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Two types of thermotropic smectic phase and of anisotropic

ion conduction were observed in an amphiphilic ionic liquid,

N-ethyl-N9-dodecylimidazolium dodecyl sulfonate/lithium

tetrafluoroborate mixture.

Ionic liquids consist of charge-delocalized anions and organic

cations such as imidazolium and pyridinium.1 Ionic liquids provide

advantages that include high ionic conductivity, non-volatility,

non-flammability and catalytic properties. They are attracting keen

attention as green solvents2 or as an ion conductive matrix for

electrochemical devices.3 Furthermore, the ready modification of

ions is a great advantage in deploying organic ionic liquids. One

way of giving the necessary functionality to ionic liquids is to

introduce structures suited to self-assembly with a view to the

construction of organized ion conduction pathways. Self-

assembled ionic liquids are prepared by introducing long alkyl

chains to the imidazolium ring4 or by mixing ionic liquids with

calamitic molecules having polar groups at the alkyl chain ends.5

They show one-dimensional6 or two-dimensional5 ion conduction

in a columnar or smectic phase.

In this work we have designed amphiphilic ionic liquids for

target ion transport. Our previous studies have synthesized

polymerizable ionic liquids7 and zwitterionic liquids8 as a new

class of lithium ion conductive materials. To achieve a high

lithium ion transport number, long-range ion migration was

restricted in the design of these materials, except for Li+. Self-

organized ionic liquids are unique materials, because they include

a suitable space for a selective ion conduction path. In the

phase-separated ionic liquid layer consisting of 1 (N-ethyl-N9-

dodecylimidazolium dodecyl sulfonate: Chart 1), components of

ionic liquids are fixed outside the hydrophobic alkyl layer.{ In the

liquid crystalline phase of the 1/lithium salts mixture, both the Li

cation and the anion were expected to migrate preferentially in

the ionic layer. Below, we study the effect of adding lithium

tetrafluoroborate (LiBF4) on the phase transition behaviour, the

self-assembled structure, and the ionic conductivity of assembled

compound 1.

Phase transition behaviour was studied by polarized optical

microscopy and differential scanning calorimetry between 2100

and 200 uC at a scanning rate of 10 uC min21. Dynamic and

anisotropic ionic conductivities were measured by the complex

impedance method over a frequency range running from 10 to

5 6 106 Hz, using a comb-shaped gold electrode on a glass

substrate (Au cell; as shown in Fig. 1) (si||: ionic conductivity

parallel to the ionic layer) or an ITO cell5 consisting of a pair of

ITO glass electrodes and a Teflon spacer (siH: ionic conductivity

perpendicular to the ionic layer) at temperatures from 150 to 30 uC
at a cooling rate of 22 uC min21. The dynamic ionic conductivity

measurement apparatus was developed in our laboratory.9 A

voltage of 0.3 V was applied for measuring si|| and 0.01 V for

measuring siH. The cell constant of these cells was calibrated with

0.01 M KCl aqueous solution. The cell constant of the Au cell was

80.5 and of the ITO cell was 0.16. Samples were charged on each

electrode after they were heated to the isotropic temperature. After

charging samples into the cells, homeotropic and mono-domain

alignment at the liquid crystalline phase was confirmed by

orthoscopic and conoscopic observation.

Table 1 summarizes the phase transition behaviour for 1 and the

1/LiBF4 mixture in a heating and cooling cycle. During the cooling

cycle, 1 displayed two types of liquid crystalline phase, smectic A

and X (unidentified smectic). Addition of LiBF4 raised the clearing

point. The Li cation enhances intermolecular Coulombic interac-

tion in the ionic layer because of the large surface charge density of

Li+. The freezing point (and the enthalpy) fell drastically from

38 uC (249.7 kJ mol21) to 20.2 uC (29.09 kJ mol21). However, the

phase transition point and enthalpy of smectic A to X were

scarcely affected by adding LiBF4. This suggests that the phase

transition from smectic A to X is due entirely to crystallization

of aggregated alkyl chain layers. Furthermore, this result

indicates that LiBF4 was introduced only into the ionic domain
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Chart 1 N-Ethyl-N9-dodecylimidazolium dodecyl sulfonate.

Fig. 1 Schematic illustration of Au cell and mono-domain alignment for

liquid crystalline molecules 1 between gold electrodes.
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of self-assembled 1. Fig. 2 shows DSC curves of the second heating

and cooling cycle for the 1/LiBF4 mixture. On heating, 1 displayed

only the smectic A phase, whereas the 1/LiBF4 mixture displayed

both smectic A and X phases. A recrystallization peak was

observed in the smectic X phase during the heating cycle,

suggesting that the smectic X phase is a supercooled metastable

phase. The smectic X phase is therefore a unique phase in which

only the alkyl chain layer is crystallized, while the ionic layer

remains fused.

The temperature dependence of the ionic conductivity parallel to

the ionic layer (si||) upon cooling of 1 and the 1/LiBF4 mixture is

shown in Fig. 3. The ionic conductivities of both systems increased

after the phase transition from the isotropic to the smectic A

phase. Fig. 4 shows typical Nyquist plots for 1 at 126 uC (in

the isotropic phase) and 118 uC (in the smectic A phase). The

frequency dependence of the impedance was a semicircle in the

complex plane. These semicircles are equivalent to a resistor and a

capacitor in parallel. The value extrapolated to the Z9 axis

corresponds to the sample resistance. Ionic conductivities were

calculated as the reciprocal of the resistance (V21) multiplied by

the cell constant (cm21). Figs. 3 and 4, show that the ionic

conductivity in the smectic A phase is higher than that in the

isotropic phase. In general, the viscosity of the liquid crystalline

phase is higher than that of the isotropic phase, so that the ionic

conductivity in the liquid crystals should be less than in the

isotropic phase. However, the isotropic phase is a state of

mixed polar ionic groups and nonpolar (insulator) alkyl

chains. The results for si|| showed a high ionic conductivity in

the aligned mono-domain ionic layer which was phase-separated

from the nonpolar alkyl chains. It becomes clear that an

aggregated ionic domain formed in the smectic A phase

contained effective ion conductive pathways. The ionic con-

ductivity fell upon adding LiBF4. This reduction is presumably due

to the increased Coulomb interaction and restricted mobility of

ions.

We measured the ionic conductivity of 1/LiBF4 perpendicular to

the smectic layer (siH). Fig. 3 shows the temperature dependence

of the ionic conductivity [1/LiBF4 (siH)]. In the isotropic liquid

phase, the both ionic conductivities were almost the same whether

using the Au or ITO cell, reflecting the state of disordered

molecular alignment. On the other hand, the ionic conductivities

si|| and siH at 51.5 uC in ordered smectic A phase were 4.1 6 1025

and 2.6 6 1027 S cm21, respectively. The value of si|| was 150 times

greater than siH as a result of the assembled two-dimensional ionic

liquid domain in the smectic A phase of 1/LiBF4. Furthermore,

these results indicate that mono-domain molecular alignment was

formed spontaneously by the phase transition from isotropic to

Table 1 Phase transition temperature (uC) for 1 and 1/LiBF4 mixture
(enthalpy/kJ mol21 in parentheses) detected by DSC from the second
heating and cooling

Compound Cycle Phase transition temperatures

1 Heating Cr 67.4 (70.1) SA 121.3 (2.01) Iso
Cooling Cr 38.0 (249.7) SX 47.9 (219.1)

SA 118.5 (22.0) Iso
1/LiBF4 Heating Cr 30.4 (9.30) SX 49.9 (234.8)

Cr9 65.1 (56.5) SA 124.8 (2.18) Iso
Cooling Cr 20.2 (29.09) SX 48.8 (219.6)

SA 121.3 (22.3) Iso
a Iso 5 Isotropic liquid, SA 5 smectic A phase, SX 5 unidentified
smectic phase, Cr 5 Crystal

Fig. 2 DSC curves on second heating and cooling for 1/LiBF4.

Fig. 3 Temperature dependence of ionic conductivity for 1 and 1/LiBF4

on cooling; si|| and siH are the ionic conductivities along the direction

perpendicular and parallel to the aligned monodomain smectic layer.

Fig. 4 Nyquist plots for 1 at 126 uC in the isotropic phase (%), and

118 uC in the smectic A phase (#).
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smectic A phase. These ionic liquid crystalline molecules should be

useful for reusable materials. Because, reproduction of mono-

domain orientation is easy simply by allowing the temperature go

up to the isotropic phase and down to the smectic phase, even if

the mono-domain structure collapses.10

At the phase transition from smectic A to X, the ionic

conductivity (si||) did not fall drastically. This should be the result

of crystallization of alkyl chains alone, with the ionic layer

remaining in the liquid state. The crystallization generally froze the

motion of charged sites, causing a considerable reduction in the

conductivity. In the present system, motion which should be

effective for ion transport was possible. This is an important

characteristic of this smectic X phase.

In summary, an ionic layer formed in a liquid crystalline smectic

phase and was found to display a higher ionic conductivity than

the isotropic phase. Anisotropic ion conduction was clearly

observed. The amphiphilic liquid-crystalline ionic liquid 1 having

long alkyl chains, showed both a smectic A phase and a smectic X

phase, which gave rise to phase separation of the fused ionic layer

and the crystallized alkyl chain layer. A mixture of amphiphilic

ionic liquid 1 and LiBF4 displayed a spread temperature range of

the liquid crystalline phase. The amphiphilic ionic liquids formed a

two-dimensional and temperature-controllable ion conductive

pathway.
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Notes and references

{ N-Ethyl-N9-dodecylimidazolium bromide was obtained by reacting
N-ethylimidazole with 1-dodecyl bromide in toluene for 24 h at 80 uC.
The resulting crude product was purified by recrystallization from a mixed
ethyl acetate–acetonitrile system at least three times, giving the desired
product as a white powder in 86.0% yield. N-Ethyl-N9-dodecylimidazolium
bromide was dissolved in distilled water, and the resulting solution was
added to a solution of sodium dodecyl sulfonate in water at 80 uC. The
solution was stirred for 24 h at 80 uC and the precipitate was then extracted
with chloroform. The organic phase was washed with water and dried over
MgSO4. After filtration, the chloroform was removed under reduced
pressure. The resulting white powder was recrystallized from acetonitrile
three times. After drying under 1 Torr at 150 uC for 4 h, amphiphilic
imidazolium salt 1 was obtained as a white solid with a yield of 92.3%. The
water content after drying, measured by Karl–Fisher titration, was
488 ppm. The structure of the target salt was confirmed by 1H NMR
spectroscopy and elemental analysis. A mixture of 1 and LiBF4 was
prepared by direct and careful mixing of 1 with 5 mol% of LiBF4. The
mixture was heated to a temperature above the clearing points and was
stirred under reduced pressure for 2 h. 1H NMR (CDCl3, 500 MHz, 25 uC):
d 0.81 (t, CH3, 6H), 1.19 (m, CH2, 36H), 1.52 (t, CH3, 3H), 1.80 (m, CH2,
4H), 2.81 (m, CH2, 2H), 4.24 (m, CH2N, 2H), 4.34 (q, NCH2CH3, 2H),
7.07 (d, CH, 1H), 7.10 (d, CH, 1H), 10.23 (s, H, 1H). Elemental analysis:
calc. for C29H58N2O3S: C, 67.65; H, 11.35; N, 5.44. Found: C, 67.59, H,
11.25, N, 5.41%.
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