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Two-dimensionally ion-conductive liquid crystals have been simply obtained by
self-assembly of a cholesterol [tetra(ethylene oxide) block molecule and lithium tri-
flate. Nanophase-segregation between cholesterol and tetra(ethylene oxide) blocks
leads to the formation of a smectic A liquid crystalline phase in a wide range of
temperature. A homeotropically aligned lithium salt complex in the smectic A
phase shows two-dimensional ionic conductivity. The ionic conductivities parallel
to the smectic layers are higher than those perpendicular to the layers. The
maximum value of the anisotropy in the ionic conductivity is about 2.4 x 10° at
30°C.
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INTRODUCTION

Anisotropic nanostructures of liquid crystals can be wused for
the fabrication of new functional materials [1-5]. For example, low-
dimensional ion-active materials have been developed [6-8]. However,
no molecular orientation was achieved and anisotropic ionic con-
ductivities could not be measured before we recently prepared low-
dimensional ion-conductive materials based on poly(ethylene oxide)s
(PEOs) [3,9-12] and ionic liquids [13-16]. For these materials, we
could achieve molecular alignment and the measurements of aniso-
tropic ionic conductivities. These anisotropic ion-conductors are
mainly composed of two incompatible blocks: an ion-conductive moiety
such as poly(ethylene oxide)s or ionic liquids and an ion-insulating
mesogenic moiety.

Columnar and layered assemblies are formed for these materials
due to nanophase-segregation of these blocks. Monodomain of these
anisotropic nanophase-segregated structures is effective for low-
dimensional ion conduction. To obtain such highly oriented liquid
crystalline (LC) structures, the design of mesogenic core is important.
For PEO-based anisotropic ion-conductors, calamitic mesogens having
several aromatic rings are often used to induce smectic LC phases
[9-12]. A wide temperature range of smectic A phase is favorable for
the monodomain formation. However, the aromatic molecules tend
to show complicated transition behavior of the ordered smectic phases,
which are difficult to form monodomains.

In this study, we have designed and synthesized two types of block
PEO-based liquid crystals with cholesteryl groups as the mesogenic
cores. Cholesterol can induce smectic A phases for various types of
molecules, while it is known to act as a chiral nematogen [17-22].
We here show that cholesterol/tetra(ethylene oxide) block molecules
and their complexes with lithium salts show stable smectic A phases
in wide ranges of temperature.

RESULTS AND DISCUSSION

The preparation of block liquid crystals 1 and 2 has been achieved in
only one synthetic reaction through a coupling of cholesterylchlorofor-
mate and tetraethylene glycol.

Liquid Crystalline Properties

The liquid crystalline properties of 1 and 2 have been examined with a
polarized optical microscope, a differential scanning calorimetry, and
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an X-ray diffractometer. Table 1 summarizes the liquid crystalline
behavior of the block liquid crystals. Compounds 1 and 2 show enan-
tiotropic smectic A phases in wide ranges of temperature including
room temperature. In contrast, block liquid crystal 3 with dimeric
calamitic mesogens and its lithium salt complex exhibit narrower tem-
perature ranges of smectic A phases [9] than cholesterol block liquid
crystals. They tend to show ordered smectic phases in the lower
temperature.

TABLE 1 Phase Transition Behavior of PEO-Based Block Liquid Crystals
and their Lithium Salt Complexes

Phase transition behavior®

1 G —-35 Sp 103 Iso
1/LiOSO,CF5’ G -26 S, 130 Iso
2 G 13 S, 107 Iso
2/Li0S0,CF5’ G 19 S, 114 Iso
3 G 46 Sx 57 Sg 77 Sg 121 S, 170 Iso

3/LiOSO,CFs%¢ G —-28 Sx 48 Sg 73 Sp 121 Sp 178 Iso

“Transition temperature (°C): Iso = isotropic, Sy = smectic A, Sg = smectic B, Sg =
smectic E, Sx = unidentified ordered smectic phases, G = glassy.

5The concentration of lithium salts is 0.05 mol per oxyethylene unit.

‘Ref. [9].
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Lithium triflate (LiOSO,CF3) is added to 1 and 2 as an ionic species.
The concentration of lithium is 0.05 mol per ethylene oxide unit. The
incorporation of lithium salts increases the transition temperatures
(Table 1). The ion—dipole interaction between lithium ions and the
oxygens of oligoether induces the formation and stabilization of the
nanophase-segregated layered structures.

Figure 1 shows the polarized optical micrographs of the lithium salt
complex of 1 (1/LiOSO5CF3) at room temperature. This complex easily
forms homeotropic alignment on the substrates (glass and indium-
tin-oxide (ITO)) when it is cooled from the isotropic phase. On the
other hand, the lithium salt complex of dimeric block liquid crystals
(2/LiOSO2CF3) forms polydomains on the substrates. The volume bal-
ance between cholesterol blocks and tetra(ethylene oxide) blocks is
also important for molecular orientation. In this case, the increase of
hydrophobic cholesterol block may destabilize the monodomain forma-
tion on the hydrophilic surface of the substrates.

X-ray diffraction pattern of 1/LiOSO5CF3 shows that the layer spa-
cing of the smectic A phase is 5.7nm at room temperature. On the
other hand, the extended conformation of compound 1 is calculated
to be 3.3nm with a molecular modeling. These results indicate that
the lithium salt complex of 1 forms a nanophase-segregated bilayer
structure and effective ion-conductive paths are formed for the
oriented complex (Fig. 2).

FIGURE 1 Polarized optical micrograph of 1/LiOSO,;CF; at room tempera-
ture. Inset shows the conoscopic image of the complex.
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FIGURE 2 Schematic illustration of bilayer nanostructures of 1/LiOSO5CF.

Anisotropic lonic Conductivity

The anisotropic ionic conductivities of 1/LiOSO,CF3; have been
measured by the complex impedance methods. The lithium salt com-
plex is filled within two types of cells as schematically illustrated in
Figure 3. Cell A is comb-shaped gold electrodes shaded on a glass
substrate and cell B is a pair of ITO substrates. The complex

(Cell A)

glass substrate

(Cell B)
ITO electrode

N
spacer —

FIGURE 3 Schematic illustration of comb-shaped gold electrodes (Cell A)
and ITO electrodes (Cell B) used for the measurements of anisotropic ionic
conductivities.
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spontaneously forms homeotropic alignment on both types of cells,
which has been confirmed by conoscopic observation with a polarized
optical microscope. This macroscopic orientation of 1/LiOSO5;CFj
allows us to measure the anisotropic ionic conductivities. The ionic
conductivities parallel (o) and perpendicular (¢ ) to the smectic layers
can be obtained by using cell A and cell B, respectively.

Figure 4 shows the Arrhenius plots of ionic conductivities of
1/LiOSO,CF3 as a function of temperature. The values of o () are
higher than those of 6, (o) in the smectic A phase. For example, the
o) and ¢, values at 30°C are 5.0 x 10% and 2.1 x 10 Scm ™, respect-
ively. The magnitude of anisotropy in the ionic conductivity (s /0 ) is
about 2.4 x 10 at the same temperature. The anisotropy of the ionic
conductivity disappears when the complex turns into the isotropic
phase. It should be noted that o, values are successfully measured
for 1/LiOSO5CF3. The o, values of 3/LiOSO2CF3; could not be

Temperature (°C)

150 100 50

- 10'3 T .. T T
\ e P

S %o

© 10%* T “@D o ..0.

<2 : %,

5 10° ®e
= 0 Iso . Sa %o
= 6 |

-5 10 6 OOO

= %

2 7k o

s 10 %

%o

@) oOO

L 108

5 %

107
22 24 26 28 3.0 32 34

1000/T (K1)
FIGURE 4 Arrhenius plots of anisotropic ionic conductivities of

1/LiOSO.CFs. Filled (o) and open (o) circles represent the ionic conductivities
parallel (¢) and perpendicular (¢ ;) direction to the smectic layers, respectively.
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obtained because they did not form homeotropic alignment on ITO
substrates. [9] Moreover, the o values of 1/LiOSO,;CF3 are higher
than those of 3/LiOSO2CF3. The value of ¢ at 30°C was 8.8 x 1077
Sem™ for 8/LiOSO,CFs. Monodomain structures in the smectic A
phase may contribute to the relatively higher ionic conductivities for
1/LiOSO5CF3;. Cholesterol /tetra(ethylene oxide) block molecule 1
has advantages for the fabrication of two-dimensional anisotropic
ion-conductors based on the stable smectic A phase.

CONCLUSION

Cholesterol /tetra(ethylene oxide) block liquid crystals have been
prepared by one-step synthesis. The lithium salt complexes of the
block liquid crystals exhibit the smectic A phases in wide ranges of
temperature including room temperature. Two-dimensionally aniso-
tropic ion-conductive behavior can be achieved for the highly oriented
lithium salt complexes of 1. These two-dimensionally anisotropic
ion-conductors have potentials for a new type of ion-active devices
such as polyelectrolytes, ion-transporting membranes, or ion-sensors.

EXPERIMENTAL
Characterization

Liquid-crystalline phases and molecular orientation were determined
with an Olympus BH-2 polarized optical microscope equipped with a
Mettler FP82HT hot-stage. Phase transition temperatures were
detected by a NETZSCH DSC 204 Phoenix differential scanning
calorimeter. Heating and cooling rates were 10°C/min. The transition
temperatures were taken at the maximum of exothermic and mini-
mum point of endothermic peaks, respectively. The midpoint of the
change in the heat capacity was taken as a glass transition tempera-
ture. X-ray diffraction study in the present study was conducted on
a Rigaku RINT-2500 system using CuKo radiation. Molecular model-
ing was calculated with a software CS Chem3DPro employing MM2
energy minimization parameters.

Synthesis

2-(2-(2-(2-(cholesteryloxycarbonyloxy)ethoxy)ethoxy)
ethoxy)ethanol (1)

Tetraethylene glycol (6.98 g, 36.0 mmol) and pyridine (10 mL) were
dissolved in dry dichloromethane (CH3Cly) (30 mL). A CH,Cly, solution
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of cholesterylchloroformate (2.94 g, 6.55 mmol) was added slowly drop-
wise to the mixture at 0°C with stirring, and the solution was stirred
for an additional 24h at room temperature. The resultant mixtures
were poured into water and extracted with chloroform three times
with a separate funnel. The combined organic phases were washed
with saturated NH4CI aqueous solution and brine. The organic phase
was dried over magnesium sulfate, filtered through a Celite pad, and
concentrated under reduced pressure. The crude product was purified
by column chromatography (eluent: hexane/ethyl acetate =1/2) to
give 1 (3.24 g, 5.33 mmol) as a smectic liquid crystal at room tempera-
ture in a yield of 82%.

'H NMR (400 MHz, CDCl3): 5 = 0.68-2.03 (m, 42H), 2.37-2.40 (m,
2H), 3.61-3.75 (m, 14H), 4.28 (t, J = 9.3 Hz, 2H), 5.39-5.40 (m, 1H).

13C NMR (100 MHz, CDCly): 6 = 11.8, 18.7, 19.3, 21.0, 22.6, 22.8,
23.8, 24.3, 27.7, 28.0, 28.2, 31.8, 31.9, 35.8, 36.2, 36.5, 36.8, 38.0,
39.5, 39.7, 42.3, 50.0, 56.1, 56.7, 61.8, 66.6, 69.0, 70.3, 70.5, 70.6,
70.7, 72.5, 77.9, 122.9, 139.3, 154.5.

Bis(cholesteryloxycarbonyl)tetraethylene Glycol (2)

Quantities: tetraethylene glycol (1.54 x 10 1g, 7.93 x 10~ mmol);
cholesteryl chloroformate (9.94107'g, 2.21 mmol). The experimental
procedure of 2 was the same as described for the preparation of com-
pound 1. The crude product was purified by column chromatography
(eluent: hexane/ethyl acetate =3/1) to give 2 (7.49 x 10~'g, 7.34 x
10"  mmol) as a white solid in a yield of 93%.

"H NMR (400 MHz, CDCl3): 6 = 0.67-2.02 (m, 84H), 2.36-2.42 (m,
4H), 3.61-3.75 (m, 12H), 4.28 (t, J = 4.8 Hz, 4H), 5.39-5.40 (m, 2H).

3¢ NMR (100 MHz, CDCly): 6 =11.8, 18.7, 19.2, 21.0, 22.5,
22.8, 23.8, 24.3, 27.6, 28.0, 28.2, 31.8, 31.9, 35.8, 36.2, 36.5, 38.0,
39.5, 39.7, 42.3, 50.0, 56.1, 56.7, 66.7, 68.9, 70.6, 77.9, 122.9, 139.3,
154.5.

Preparation of Lithium Salt Complexes

To obtain lithium salt complexes, cholesterol/tetra(ethylene oxide)
block liquid crystals and lithium triflate were dissolved in dry tetrahy-
drofuran followed by drying in vacuo at room temperature for 24 h.

Measurements of lonic Conductivity

Dynamic anisotropic ionic conductivities were examined by using an
impedance analyzer (Schlumberger, Solartron 1260) with a custom
set-up temperature controller.
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