartrate, by co-crystallization of the
homochiral ligand with a molecular rotator, which undergoes
the paraelectric–ferroelectric phase transition at 252 K with
an exceptional dielectric response triggered with the atomic
displacements. It possesses the promising large electric polar-
ization, dielectric susceptibility, and small coercive field. We
believe these results urge the exploration of new ferroelectric
materials and polar functional materials.

Experimental Section
X-ray powder diffraction (XRPD) was measured on a MiniFlex II X-
ray diffraction instrument. DSC experiments were performed on
a NETZSCH DSC 200 F3 under nitrogen atmosphere in aluminum
crucibles with the heating and cooling rate of 10 K min�1. In the
dielectric experiments, the polished single-crystal samples were
covered by silver conduction paste on the surfaces as the electrodes.
Complex dielectric permittivities were measured using a TH2828 A
Impedance Analyzer with an applied electric field of 0.5 V. The
overall error was less than 5% for the experimental results. The
hysteresis loop was recorded with a simple Sawyer-Tower circuit at
100 Hz at different temperatures. X-ray single-crystal diffraction data
were collected on a Rigaku Saturn70 diffractometer with Mo-Ka

radiation (l = 0.71073) with the variable temperatures. CrystalClear
software package (Rigaku) was used for data collection, cell refine-
ment and data reduction. The crystal structures were solved by direct
methods and refined by the full-matrix method based on F2 using the
SHELXLTL software package. All non-hydrogen atoms were refined
anisotropically and the positions of hydrogen atoms were generated
geometrically. In the SHG measurements, the crystal samples were
ground and filtrated with particle size at 100–150 mm. The laser beam
with low divergence (pumped by an Nd:YAG laser, l = 1064 nm, 5 ns
pulse duration, 10 Hz repetition rate) was employed as fundamental
beam. The instrument is model FLS 920, Edinburgh Instrument with
temperature range of 10–325 K, DE 202, while laser is Vibrant 355 II,
OPOTEK.
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