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General Procedures and Materials. Reagents and solvents were obtained from commercial suppliers and 

were used without further purification unless otherwise specified. 1H NMR and 13C NMR spectra were obtained using a 

JEOL JNM-LA400 at 400 and 100 MHz in CDCl3, respectively. Chemical shifts of 1H and 13C NMR signals were 

quoted to internal standard Me4Si and expressed by chemical shifts in ppm (δ), multiplicity, coupling constant (Hz), and 

relative intensity. Elemental analyses were carried out on a Perkin-Elmer CHNS/O 2400 apparatus. Liquid crystalline 

phases were observed with an Olympus BH-2 optical polarizing microscope equipped with a Mettler FP82 HT hot-stage. 

Thermal characterization was conducted with a Mettler DSC 30 system at a scanning rate of 10 °C min−1. Wide-angle 

X-ray diffraction (WAXD) patterns were obtained using a Rigaku RINT-2100 system with monochromated CuKα 

radiation. Two-dimensional small-angle X-ray scattering (2D SAXS) patterns of aligned samples were also recorded 

using an image plate detector (R-AXIS DS3C). 

 

Synthesis of 1-methyl-3-[3,4,5-tris(alkyloxy)benzyl]imidazolium tetrafluoroborates (1a,b). The 

synthetic pathways used to obtain compounds 1a,b are shown in scheme S1. Ethyl-3,4,5-trihydroxybenzoate was 

etherified with 1-bromoalkane (CH3(CH2)n-1Br, n: carbon number of alkyl chain) in the presence of potassium carbonate 

(K2CO3) in N,N-dimethylformamide (DMF) to yield ethyl-3,4,5-tris(alkyloxy)benzoates (2a,b). After reduction of the 

esters (2a,b) with lithium aluminium hydride (LiAlH4) in tetrahydrofuran (THF), the resulting benzyl alcohols (3a,b) 

were converted to 3,4,5-tris(alkyloxy)benzyl chlorides (4a,b) with thionyl chloride (SOCl2) in dichloromethane 

(CH2Cl2). Subsequent quarternalization reaction of 1-methylimidazole with compounds 4a,b in toluene gave 

imidazolium chlorides (5a,b). Finally, imidazolium tetrafluoroborates (1a,b) were prepared by the metathesis reaction 

of the corresponding imidazolium chlorides with silver tetrafluoroborate (AgBF4) in methanol (MeOH). One example 

for 1b (n = 12) is given below. 
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Scheme S1. Synthesis of imidazolium tetrafluoroborates 1a,b. 

 

Ethyl-3,4,5-tris(dodecyloxy)benzoate (2b). A DMF (20 mL) suspension of ethyl-3,4,5-trihydroxybenzoate 

(3.30g, 16.7 mmol), 1-bromododecane (14.9 g, 59.8 mmol), and K2CO3 (13.9 g, 10.1 mmol) in a round-bottomed flask 

(200 mL) equipped with a stirring bar was deaerated under reduced pressure, and the flask was filled with argon. The 

deaeration was repeated three times to remove oxygen in the flask, thoroughly. After the resulting mixture was heated at 

70 °C for 6 h with vigorous stirring, the mixture was poured into a mixture of ethyl acetate (EtOAc) and water (150 mL 

of each). The organic phase was separated, and the aqueous phase was extracted with EtOAc three times. The combined 

organic extracts were washed with water, saturated NH4Cl aqueous solution, and sat. NaCl aq., successively. The 

resulting organic phase was dried over anhydrous MgSO4, filtered through a pad of Celite, and concentrated under 

reduced pressure. The residue was recrystallized from ethanol to give 11.2 g (95 %) of a white solid. 1H NMR (400 

MHz): δ 0.88 (t, J = 6.8 Hz, 9H), 1.23−1.51 (m, 54H), 1.61 (s, 3H), 1.71−1.85 (m, 6H), 4.01 (t, J = 6.4 Hz, 6H), 4.35 (q, 

J = 7.2 Hz, 2H), 7.25 (s, 2H). 13C NMR (100 MHz): δ 14.11, 14.38, 22.68, 26.04, 26.06, 29.28, 29.36, 29.38, 29.56, 

29.62, 29.65, 29.69, 29.71, 29.72, 29.74, 30.30, 31.91, 31.93, 60.95, 69.10, 73.45, 107.86, 125.00, 142.19, 152.75, 

166.47. 

3,4,5-Tris(dodecyloxy)benzyl alcohol (3b). To a stirred suspension of LiAlH4 (0.683 g, 18.0 mmol) in THF 

(5 mL) was added a solution of 2b (10.0 g, 14.2 mmol) in THF (10 mL) at 0 °C over a period of 10 min. The mixture was 

stirred at room temperature for 3 h, quenched by slow addition of isopropyl alcohol (3 mL), water (10 mL), and 30 % aq. 

NaOH (2 mL), successively. The reaction mixture was extracted with EtOAc (50 mL, 3 times). The insoluble materials 
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were filtered off through a pad of Celite by using a suction funnel. The filtrate was dried over anhydrous MgSO4, filtered, 

and concentrated by using a rotary evaporator. The crude product was recrystallized from EtOAc to give 8.94 g (95 %) 

of a white solid. Spectral data were consistent with those reported in the literature.1 

3,4,5-Tris(dodecyloxy)benzyl chloride (4b). To a solution of 3b (8.51 g, 12.9 mmol) in CH2Cl2 (50 mL) 

under argon was added SOCl2 (3.0 mL, 41 mmol) with stirring at 0 °C. The mixture was stirred at room temperature for 

2 h and slowly quenched with sat. NaHCO3 aq. solution. The reaction mixture was extracted with CH2Cl2 and washed 

with sat. NaCl aq. solution. The resulting organic phase was dried over anhydrous MgSO4, filtered through a pad of 

Celite, concentrated, and dried in vacuo. The crude solid was purified by silica gel flash-column chromatography 

eluting with CHCl3 to give 8.32 g (95 %) of the pure product as a white solid. Spectral data agreed with that reported in 

the literature.1 

1-Methyl-3-[3,4,5-tris(dodecyloxy)benzyl]imidazolium chloride (5b). A toluene (2 mL) solution of 

compound 4b (3.61 g, 5.31 mmol) and distilled 1-methylimidazole (0.872 g, 10.6 mmol) in a pressure tube (100 mL) 

equipped with a stirring bar was heated at 80 °C for 8 h with vigorous stirring. The solvent was removed in vacuo, and 

the residue was recrystallized from hexane three times to give 3.59 g (89 %) as a white solid. 1H NMR (400 MHz): δ 

0.88 (t, J = 6.8 Hz, 9H), 1.26−1.49 (m, 54H), 1.69−1.81 (m, 6H), 4.01 (t, J = 6.4 Hz, 6H), 4.08 (s, 3H), 5.44 (s, 2H), 6.66 

(s, 2H), 7.22 (s, 1H), 7.32 (s, 1H), 10.61 (s, 1H). 13C NMR (100 MHz): δ 14.04, 22.61, 26.02, 26.06, 29.29, 29.31, 29.39, 

29.53, 29.58, 29.59, 29.61, 29.64, 29.66, 29.68, 30.24, 31.84, 31.85, 36.58, 53.69, 69.32, 73.37, 107.43, 121.31, 122.97, 

127.64, 137.96, 138.72, 153.69. Elemental analysis calcd. for C47H85ClN2O3: C, 74.12; H, 11.25; N, 3.68. Found: C, 

74.35; H, 11.13; N, 3.99. 

1-Methyl-3-[3,4,5-tris(dodecyloxy)benzyl]imidazolium tetrafluoroborate (1b). To a solution of 5b (0.697 

g, 0.915 mmol) in MeOH (3 mL) under argon was added a solution of AgBF4 (0.178 g, 0.915 mmol) in MeOH (2 mL) 

with stirring at room temperature. The mixture was stirred at room temperature for 2h. An insoluble AgCl was filtered 

off through a pad of Celite by using a suction funnel. The filtrate was concentrated by using a rotary evaporator. The 

crude product was purified by flash-column chromatography on silica gel (eluent: CH2Cl2−MeOH = 10 : 1) to give 

0.651 g (88 %) of the pure product as a white solid. 1H NMR (400 MHz): δ 0.89 (t, J = 6.8 Hz, 9H), 1.28−1.51 (m, 54H), 

1.71−1.82 (m, 6H), 3.92 (s, 3H), 4.01 (t, J = 6.4 Hz, 6H), 5.19 (s, 2H), 6.63 (s, 2H), 7.21 (s, 1H), 7.24 (s, 1H), 8.81 (s, 

1H). 13C NMR (100 MHz): δ 14.09, 22.66, 26.09, 26.12, 29.36, 29.37, 29.47, 29.60, 29.66, 29.68, 29.71, 29.73, 29.74, 

30.32, 31.90, 36.28, 53.78, 69.20, 73.41, 107.30, 121.70, 123.31, 127.44, 136.37, 138.71, 153.78. Elemental analysis 

calcd. for C47H85BF4N2O3: C, 69.44; H, 10.54; N, 3.45. Found: C, 69.44; H, 10.52; N, 3.58. 

 

Sample Preparation for 2D SAXS Measurements. Unoriented samples with polydomain structures were 

obtained when the materials filled in aluminum holders were slowly cooled from the isotropic states to the columnar 
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liquid crystalline states. Oriented samples were prepared by shearing polydomain samples in sandwiched polyimide 

film (Kapton) without rubbing treatment.  

 

Measurements of Ionic Conductivities. Dynamic ionic conductivities were measured by the complex 

impedance method using a Schlumberger Solartron 1260 impedance analyzer (frequency range: 10 Hz−10 MHz, 

applied voltage: 0.3 V) and a temperature controller.2,3 The heating rate of ionic conductivity measurements was fixed to 

3 °C min−1 from 30 to 200 °C. Ionic conductivities (σ) can be obtained from the following equation: 

                                                                   σ = d / (RbA)                                                                                  (1) 

where Rb, d, and A are the bulk resistance, the sample thickness, and the cross sectional area of the electrode, 

respectively. Ionic conductivities were practically calculated to be the product of 1/Rb (Ω
−1) times cell constants (cm−1) 

for comb-shaped gold electrodes (Figure S5), which were calibrated with KCl aqueous solution (1.00 mmol L−1) as a 

standard conductive solution. The impedance data (Z) were modeled as a connection of two RC circuits in series (R: 

resistance, C: capacitance) and was divided into real (Z’) and imaginary (Z’’). A representative example of an 

impedance spectrum exhibited by 1a at 100 °C is displayed in Figure S6. The impedance plot shows two distinct 

processes, a high frequency relaxation attributed to the bulk resistance and an incomplete low frequency relaxation 

associated with the charge transfer resistance of the interface between the sample and electrode. The bulk resistance Rb 

was obtained from the intercept of the left semi-circle (i.e. high frequency relaxation of more than 400 Hz) on the Z’ 

axis.4 These data were collected over a range of temperatures to examine the temperature dependence of the ionic 

conductivity of the materials. 

 

Additional Discussion on the Conductivities of the Columns. Columnar ionic liquid crystals containing 

crown ethers and oligo(ethylene oxide)s have been reported by Percec,5 Nolte,6 and Lehn.7 However, no ionic 

conductivities were measured for liquid crystals except for few examples: Percec reported that a columnar material 

containing a crown ether exhibits the ionic conductivity of 5.6 × 10−10 S cm−1 at 40 °C for a non-oriented sample,5a while 

for an oriented sample of 1a, the conductivity at 40 °C is 3.8 × 10−6 S cm−1. Our materials show much higher 

conductivities. Anisotropic ionic conductivities were obtained for the first time for the columnar materials in the present 

work. For the anisotropy of conductivities, as shown in Figure S7, the values (ca. 10 for 1a and ca. 40 for 1b) obtained 

for the uniformly oriented columnar samples were not so large. One reason is that one-dimensional conduction paths 

were not complete between electrodes (as schematically shown in Figure 2b) and they are blocked somewhere and 

sometimes even in the oriented samples because of fluidity and defects of liquid crystals. An additional reason is that the 

ion-conducting core and the insulating alkylphenyl may not be highly segregated due to liquid crystalline nature. 
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Figure S1. DSC thermograms of a) 1a and b) 1b on the second 

heating at a scanning rate of 10 °C min−1. Colh: hexagonal columnar; 

Cr: crystalline; G: glassy; I: isotropic. 

 

 
Figure S2. WAXD patterns of the Colh phases of a) 1a and b) 1b at 

25 °C. Insets indicate the enlarged views of the small-angle region. 
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Figure S3. 2D SAXS patterns of 1a in the Colh state at 25 °C: a) 

unoriented 1a and b) oriented 1a by shearing. An arrow indicates the 

shearing direction. A halo shown in the figure b) originates from the 

X-ray scattering from a Kapton film. (100) and (200) diffraction 

arcs are not observed. 

 

 
Figure S4. Phase transition behavior for a mixture of 1b and LiBF4. 

Compound 1b and LiBF4 are miscible up to the mole fraction of 0.6 

for LiBF4 in the mixture. 
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Figure S5. Schematic illustration of a glassy cell with comb-shaped 

gold electrodes with thickness of 0.8 µm for the anisotropic 

ion-conduction measurements (left). The samples forming the Colh 

phases are filled between electrodes. Polarizing optical microscopic 

images and illustrations of the oriented and self-assembled 

structures of 1b in the Colh state at 25 °C (right). Directions of A: 

analyzer; P: polarizer; S: shearing. 

 

 

 

 

Glass Substrate Gold Electrode 
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Figure S6. Impedance spectrum for 1a aligned perpendicular to the 

comb-shaped gold electrode in the columnar state at 100 °C. The 

cell constant is 47.6 cm−1. The bulk resistance Rb was obtained from 

the intercept of the left semi-circle on the Z’ axis. 

 

 
Figure S7. Anisotropic ionic conductivities of a) 1a and b) 1b as a 

function of temperature: (●) parallel and (■) perpendicular to the 

columnar axis for oriented 1a; (▲) for unoriented 1a; (○) parallel 

and (□) perpendicular to the columnar axis for oriented 1b; (∆) for 

unoriented 1b.  
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