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Organic thin films with a large remnant polarization are of great
interest for diodes and nonvolatile memory devices.1 Specifically,
ferroelectric columnar liquid crystalline (LC) phases that feature
stable, switchable polarization along the column axis have potential
in ultrahigh density memory devices in which ultimately a single
column can function as a memory element through manipulation
of its macroscopic polarization.2a However, in spite of several
research efforts, stable remnant polarization in such systems has
not been observed.2

Here we show ferroelectric switching in a simple, hydrogen
bonded LC phase. The polar order induced in the LC phase can be
frozen by crystallization of the alkyl chains in the periphery of the
columns yielding thin films with remnant polarization and an
unprecedented high surface potential as shown by Scanning Kelvin
Probe Microscopy (SKPM).

Previously, we have used discotic molecules with a benzene-
1,3,5-tricarboxamide (BTA) core to design nanostructured materi-
als.3 BTAs are known to form supramolecular columnar assemblies
with a helical structure through 3-fold hydrogen bonding between
the amide groups connected to the core.4 Irrespective of the helical
sense of the columns, all amides point in the same direction and
are stacked head-to-tail. Therefore, the individual dipole moments
of the amides add up and result in a large, macroscopic dipole along
the column axis (Scheme 1).5a Studies addressing the alignment of
BTAs with an electric field in the LC state, the dielectric properties
in organogels, and ferroelectric properties in the solid state prompted
us to investigate the dielectric properties of LC thin films of BTAs.5

The BTA derivative with octadecyl side chains (1, Scheme 1)
was introduced in glass LC cells with a spacing of 5 µm that were
coated with two transparent electrodes. At 150 °C, the hexagonal
LC phase was aligned uniformly with the columns perpendicular
to the electrodes by applying a DC field of 30 V/µm as indicated
by a black texture under observation by polarizing optical micros-
copy (POM). When the aligned sample was cooled down, a weakly
birefringent texture was formed at ∼60 °C as a result of crystal-
lization. Interestingly, the black texture reappeared when the sample
was heated above the melting point of the crystalline phase without

a field across the cell suggesting that the basic columnar structure
and its alignment are unaffected by the crystallization of the alkyl
chains in the periphery. Wide angle X-ray scattering (WAXS)
measurements after cooling from the LC phase confirmed that the
hexagonal lattice and the columnar structure remain intact (see
Supporting Information (SI)).

The current response induced by switching of the macrodipoles
was measured under application of a triangular voltage wave over
prealigned sample cells (0.1-5 Hz, 400 Vp-p). During these
experiments the initial black POM texture remained unchanged
indicating that the homeotropic alignment of the BTA columns is
retained throughout the switching process. The polarization (P) of
the sample was evaluated as a function of the applied field (E) by
integrating the peak that was observed in the cell response current.
The P-E loops showed clear hysteresis as well as a concave and
fairly symmetric shape indicative of ferroelectric behavior (Figure
1a). The spontaneous polarization (Ps) and coercive field (Ec) were
determined from the axis crossings of the P-E loops and resulted
in values of 1.3-1.8 µC/cm2 and 21-26 V/µm, respectively.

The maximum switching frequency increased with temperature
from 0.1 Hz at 70 °C to 5.0 Hz at 150 °C, while Ps remained fairly
constant (see SI). The constant values for Ps indicate that the
switching peak in the cell response originates from the reorientation
of the macrodipoles and not from ionic or charge relaxation
phenomena.2d,e Moreover, the effective dipole moment of the three
amide bonds in 1 that was calculated based on the average Ps-
value is 8.3 D (see SI). This value is in excellent agreement with
the average dipole moments calculated for stacked BTAs in
molecular modeling studies (9-14 D) and provides additional
evidence for the origin of the switching behavior.5c,6

A separate set of experiments demonstrated that the spontaneous
polarization in 1 has a finite lifetime in the LC state. After an initial
poling pulse (E > Ec), the field was removed for a period of time
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Scheme 1

Figure 1. (a) Typical P-E hysteresis loop for 1 (100 °C, 0.5 Hz). The
polarization due to macrodipole inversion was estimated by integrating the
peak that was observed in the cell response current after subtracting a
baseline that takes both conductive and capacitive effects into account (see
SI). (b) Normalized remaining polarization 1 - (Pr/Ps) as a function of
time (tr). The lines are stretched exponential fits to the data.
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(tr) to allow the polarization to relax. Subsequently, a probe pulse
was given with the same polarity and the current response of the
cell was measured. If the spontaneous polarization is stable during
tr, the pulse will not change the polarization of the samples.
Conversely, if the initial polarization is completely relaxed during
tr, the pulse will lead to a buildup of polarization and the integrated
response signal (Pr) will equal Ps. Figure 1b shows the normalized
remaining polarization 1 - (Pr/Ps) as a function of tr at four different
temperatures. The characteristic relaxation time (τ) of the polariza-
tion was estimated by fitting the data sets to a stretched exponential
function (see SI). The τ-values decreased with temperature from
102 to 1.9 s showing that the LC phase of 1 is not properly
ferroelectric.

Interestingly, the crystallization of 1 freezes the polar order of
the macrodipoles and can be employed to produce thin films with
stable, remnant polarization. Thin films (300-400 nm) were spin-
coated on glass plates coated with a transparent electrode. The films
were locally aligned and poled using a liquid mercury electrode
(140 °C, ∼29 V/µm). Then, the samples were cooled to room
temperature while maintaining the field. The aligned and unaligned
areas of the samples were clearly detectable by optical microscopy
and had a completely different surface topography as observed by
AFM (Figure 2a-c). In the unaligned areas the BTA columns lie
parallel to the surface in bundles with a diameter of ∼50 nm. In
the areas where the columns are aligned perpendicular to the surface,
the AFM images show a top view of these bundles.

The surface potential of the thin films was measured by SKPM
(typical data sets shown in Figure 2d). In unpoled samples, the
surface potential was ∼0 V. When the samples were poled, we
observed surface potentials with a polarity opposite to that of
the mercury electrode used for poling. The absolute values of the
surface potential were (10-20 V for both positively and negatively
poled samples. Such high values for the remaining surface potential

are unique, because the measured surface potential of ferroelectric
materials is usually strongly reduced by screening effects due to
mobile ionic and dipolar species in the system.7 We believe that
some screening also occurs in the BTA layers and that the
experimental distribution in the absolute surface potentials is caused
by small variations in the extent of screening. In line with the results
of the lifetime measurements, the surface potential rapidly decreased
to ∼0 V when the samples were heated above the melting point of
the crystalline phase in the SKPM setup.

In conclusion, we have shown that the crystallization of the
peripheral alkyl chains in a BTA derivative freezes the polar order
of the macrodipoles present in the LC phase and can be used to
obtain thin films with remnant polarization. This study highlights
the potential of these materials to form nanostructured thin films
that integrate remnant electric polarization with other functional
properties for applications in organic diodes and asymmetric
membranes. The switching mechanism in BTAs is currently
explored in more detail by dielectric relaxation spectroscopy.
Furthermore, we are investigating piezoelectric properties of the
thin films and manipulation of the polarization on a local scale by
SKPM.
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Figure 2. AFM and SKPM results for thin films of 1. (a) Optical
microscopy image showing the difference between aligned (bottom left)
and unaligned (top right) sample areas. The red squares indicate the
approximate positions at which the AFM images in b and c were made. (b)
AFM height image of an unaligned thin film. (c) AFM height image of an
aligned thin film. (d) Histogram of typical surface potentials observed by
SKPM for positively poled, negatively poled, and unpoled thin films.
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