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ABSTRACT: A pure organic single crystal, [H,dabco]-
[2CB], ([H,dabco]** = diprotonated 1,4-diazabicyclo-
[2.2.2]octane, 2CB~ = 2-chlorobenzoate), which under-
goes a ferroelectric-to-paraelectric phase transition above
room temperature (~323 K upon heating), was prepared
and characterized. This ferroelectric crystal possesses a
distinctive supramolecular architecture composed of
discrete H-bonded trimeric units (two 2CB~ anions
bridged by one [H,dabco]*" cation through N—H--O
hydrogen bond interactions). In the paraelectric phase, the
[H,dabco]** cation is rotationally disordered and lies at
the symmetric center of the trimer. Upon cooling, it is
frozen in an ordered state and deviates toward a 2CB~
anion at one end along the H-bond. The collective
displacement of the cations leads to a polarization of the
single crystal along the crystallographic ¢ axis, which is
confirmed by the temperature dependence of the second
harmonic generation and spontaneous polarization. A
significant increase in the phase transition temperature of
the deuterated analogue suggests that the proton plays an
important role in the ferroelectric phase transition.

he development of molecular-based organic ferroelectrics

has attracted increasing attention due to their mechanical
flexibility, environmental friendliness, and potential applications
in organic devices.'” According to their structural characteristics,
pure organic ferroelectrics are generally classified into 77
stacked electron donor—acceptor systems and H-bonded
supramolecular aggregates. In the latter, H-bond interactions
play important roles in securing the supramolecular structure and
affecting the ferroelectric behavior of the materials.”

In typical H-bonded supramolecular ferroelectrics, the polar
components can be switched along H-bonds, resulting in the
reversal of spontaneous polarization.* Moreover, several
sophisticated organic ferroelectrics with extended one-dimen-
sional or three-dimensional structures linked by H-bond
interactions have been developed;*” some of these have
demonstrated remarkable ferroelectric performance. However,
achieving ferroelectricity in an organic solid built from discrete
H-bonded molecular assemblies still remains an extraordinary
challenge.® Ferroelectrics with such structures are not only
interesting for the enrichment of the family of organic
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ferroelectrics but also potentially significant for mitigating the
detrimental size effect that is usually suffered by ferroelectrics
with extended structures.” In this study, we attempted to prepare
an organic ferroelectric constructed from H-bonded trimeric
units, where the function of the H-bonds was restricted within
the trimeric unit region. The trimeric structure represents one of
the simplest structural modes for ferroelectrics, wherein the
middle component can shift between two end molecules along
the H-bonds, influencing the spontaneous polarization of the
bulk material.

After investigating a variety of compounds,® we found that
[H,dabco]-[2CB], (1), a supramolecular architecture con-
structed from trimeric units, underwent a phase transition from
a ferroelectric phase at room temperature (rt) to a paraelectric
phase at higher temperature. In the crystal of 1, the strong H-
bond interactions were constrained within the trimeric unit.
During the paraelectric-to-ferroelectric phase transition, the
[H,dabco]*" cation in the middle position deviated from the
inversion center, accompanied by a disorder-to-order structural
transition, leading to a spontaneous polarization of the single
crystal.

Single crystals of 1 were grown via slow evaporation of a
methanol or acetone solution containing 2-chlorobenzoic acid
(2CBA) and 1,4-diazabicyclo[2.2.2]octane (dabco) in a molar
ratio of 2:1 at constant rt. At or below rt (referred to as low
temperature, LT), 1 crystallized in polar space group Pca2;,
belonging to the orthorhombic crystal system. The asymmetric
unit contained one integral trimeric unit in which two acid
molecules were bridged by one dabco molecule with N---O
hydrogen bond lengths of 2.555(2) and 2.593(2) A, respectively
(Figure 1b). The remarkably short N---O distances suggested
strong intermolecular H-bond interactions. The planes of the
two 2CB anions at either end were slightly twisted with respect to
each other at a small dihedral angle of 7.98(6)° (Figure S2). The
linear trimers, which formed small included angles with the
crystallographic (001) face, were arranged in a herringbone
pattern in the ab plane (Figure S3). In the crystal, the H-bond
interactions were virtually constrained within the trimeric unit,
although the very weak C—H---O, C—H--Cl, C—H:-x, and C—
Cl---Cl—-C intermolecular interactions assisted in anchoring the
structure (Figures SS and S6, Table S3). As shown in Figure S7,
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Figure 1. Trimeric unit at different temperatures. (a) The high-
temperature phase (338 K). The [H,dabco]** cation is heavily
disordered and located at the symmetry center of the trimer. (b) The
low-temperature phase (223 K). The cation is frozen in an ordered state
and shifts toward a 2CB anion at one end, as indicated by the differential
in the N--O distances. The green dotted lines indicate the
intermolecular N—H:--O hydrogen bonds. The thermal ellipsoids are
drawn at a 50% probability level. Atoms: N, blue; C, gray; O, red; Cl,
green. The H-atoms on the C-atoms are omitted for clarity.

the two acidic protons revealed from the differential Fourier map
were close to the dabco molecule, which is consistent with the
short C—O single bond lengths identified from the single-crystal
structure (1.263(3) A for C1—02 and 1.280(3) A for C8—03).”
The migration of protons from the O atom side of the organic
acid to the N atom side of the dabco was further supported by the
IR spectra (Figure S8). Compared with 2CBA, the C=0
stretching vibration absorption band shifted from 1670 to 1650
ecm™" in 1, and the peak associated with C—O vibrations
increased from 1316 to 1376 cm™’, indicating the transfer of
protons from O to N atoms in the cocrystal.'” It should be noted
thgg the crystal structure at rt was first reported by Skovsgaard et
al.

Differential scanning calorimetry (DSC) analysis revealed that
1 underwent a phase transition upon heating above rt (~323 K),
and the corresponding exothermic peak in the cooling mode was
observed at ~320 K (Figure 2a). The broad anomaly peak and
the small hysteresis loop (~3 K) indicated that a second-order
phase transition occurred.

To elucidate the crystal structure of the high-temperature
(HT) phase, single-crystal analysis was performed at 338 K
(Figure 1a). It was found that at the HT phase, the space group of
1 changed to Pbca, a nonpolar space group that also belongs to
the orthorhombic system. Correspondingly, the four symmetric
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Figure 2. DSC and dielectric constant (¢’) of 1. (a) DSC curve of 1. Exo,
exothermic peak; Endo, endothermic peak. (b) Temperature depend-
ence of the real parts of the dielectric constant of 1 along the
crystallographic ¢ direction. The inset of (b) shows a linear fit to the
Curie—Weiss law at a frequency of 100 kHz.

elements (E, C,, 6,, and 04) of 1 in the LT phase were doubled to
eight (E, 3C,, i, 0,, 64 and 6y) for the HT phase, which was in
good agreement with a ferroelectric-to-paraelectric phase
transition with the Aizu notation mmmFmm2.">"" Notably, the
space group of the ferroelectric phase (Pca2,) falls into a
subgroup of the paraelectric space group (Pbca), which is in
agreement with the Curie symmetry principle (Figure S10). In
the HT phase, the asymmetric unit contained a half trimer unit;
the [H,dabco]** cation was rotationally disordered around its
N--N axis and lay in the center of inversion (Figure S4).
Consequently, the different N--O distances in the LT phase
became equal (2.572(4) A), and the planes of the two 2CB
anions at either end became parallel to each other (Figures la
and S2). The short C—O single bond length (1.266(5) A) was
maintained, and the IR peaks corresponding to the C—-O
vibrations remained nearly unchanged during the heating
process, which suggested that no proton transfer occurred
during the phase transition (Figure S9).

The structural transformation was further investigated using
variable temperature powder X-ray diffraction (PXRD). A
comparison of PXRD patterns obtained at different temperatures
revealed that the phase transition occurred above 323 K upon
heating (Figure S12). The diffraction patterns fit well with those
in the simulated patterns for related phases, confirming the
structure and phase purity (Figure S11).

The temperature dependence of the dielectric constant (¢’)
was evaluated for single-crystal samples with the applied electric
field parallel to the crystallographic ¢ axis. As shown in Figure 2b,
1 exhibited a sharp peak with a maximum at ~324 K, which is
consistent with the DSC and PXRD results. The sharp &’ peak at
the phase transition temperature (T.) is a typical characteristic of
ferroelectric transitions. In the vicinity of T, & obeyed the
Curie—Weiss law, &' = Cpo/(To—T) (T < T.) or &’ = C,,../ (T—
Ty) (T > T.). A fit of the reciprocal dielectric constant (1/¢) vs
T plot afforded C,, = 16.8 K and C,,,, = 49.4 K. The ratio of
Crara/ Cherro = 2.9, Was in agreement with the character of a second
order phase transition. Compared to previous reported pure
organic ferroelectrics, the magnitude of the peak value of &’
(~6.5) and the Curie constant were much smaller, suggesting a
weak spontaneous polarization of 1.° The dielectric constant of 1
was highly anisotropic (Figure S13). At the phase transition
temperature, the dielectric anomalies along the a and b axes were
negligible in comparison to that along the ¢ axis, suggesting that
the spontaneous polarization occurred along the crystallographic
c axis.

Analysis of second harmonic generation (SHG) is a sensitive
method for probing the existence of ferroelectric domains and
symmetry breaking from centrosymmetric to noncentrosym-
metric structures during phase transitions.””'* As shown in
Figure 3a, the temperature dependence of the SHG intensity
gradually decreased upon heating of 1 and finally reached zero at
325 K. The disappearance of the bright spot above T, confirmed
the emergence of inversion symmetry at the HT phase, which
was in good agreement with the results of the single-crystal
structure analyses (insets of Figure 3a).'”* In addition, the
gradual change in SHG intensity of 1 in the vicinity of the T,
further verified the second-order nature of the phase transition
(also see Video S1).

To further demonstrate the ferroelectric properties of 1, the
temperature dependence of the spontaneous polarization
obtained from the integration of the pyroelectric current was
investigated under a reverse electric field. As shown in Figure 3b,
the spontaneous polarization can be reversed by a DC electric
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Figure 3. Temperature dependence of the SHG effect (a) and
spontaneous polarization (b) of 1. The insets of (a) show the SHG
signal pictures at 326 (top right) and 317 K (bottom left); the bright
spots observed below the phase transition temperature confirm the
noncentrosymmetric structure at the LT phase. Spontaneous polar-
ization was determined from the integration of pyroelectric current.

field, definitively confirming the ferroelectricity of the crystal
below the phase transition point. The gradual decrease in
spontaneous polarization in the heating stage was consistent with
the continuous character of the ferroelectric phase transition.
Notably, the spontaneous polarization obtained from integration
of the pyroelectric current (P, ~ 0.16 uC/cm?) is consistent with
the value obtained from the DFT calculation: P, = y, N = 0.18
uC/cm? where y,. = 8.83 X 107! C-m is the dipole moment of
the trimeric unit along the crystallographic c axis (Figure S14); N
=Z/V.q = 1.99 X 10 m™ is the number of trimeric units per
cubic meter. We have not been able to observe ferroelectric
hysteresis loops for the crystal, perhaps due to the low mobility of
the domain wall, as in the case of another atypical organic
terroelectric single crystal whose structure was connected via
non-H-bond interactions."*

To clarify the microscopic origin of the ferroelectric—
paraelectric phase transition, the structural transformation was
further investigated. At the HT phase, the [H,dabco]*" cations
exhibited structural disordered and located at the symmetry
center of trimers, corresponding to a paraelectric phase. At
temperatures below the phase transition point, it was found that
the [H,dabco]** cations were frozen so as to be ordered and
shifted to one of the two energetically equivalent positions
around the center of trimer along the H-bond. Consequently,
two N---O hydrogen bonds with different distance were detected
in the LT phase (Ady..o = 0.038 A) (Figure 1). The change in
the trimer unit disrupted the crystal symmetry and led to the loss
of the crystallographic symmetric center. The displacement
directions for [H,dabco]** from the HT symmetric positions are
indicated by the blue arrows in Figure 4. According to the
symmetry operations of the space group Pca2,, a spontaneous
polarization of the bulk single crystal emerged along the
crystallographic ¢ direction (denoted by the green arrow in
Figure 4), while the components along the crystallographic a and
b directions canceled out because of the existence of glide planes.

The entropy change, AS, of the phase transition was estimated
to be 2.35 J-mol "K' from DSC measurements. According to
AS=RIn W (R =831]mol K" is the gas constant, and W
stands for the ratio of respective microscopic states), we
calculated the value of W = 1.33, which is smaller than 2,
suggesting that the transition was more complex than a simple 2-
fold order—disorder model. During the phase transition, the C—
H-+-O hydrogen bond interactions between [H,dabco]** cation
and 2CB~ anions from neighboring trimers underwent a
substantial variation (Figure S6), suggesting that the weak
molecular interactions between trimers are important for the
order—disorder phase transition of the [H,dabco]** cations."”*
Notably, the rotational disorder of dabco molecules in halogen-

Figure 4. Schematic diagram of the appearance of the spontaneous
polarization. Molecular packing viewed along the crystallographic b
direction. The blue arrows illuminate the directions of [H,dabco]*"
displacement at the LT phase from the center position of the trimer. The
green arrow denotes the spontaneous polarization. Atoms: N, blue; C,
gray; O, red; Cl, green. The H-atoms on the C-atoms are omitted for
clarity.

bonded trimeric units has been reported in two-component
amphidynamic cocrystals very recently.'®

Moreover, the H-bond interactions within the trimer also
perform an important function in the phase transition. As
mentioned above, the protons persisted in bonding to the dabco
during the ferroelectric phase transition, which was akin to the
situation reported for Phz-H,xa (Phz = phenazine, H,xa = 2,5-
dihalo-3,6-dihydroxy-p-benzoquinones), for which incipient
proton transfer induces molecular displacive motion and
consequently generates spontaneous polarization.s“’16 This
proton displacement is attributed to the well-matched proton
affinities of Phz (pK, = 1.20) and H,xa (pK,, = 0.73—0.80).” For
1, [H,dabco]** and 2CBA have nearly the same acidic
dissociation constants (pK,, = 2.97 for [H,dabco]** and pK, =
2.92 for 2CBA, see Scheme 1),"” strongly suggesting that the

Scheme 1. Acidic Dissociation Constants of Related
Compounds
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[H,dabco]** displacement is possibly induced by the incipient
proton transfer involved with the order—disorder structural
transition. One typical feature of proton-transfer-induced
ferroelectricity is that deuteration has a significant effect on the
T.>*'® Hence, the deuterated analogue 2 was synthesized and
characterized to investigate this deuteration effect. As can be seen
in Figure SIS, the T, was substantially elevated by replacing the
acidic H with D; i.e,, the T, of 2 was ~12 K higher than that of 1.
The significant elevation of T confirmed that acidic protons play
a crucial role in the cation displacement, consistent with the
mechanism of incipient proton transfer accompanying an order—
disorder phase transition.

In conclusion, we demonstrate here an organic ferroelectric
with distinctive structural architecture that was built from
discrete H-bonded molecular assemblies. The above room
temperature ferroelectricity stems from displacive motion of the
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middle cation between two end molecular anions accompanied
by an order—disorder structural change. The large shift in the
phase transition temperature upon deuteration manifests the
importance of the H-bond in the ferroelectricity, although the
weak molecular interactions between the trimers cannot be
neglected in the present study. Understanding the origin of the
spontaneous polarization in this unique structure will be useful
for the development of molecular-based ferroelectrics with
enhanced functional properties for use in microdevices.
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