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Transfer**
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Hydrogen bonds, which bind two or more electronegative
atoms as X—H---Y, have been utilized to construct molecular
assemblies in crystal engineering, supramolecular chemistry,
and molecular recognition.! The dynamics of proton transfer
through hydrogen bonds has attracted extensive interest,
because of the crucial role played by proton transfer in many
chemical reactions and biological functions, and also because
of its potentially diverse applications in electronic and optical
devices.”” In organic molecular solids, proton transfer is often
accompanied by a tautomerism of the m-electron configura-
tion, which can be associated with novel functionalities;
transformations between the keto and enol forms of mole-
cules have been reported to produce a reversible color
change® or a dipole inversion.! Importantly, such a motion
of protons can be correlated even through intermolecular
space, if each molecule is restricted in its total number of
protons, as is typically found in the case of ice. Squaric acid
(H,C,0,)P! provides a good example of this constraint called
the “ice rule”: cooperative proton transfer over the short
0--0O bonds (2.55 A) can reverse the polarity of the hydro-
gen-bonded molecular sheets. As a consequence, a high
dielectric permittivity emerges near the order—disorder phase
transition. As in this example, the three-dimensional arrange-
ment of polar molecules is usually antiparallel (antiferro-
electric), canceling out the net electric polarization. If the
mobile protons were ordered into a polar lattice, they would
generate a spontaneous polarization, and their motion could
be controlled with an external electric field, as a ferroelectric.

Herein, we report the first organic system that exhibits
ferroelectricity induced by a cooperative intermolecular
proton transfer. KH,PO, (KDP) is a representative inorganic
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ferroelectric, in which the electric polarization is reversed by
an electric field through a site-to-site proton transfer over
very short O--O bonds (2.50 A) between the PO, ions.!
Molecular analogues of KDP are still undeveloped, except for
an organic-inorganic hybrid, the salt [dabcoH]"[ReO,]”
(dabco = diazabicyclo[2.2.2]octane).”!

To design genuinely organic ferroelectrics, we have
exploited a strongly hydrogen-bonded acid-base system,
because some such compounds are known to exhibit novel
thermally induced proton migration.® The combination of
acids and bases with similar proton affinities guarantees that
the protons of the hydrogen bonds can easily attach to both
molecules.’’ Cocrystals of 2,5-dihydroxy-p-benzoquinones as
the acid and pyridine derivatives as the base (Scheme 1) have
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Scheme 1. The formation of polar chains of alternating acid and base
molecules through hydrogen bonding (dashed lines) and the reversal
of their polarization through a cooperative transfer of protons (green
circles).

recently been tested to fulfill this requirement. For example, it
was demonstrated that chloranilic acid (H,ca; Scheme 1, X =
Cl) and bromanilic acid (X=Br) produce ferroelectric
adducts with phenazine (Phz).'"" In these adducts, however,
there is no apparent site-to-site proton transfer and the
ferroelectricity is, rather, classified as displacive, as is found
for the BaTiO; or PbTiO; family. On the other hand, an
antiferroelectric phase transition with proton ordering was
realized in a proton-transferred monovalent salt of H,ca with
a stronger base, 5,5-dimethyl-2,2’-bipyridine (55DMBP;
Scheme 1).""! The new ferroelectric presented herein is
derived from the iodine analogue of H,ca, iodanilic acid
(H,ia; Scheme 1, X =1), and SSDMBP. This compound is also
a proton-transferred 1:1 salt, as formulated by [H-
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SSDMBP]"[Hia]~. The cocrystals were prepared by the slow
evaporation of a methanol solution of H,ia and 55SDMBP. By
using CH;0D as the solvent, the acidic protons could be
readily deuterated to give [D-55SDMBP][Dia].

The crystal structure of [H-55DMBP][Hia] was deter-
mined by synchrotron X-ray diffraction experiments on a
single crystal at 50 K (Figure 1).¥ The triclinic unit cell

H-bonded chain

Figure 1. The crystal structure of [H-55DMBP][Hia] at 50 K viewed
along the a axis. The acid (A, and A;) and base (B, and B,) molecules
are connected into chains by hydrogen bonds (dashed lines). The
direction of propagation of the chains is indicated by the green arrow.
Cyellow (A,), pink (A,), green (B;), or blue (B,); H black, N blue,

O red.

(space group P1) comprises two acid molecules (A, and A,)
and two base molecules (B; and B,). The acid and base
molecules alternate in hydrogen-bonded chains along the
[012] direction and are m-stacked in individual columns
parallel to the b axis. The acid molecules are almost planar,
whereas the base molecules adopt a twisted trans configu-
ration with dihedral angles of 19.5-20.9° between the pyridyl
rings. All the hydrogen bonds have notably short distances
(0N 2.61-2.70 A, N*--O~ 2.54-2.55 A).

The dielectric constant ¢ of [H-5SDMBP][Hia] at ambient
pressure is very large (¢=800) and strongly temperature-
dependent near room temperature (Figure2a). A phase
transition is apparent by the sharp peak in the dielectric-
constant curve, which occurs at T, =268 and 270 K on cooling
and heating, respectively, showing a clear thermal hysteresis.
Curie-Weiss behavior obeying ¢ = C/(T—0) is characteristic
of ferroelectricity. The Weiss temperature 6 deduced from the
linear 1/e versus T relationship for the paraelectric phase is
approximately 17 K lower than the Curie temperature 7.
Both the detection of thermal hysteresis and the disagree-
ment between 7, and 6 indicate the first-order nature of the
phase transition. Importantly, deuteration of the hydrogen
bonds significantly raises the phase-transition temperature to
far above room temperature (7, =335 K, AT, =67 K). These
T, values are much higher than those of the conventional
KDP family."! Note that the dielectric response is highly
anisotropic. Large ¢ values were obtained only with the ac
electric field applied parallel to the crystal c axis, which is
slightly inclined to the hydrogen-bonding direction. Measure-
ments with the field applied parallel to the a* axis or to the
b axis yielded much smaller dielectric constants (¢ < 10). The
one-dimensional character and the significant hydrogen/
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Figure 2. a) Temperature dependence of the dielectric constant ¢ of
[H-55DMBP][Hia] at various pressures and of [D-55DMBP][Dia] at
ambient pressure. The measurement was made in an electric field
of 100 kHz applied along the ¢ axis. b) Pressure dependence of

the ferroelectric transition temperature T, and the temperature of
the anomaly T, (see text for details) of [H-55DMBP][Hia].

deuterium isotope effect manifest that the hydrogen-bonded
chains play a central role in producing the ferroelectricity.

Besides the Curie-Weiss behavior of the dielectric con-
stant, ferroelectricity is further evident from the polarization
hysteresis loops measured below the phase-transition temper-
ature. Figure 3 shows the thermal evolution of the electric
polarization P with an ac electric field E of triangle waveform
applied parallel to the crystal c axis. At temperatures far
below T, crystals of [H-55SDMBP][Hia] and [D-55DMBP]-
[Dia] show saturated polarizations P of 1.2 and 1.7 uCcm 2,
respectively, as estimated by extrapolation of the P versus E
curves. Their remnant polarizations P, measured with the
field E sweeping back to zero are 0.9 and 1.5 uCcm?,
respectively. These values are very large compared with those
of other organic ferroelectrics, and are even larger than the
maximum known values of the Phz-based cocrystals (P,=0.7-
0.8 uCcm2). Furthermore, the coercive field E, is rela-
tively small (E,~2kVcm™); hence, a hysteresis curve was
easily measured at ambient pressure for the room-temper-
ature ferroelectric [D-55SDMBP][Dia].

One feature of ferroelectrics based on proton dynamics is
that the phase transition is very sensitive to the hydrostatic
pressure, as shown by the ¢ versus T curves in Figure 2a. The
applied pressures p were corrected by considering the effect
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Figure 3. Hysteresis loops of the electric polarization P versus the electric field E at various temperatures for

a) [H-55DMBP][Hia] and b) [D-55DMBP][Dia].

of the thermal contraction at 7, of the pressure-transmitting
oil (Daphne 7373, Idemitsu) in the clamp-type high-pressure
cell.'! The transition temperature decreases smoothly with
pressure, as is typical of the KDP family and the displacive-
type ferroelectrics.™™ As evidenced by the detection of
thermal hysteresis, the first-order nature of the phase
transition persists to pressures up to at least 0.75 GPa. The
nonlinear drop in 7, becomes steeper approaching p,
~ 0.8 GPa, at which the phase transition suddenly disappears.
The rounded T, versus p curve (Figure2b) near p,
is reminiscent of the quantum critical behavior
T.x|p—p.| 'l However, quantum ferroelectricity appears
to be absent in the lowest-temperature region, as the ¢ peak
height in Figure 2 a is significantly reduced near p,, instead of
the typical saturation behavior at high ¢ values. Meanwhile at
a pressure of 0.69 GPa, another broad anomaly develops at
low temperatures. Applying pressures beyond 0.9 GPa shifts
this anomaly to higher temperatures and further diminishes
the maximum ¢ values. The temperature of the anomaly T, is
plotted against pressure in Figure 2b. The broadly rounded ¢
versus T curves (Figure 2a) are reminiscent of the Bonner—
Fisher type susceptibility of an antiferromagnetic linear
chain.l'”! These facts imply that the development of hidden
antiferroelectric correlations might surface and destroy the
low-temperature ferroelectric ordering.

Comparison of the crystal structures of [H-55DMBP]-
[Hia] at room temperature (296 K) and at low temperature
(50 K) confirms that the ferroelectric transition lowers the
symmetry (space group P1— P1) without multiplication of the
unit-cell volume (Figure 4). In the low-temperature ferro-
electric phase, the protons are localized at either an oxygen or
a nitrogen atom; each molecule (A;, A,, By, or B,) has an
asymmetrically attached proton and, hence, is a monovalent
polar ion (Figure 1). The O—H and N*—H bonds are all
aligned in the same direction, and the alternating O—H--N
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symmetry. The number of
crystallographically inde-
pendent hydrogen-bond-
ing sites is also reduced
from four (o, a,, By, and B, in Figure 4a) to two (o and 3 in
Figure 4b). Owing to the inversion symmetry, the acidic
hydrogen atoms must be equally allocated on both sides of the
acid molecules. If they were locally ordered in O—H-N or
N*=H--O~ hydrogen bonds, then the two nonpolar acid
molecules would adopt the neutral Hyia and divalent ia®
forms, respectively. Otherwise, and more plausibly, the
monovalent Hia™ ions could survive on the condition that
the protons be equally disordered over the nitrogen- and
oxygen-bonded sites, or that they occupy a centered position
between the two sites. Although a difference Fourier analysis
of the present data yielded nominal hydrogen-atom positions,
one centered and the other near a nitrogen atom (Figure 4b),
the electron density of the hydrogen atoms, especially when
delocalized, is too small to allow an accurate determination of
their positions in the presence of the very heavy iodine atoms.

Nevertheless, an alternative means of determining
whether the hydrogen atom is localized near either an
oxygen or a nitrogen atom is to scrutinize the local m-
molecular geometry surrounding the hydrogen bond. It has
been shown that the m-electron system is closely coupled with
the protonation state of the molecule: deprotonation of the
OH group substantially shortens the C—O bond (from 1.32-
1.33 to 1.25-1.26 A) of the haloanilic acids (Hyxa),"*! and
protonation of the nitrogen atom widens the C=N—C angle
(from 116-117 to 121-123°) of pyridines.”® The C—-O bond
lengths and C=N—C bond angles can be obtained with
sufficient accuracy to discriminate between the neutral O—
H-N and ionic N*—H--O~ hydrogen bonds. As shown in
Figure 4c, the ferroelectric [H-55SDMBP][Hia] compoun-
d (red circles) reported herein and the antiferroelectric [H-
55DMBP][Hca] compound (green squares)!'!! undergo very
similar structural changes with temperature. The low-temper-
ature phases of both compounds are proton-ordered and
consist of the monovalent forms of both molecules linked by
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Figure 4. a) The chain of acid (A, and A;) and base (B, and B,)
molecules linked by hydrogen bonds (o, a,, 1, and P,; dashed lines)
in the ferroelectric phase of [H-55DMBP][Hia] at 50 K. C black, H small
black, N blue, O red. b) The chain of acid (A, and A;) and base (B)
molecules linked by hydrogen bonds (a and ) in the paraelectric
phase of [H-55DMBP][Hia] at 296 K. c) Plot of the C=N—C bond angles
of the base versus the C—O bond lengths of the acid for the hydrogen-
bond sites in [H-55DMBP][Hia] (red circles) at 50 and 296 K
(T.=268 K), and in [H-55DMBP][Hca] (green squares) at 100, 297, and
370 K (T.=318 K).'" The arrows indicate the effect of increasing the
temperature: the distinct geometries at the sites of the neutral (o, and
f4) and ionic (o, and 3,) hydrogen bonds in the low-temperature
ferroelectric ([H-55DMBP][Hia]) or antiferroelectric ([H-55DMBP][Hca])
phases converge to average geometries at the sites of the disordered
(o and B) hydrogen bonds in the paraelectric phases.

typical O—H--N and N*—H:--O~ hydrogen bonds, in agree-
ment with the hydrogen-atom positions determined for [H-
SSDMBP][Hia] at 50 K. In contrast, the high-temperature
paraelectric phases are disordered states containing mono-
valent molecules, instead of the neutral and divalent mole-
cules. The two hydrogen bonds are each disordered between
both tautomeric forms (O—H-+N and N*—H--O"); the geo-
metrical parameters of the molecules at the two hydrogen-
bond sites are similar and are intermediate between those at
the four hydrogen-bond sites in the low-temperature phase.
According to the maximum entropy method (MEM) analysis
recently done on the [H-55DMBP][Hca] salt,!"” the electron
density of the proton is distributed in a quasicovalent manner
at the middle of O--N bond. An analogous disordered form
(containing nominally monovalent molecules) is anticipated
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for the paraelectric phase of [H-5SDMBP][Hia], which has
somewhat shorter O-+N bonds (2.58, 2.65A) than [H-
55DMBP][Hca] (2.68 A).

Thus, the paraelectric—ferroelectric transition in [H-
55DMBP][Hca] is related to proton ordering in very strong
intermolecular hydrogen bonds, such that the two tautomers
O—H:-N and N*—H--O~ are formed. The polarity of the
asymmetric molecules can be reversed by a collective proton
transfer and the concurrent reorganization of the m-bond
geometry. There are several reasons for the acceleration of
the proton transfer in this cocrystal. First, the H,ia molecules
contain two m-conjugated fragments corresponding to the
enol form of a B-diketone (HO—C=C—C=0; Scheme 1),
which are known to participate in strong resonance-assisted
hydrogen bonding (RAHB).? In the [Hia]~ molecules of [H-
55DMBP][Hia], these fragments are linked by short O--O
interactions (2.67-2.68 A). The acid molecules are addition-
ally connected to base molecules through short O--N
interactions (2.58-2.65 A). Since in the resulting bifurcated
hydrogen bond, the proton is shared by three surrounding
atoms (two oxygen atoms and one nitrogen atom), the
potential barrier for proton transfer may be lower than that
of a simple O--H--N hydrogen bond. The similarity of the
proton affinities of the H,ia acid and the SSDMBP base is also
a probable reason for the proton delocalization, which can
further increase the covalent character of the hydrogen bonds.

In summary, the polarity of supramolecular chains con-
sisting of alternating monoprotonated m-molecular acid and
base molecules can be successfully reversed through cooper-
ative proton dynamics in response to a small applied electric
field. The process exchanges two hydrogen-bond tautomers
O—H:-N and N*—H--O~, and concomitantly rearranges the
geometries of both mmolecules, giving rise to a large
spontaneous polarization and dielectric constant. The new
compound [H-55DMBP][Hia] may be considered as a first
representative of what could become a large class of
supramolecular ferroelectrics.
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