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ABSTRACT: The photocontrol of the macroscopic
alignment of nanostructured 2D ion-transporting pathways
is described. The uniplanar homogeneous alignment of the
thermotropic smectic (Sm) liquid-crystalline (LC) phase
has been successfully achieved via photoinduced reor-
ientation of the azobenzene groups of the imidazolium-
based LC material. The ionic layers of the Sm LC phase
are macroscopically oriented perpendicular to the surface
of the glass substrate. The oriented films show anisotropic
ion conduction in the Sm phase. This is the first example
of the macroscopic photoalignment of ion-conductive LC
arrays. Reversible switching of homeotropic and homoge-
neous alignments has also been achieved for the LC
material. These materials and the alignment methodology
may be useful in the development of ion-based circuits and

memory devices.

S elf-assembled ionic soft materials have attracted a great deal
of attention due to their ability to form nanostructured and
well-defined ion channels."”” The use of ionic liquid crystals'
has been found to be a versatile approach for the development
of ion transporting materials forming 1D,? 2D,* and 3D" ionic
pathways. Among these materials, columnar and smectic (Sm)
assemblies are of interest for ion transportation in a specific
desired direction.**® Anisotropic ion condutors may be
applicable to the development of ionic devices such as batteries
and ion transistors. However, the orientation of liquid-
crystalline (LC) domains to the specific direction is still
challenging. To date, the macroscopic alignment of ion-based
thermotropic liquid crystals has been achieved in columnar
hexagonal and Sm LC phases by the application of shear
force,>* electric field,” rubbing treatment,® and surface
modification.”® These methods require the physical contact
with the samples or the use of specific substrates which are not

always compatible for their use in practical applications.’
Therefore, the development of more useful methodologies
for the alignment of ion-transporting pathways is particularly
attractive for the preparation of efficient LC devices. Our
approach here is to develop stimuli responsive ion-conductive
LC materials.'"’ Herein we report on the photoinduced
orientation of 2D ion-transporting nanopathways (Figure 1).
Homogeneously aligned LC thin films of photoresponsive
compound 1 (Figure 1a) have been successfully obtained via
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the axis selective cis-to-trans photoisomerization of azobenzene
(Azo) groups by using linearly polarized (LP) visible light
irradiation (Figure 1b). This change in pathway alignment
between parallel (homeotropic) and perpendicular (homoge-
neous) to the substrate is reversible. Ion-conductive measure-
ments confirmed the anisotropic nature of the ion transport in
the photoaligned arrays.

We have designed and prepared imidazolium-based wedge-
shaped LC molecule 1 bearing three Azo groups (Figure 1a).
We expected that the photoinduced reorientation of the Azo
moieties (Figure 1b) in 1 led to the orientation of ion-
transporting pathways, which significantly simplifies the
alignment process. Compound 1 was expected to show an
Sm phase."’ We aimed to achieve the macroscopic photoalign-
ment of the 2D ionic pathways perpendicular to the surface of
the substrate. This photocontrol is of interest for their eflicient
application as electrolytes in sandwiched devices.” The
alignment of bulk materials driven by the photoinduced
orientation of Azo groups was reported.'> This approach was
shown to be useful in the orientation of ionic LC arrays.”*">
However, to our knowledge no photoalignment was reported
for LC ion-transporting materials.

Compound 1 was isolated as a yellow-orange solid, which
exhibited thermotropic LC phases upon heating. The LC
behavior of 1 was examined by polarizing optical microscopy
(POM), differential scanning calorimetry, and powder X-ray
diffraction (XRD) measurements. Imidazolium salt 1 exhibited
an enantiotropic smectic A (SmA) phase from 95 to 140 °C
and a nematic (N) phase from 140 until 149 °C in a heating
process (Figure 1 and Supporting Information). Compound 1
spontaneously aligned homeotropically on glass and quartz
substrates after cooling from isotropic to LC and solid states
(Figure 1b top). The XRD pattern of compound 1 at 120 °C
showed two intense peaks at 21.4 and 14.2 A, which were
assigned to the (002) and (003) diffraction peaks of an SmA
phase (Supporting Information). On the other hand, the XRD
pattern at 145 °C only showed a diffused halo peak. This phase
was identified as an N phase according to the POM observation
(Supporting Information). Normally, ionic liquid ecrystals
exhibit nanosegregated LC phases such as Sm and columnar
phases due their block structures consisting of ionic and
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Figure 1. (a) Molecular structure of compound 1. Schematic
representation of the Azobenzene (Azo) trans-cis isomerization in 1
(bottom). (b) Schematic representation of the photoinduced
reorientation of liquid-crystalline thin films of 1. Insets show the
molecular assembly. Direction of ion transporting 2D channels marked
in green arrows. Direction of the linearly polarized (LP) light marked
as black arrows. SmA: smectic A; N: nematic; Iso: isotropic.

SmA phase, these processes resulted in the homogeneous
alignment of the lamellar structure of LC 1 with the ionic layers
perpendicular to the LP light (Figure 1b, bottom). Remarkably,
this process was reversible. After heating to the isotropic state
followed by the slow cooling to the SmA phase, 1 recovered the
initial homeotropic organization (Figure 1b and Supporting
Information).

The alignment of the thin film of 1 after the Azo
photoreorientation process'> was examined by polarized UV—
vis absorption spectroscopy, and the results are shown in Figure
2a. An intense absorption band of the trans-Azo is observed at
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Figure 2. (a) Polarized UV—vis absorption spectra of photoaligned
thin film of 1, parallel (red) and perpendicular (black dashed) to the
direction of the LP light previously applied for the alignment. (b)
Polarizing optical microscopic images of photoaligned film of 1 at 100
°C in the SmA phase. The direction of the linearly polarized (LP) light
irradiated in the alignment of the film is (left) parallel to the direction
of the microscope analyzer (A) and (right) after rotation by 45° with
respect to the analyzer (A). Directions of the analyzer (A), polarizer
(P), and the polarized light (LP) used for the photoalignment are
indicated with white arrows.

nonionic moieties." For compound 1, the N phase is formed
because of the lower weight fraction of ionic parts. In this case,
the nonionic flexible folk-like mesogenic part dominates the
liquid crystalline behavior in this higher temperature range,
which results in the formation of the N phase (Supporting
Information).

The photoorientation method by the axis selective cis-to-
trans photmsomenzatmn of Azo is especially effective to align
polymeric LC materials,"* and it consists of exposing a cis-Azo-
based photostationary state to LP visible light (Supporting
Information)."* This method was successfully applied for the
selective homogeneous alignment of ionic thin films of 1
(Figure 1b and Supporting Information).'*'* The exposure of
the homeotropically aligned thin film of 1 (Figure 1b top) to
360 nm UV light induced the trans-to-cis isomerization of Azo
groups, which led to a viscous isotropic phase (Figure 1b
middle). The further exposure of the film to LP 540 nm visible
light induced the cis-to-trans photoisomerization where the Azo
molecules were oriented parallel to the linear polarizer. After
the subsequent thermal annealing of the film at 100 °C in the
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340 nm when the polarizer is parallel to the direction of the LP
light applied on the film. However, this band drastically
decreases after rotation of the polarizer by 90°. These results
suggest that the trans-Azo groups are aligned parallel to the
direction of the applied LP light (Figure 1b bottom). The POM
observation of the irradiated thin films (Figure 2b) has
confirmed that the reorientation of Azo groups successfully
results in the uniplanar alignment of the LC domains (Figure
1b bottom). The POM images of the aligned thin film of 1 in
the SmA phase show no birefringence when the polarizer or
analyzer is parallel to the direction of the applied LP (Figure 2b,
left). However, after rotation of the sample holder by 45° the
image becomes homogeneously colored, indicating the macro-
scopic homogeneous alignment of the SmA phase (Figure 2b,
right). Thus, the UV—vis absorption spectroscopy measure-
ments and the POM images (Figure 2) together have
confirmed the macroscopic orientation of the lamellar
structures of 1 where the Azo groups are aligned parallel to
the LP light irradiation and the ionic layers lies perpendicular to
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the surface of the substrate and to the applied LP light (Figure
1b, bottom).

Thin films of 1 were prepared and photoaligned on glass cells
with comb-shaped gold electrodes, and their ionic conductiv-
ities were measured (Supporting Information).">'¢ Figure 3a
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Figure 3. (a) Ionic conductivities of aligned samples of 1 as a function
of the temperature in the perpendicular (o) (black) and the parallel
(0,) (blue) directions of the molecular axis. (b) Schematic illustration
of the homogeneous alignments of 1 in the N (left) and SmA (right)
phases. The direction of jon transport is represented with green
(higher conductivities) and red (lower conductivities) arrows.
Interdigitation between molecules is omitted for clarity.

shows the ionic conductivities (o) of the photoaligned films of
1 as a function of temperature, perpendicular (6;) and parallel
(0,) to the molecular axis of 1 (Figure 3b). In the SmA phase,
oy is higher than 6,. For example, the ¢, at 116 °C is 3.1 X 107
S cm™!, while the o, at 115 °C is 3.9 X 1077 S cm™". These
results show that photoaligned thin films of 1 exhibit
anisotropic ion conduction in the SmA phase.

Interestingly, anisotropic ion conduction is also observed in
the photoaligned thin films of 1 in the N phase (Figure 3). The
conductivities parallel to the molecular axis of 1 (o)
significantly increase from § X 1077 to 1 X 107> S cm™" during
the SmA-N phase transition, while conductivities perpendicular
to the molecular axis of 1 (o;) drop to around 107¢ S cm™.
These trends suggest that the 2D ionic pathways have been
disrupted because of the phase transition to the N phase, but
remarkably the molecules maintain their orientation, but not
their position (Figure 3b). In the N phase, the ion
transportation along the parallel direction of the molecular
axis of 1 is higher than that perpendicular to the molecules axis
(Figure 3). It is noteworthy that the anisotropy in the ion
conduction changes during the SmA-N phase transition. The
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ionic conductivities perpendicular to the molecular axis of 1
(01) are higher than those that are parallel (0,), in the SmA
phase. But, after heating to the N phase the conductivities
parallel to the molecular axis of 1 (6,) are higher than those
perpendicular to the axis (o;) (Figure 3). To the best of our
knowledge, this behavior has not yet been reported.

In summary we have succeeded in applying eflicient
methodology for the homogeneous uniplanar alignment of
ion conductive pathways for nanostructured materials. The new
molecular design of 1 incorporating Azo groups allows the
alignment of the LC domains via the photoinduced
reorientation of the photochromic moiety. It is noteworthy
that LC 1 exhibits anisotropic ion conduction in SmA and N
phases. Thus, this new methodology for the alignment of
layered ionic liquid crystals is promising because it allows the
orientation of 2D ionic pathways perpendicular to the surface
of the substrate, which is the most efficient organization for a
practical application of electrolyte materials. Moreover, this
concept has potential to be used in memory devices and to
fabricate rewritable ionic circuits.
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