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The ionic conductivity of a liquid crystal electrolyte was switched
along with redox reactions of polyviologen. The surface charge of the
polymer determined the alignment and the bulk conductivity of the
electrolyte. The cooperative switching firstly enabled the suppression
of self-discharging and quick-response, giving rise to facile and
persistent charge storage.

Organic redox-active polymers have attracted substantial
attention as charge storage materials for secondary batteries,
electrochromic devices, sensors, and memories.”” The devices
exhibit fast charging/discharging performances in lightweight
and flexible or even stretchable forms due to the chemical and
mechanical robustness of the organic polymers.*** In order to
improve battery performances, a series of studies with different
concepts of polymer design were reported.””” The use of
unconjugated polymer backbones enabled successful charging/
discharging with theoretical capacities whilst conjugated ones
typically tended to suffer from chemical instability along with
the high ratio of doping.”®'® Cross-linking structures sup-
pressed the elution of polymers into electrolytes which may
cause the loss of the capacity and even self-discharging induced
by the shuttle process.>®** Multi-electron redox-active moieties
such as anthraquinones increased the theoretical capacity as
electrodes,** and composite electrodes with optimized
compositions of redox-polymers and conductive carbons were
also essential to maintain both power and energy density.**
Apart from electrode-active materials, emerging functional
electrolytes such as ionic liquids have also attracted consider-
able attention for further favourable performances.”>*¢ Appro-
priate combinations of ionic species as electrolyte layers
enabled the desirable properties such as ionic conductivity,
viscosity, potential window, vapour pressure, and other impor-
tant functions.”* In particular, liquid crystal electrolytes
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containing ionic liquids have been reported as a new class of
functional electrolytes, owing to their anisotropic ionic
conductivity in bulk scales.”®?*° We anticipate a substantial
potential of using them for charge storage applications because
their ionic conductivity can be, in theory, reversibly tuned in
favoured directions®*' along with charge/discharge reactions,
and it will contribute to both the quick response of the devices
and the suppression of unfavourable self-discharging.

Herein we report a new technique of dynamically switching
the ionic conductivity of liquid crystal electrolytes by coopera-
tively controlling the redox reaction of polyviologen 1 (ref. 32) to
induce the alignment of the liquid crystal electrolyte containing
nematic liquid crystal 4-cyano-4’-pentylbiphenyl (5CB) and ionic
liquid 1-ethyl-3-methylimidazolium tetracyanoborate (EMIM
TCB) which exhibits the anisotropic ionic conductivity. The
bulk ionic conductivity of the device was reversibly tuned along
with the charge/discharge reactions by changing the alignment
of the liquid crystals. High conductivity was achieved during the
charging/discharging reactions, but low conductivity was ob-
tained only after the completion of the charge (Fig. 1). The
highly conductive state during the redox reaction should result
in quick responses of the devices, and the lower conductivity
that emerges only in the fully charged state should suppress the
undesired self-discharging induced by the shuttle processes of
the ionic species.****

We expected that the alignment of 5CB could be in principle
controlled by adjusting the force balances of (a) the electric field
of the double layer in the vicinity of the electrode and (b) the
Van der Waals force between the polyviologen and 5CB. When
polyviologen 1 is in the dication state, perpendicular alignment
of 5CB should be induced because of the electrostatic interac-
tion between the dipole moment of 5CB (dielectric anisotropy
Ae = +13)* and the diffusion layer's electric field originating
from the densely populated charge on the polyelectrolyte. On
the other hand, when polyviologen 1 was one-electron reduced
with each redox moiety, the Van der Waals force between the 1
and 5CB would become dominant and then induce the planar
alignment of liquid crystals. The surface driven switching of
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Fig. 1 Dynamic switching of ionic conductivity by cooperative inter-
action of polyviologen and nematic liquid crystals.

liquid crystals by tuning the balance of the electric double layer
and Van der Waals force described above was preliminary
studied by Abbot's group, but they examined only the cases and
mechanisms of self-assembled monolayers of ferrocene or
redox-inactive compounds for optical applications.***> Our
present report will be the first to successfully use the redox
polymers and the liquid crystal electrolytes for the dynamic
tuning of ionic conductivity enabling the efficient charge
storage.

The electrochromic device was fabricated using a spin-
coated 1 layer on an ITO substrate as the electrochromic elec-
trode, ATO nanoparticles on an ITO as the capacitive counter,
and 35 mM EMIM TCB in 5CB as the electrolyte solution. We
selected EMIM TCB because it exhibited higher tendency for
homeotropic alignment compared to former reported common
electrolytes including tetrabutylammonium tetrafluoroborate
(TBABF,) (Table S1, further discussion in the ESIt).** Hydro-
phobic ionic liquids exhibited more favourable miscibility and
higher degrees of dissociation in 5CB which should contribute
to the strong electric field of the double layer in the vicinity of
the charged polymer and induce homeotropic alignment
(Fig. S1 and S27). The reversible electrochromic response was
observed by applying constant voltages to the device (Fig. 2).
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Fig. 2 UV-vis spectra of the electrochromic device. Solid line (black):
—2.5V, and dashed line (red): 2.5 V.
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The polymer layer in the discharged dicationic state was
transparent at 0 and 2.5 V vs. the capacitor electrode but turned
tored at —2.5 V by reduction into the charged cationic state. The
results suggested the reversible redox reactions of 1 between the
dication and cation states. Simultaneously, we observed the
dynamic alignment changes of 5CB accompanied with the
redox reactions (Fig. 3). Polarized light microscopy observation
showed the homeotropic alignment in the dication state and
planar or tilted alignment in the cation state. In the former
state, the strongly charged surfaces of both 1 and the metallic
oxide (ATO, counter electrode)* have certainly induced the
strong electric field of the double layer at the surfaces, and
caused homeotropic alignment. On the other hand, the planar
or tilted alignment in the cation state should be induced by
dominantly affecting the Van der Waals force between 1 and
liquid crystals after the decrease in the polymer charge by the
reduction of the dication to the cation. 5CB molecules close to
the counter electrode seemed to always align perpendicularly
against the substrate as expected in the absence of substantial
redox reactions at the surface.*

Dynamically switching the alignment of the liquid crystal
along with the redox reactions enabled both quick charging/
discharging and suppression of self-discharging. For compar-
ison, we used a 1000 mT external magnetic field induced by
neodymium magnets to always homeotropically align 5CB
against substrates.*®* We observed the significant difference in
ionic conductivity between the planar (8.25 x 10~° S cm without
magnet) and homeotropically aligned (8.70x 10™® S cm with
magnet) conditions after charging (Fig. 4(a)). The difference in
the resistivity was calculated to be 6300 Q cm and the ratio was
1.05, which was slightly lower than the original anisotropic ratio
of the electrolyte (1.13 in Fig. S3f) presumably because 5CB
always aligned perpendicularly in the vicinity of the counter
ATO electrode. The rate of self-discharging was successfully
reduced under the planar alignment conditions compared to
the homeotropic state (Fig. 4(b)). Open circuit potentials
differed up to 200 seconds and the result suggested that the low
ionic conduction of the electrolyte with the planar alignment
efficiently suppressed the unfavourable self-discharging reac-
tions with the ionic species.

After 200 seconds, the alignment of 5CB changed from
planar to homeotropic, and no significant difference was
observed between the conditions with or without the external
magnetic field. The alignment change from homeotropic to

200 pm

Homeotropic alignment
(0and 2.5V)

Planar or tilted alignment
(-2.5V)

Fig. 3 Polarized light microscopy images of the electrochromic
device. Inset: conoscope observation. The cross-shape indicates the
homeotropic alignment of liquid crystals.
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Fig. 4 (a) Electrochemical impedance spectra of the electrochromic

device at —2.5 V (10° to 5 x 10* Hz, AC amplitude 10 mV). (b) Open
circuit potential of the device after charging at —2.5 V. (c) Time
dependences of the absorbance at 530 nm and current density applied
at —2.5V, and (d) 2.5 V. The magnetic field (1000 mT) was applied to
induce the homeotropic alignment (dotted line).

planar should be caused by the self-discharging of the polymer
surface. The use of liquid crystal electrolytes with even higher
anisotropic ionic conductivity will more efficiently suppress the
unfavourable self-discharging reactions. We observed no
significant difference in the response rate for the charge/
discharge reactions between the dynamically changed align-
ment in the absence of the magnet and permanently homeo-
tropically aligned conditions using the magnet (Fig. 4(c) and
(d)). Both devices turned on in 15 seconds, and decoloured in
300 seconds. Since the alignment of 5CB was homeotropic
except for the fully charged state, the high ionic conductivity
during the charge/discharge processes seemed to enable the
fast response rate as high as that of the permanently homeo-
tropic conditions with the magnet. The slower responses for
decolouring than colouring should be caused partially by the
dense stacking of viologen cations.?” Enhancing the switching
ratio of ionic conductivity with a view to accomplish more
significant co-operation is the topic of our continuous research.

Conclusions

We established a new technique of dynamically switching ionic
conductivity of electrolytes with a difference of 6300 Q cm
utilizing the cooperative interaction of redox polymers and
liquid crystals. The favourable change of the ionic conductivity
along with the charge/discharge reactions enabled both the
significant suppression of the self-discharging caused by ionic
species and quick response of the device in 15 seconds. To the
best of our knowledge, this is the first report on dynamic tuning
of the ionic conductivity of electrolytes along with the charging/
discharging by polymers which enables efficient charge storage.
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Our technique can be widely used for a series of reported liquid
crystal electrolytes with higher regularity and anisotropic ionic
conductivity,”®*® and a further efficient charge storage system
can be realized by using them. The successful alignment will
lead to facile and persistent charge storage with potential
applications to electrochromic devices and batteries with
dramatically enhanced performances.
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