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Abstract
Self-organized liquid-crystalline (LC) electrolytes, which feature externally controllable ion channels, are at the forefront of advanced materials for developing next generation batteries and actuators. In this study, we present a novel family of supramolecular columnar liquid crystals that exhibit anisotropic ion-conducting properties. These liquid crystals are formed by self-assembly of a taper-shaped benzonitrile derivative with an amide moiety and ionic liquids (1-ethyl-3-methylimidazolium bromide and 1-butyl-3-methylimidazolium bromide). The cooperative interactions between the nitrile dipole-ion interaction and the bromide anion–amide NH hydrogen bond effectively confine ionic liquids to the center of columns, forming one-dimensional channels. By applying a shearing force, we achieved a uniform horizontal orientation of the supramolecular columns between comb-shaped gold electrodes deposited on a glass substrate. The columnar LC complexes that contained larger cations exhibited higher ionic conductivities compared to those with smaller cations. This can be attributed to the effective ion dissociation resulting from weak Coulombic interactions caused by the larger size of the ionic liquid, as well as the attractive cation-dipole interaction. The present study not only contributes to the understanding of the interplay of noncovalent forces but also offers insights for the design of functional supramolecular materials for future ionic devices.
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Introduction
Supramolecular self-assembly is an attractive approach for developing advanced energy materials, including electronic, optoelectronic, and ionic devices [1–9]. Specifically, liquid-crystalline (LC) molecular assemblies, which integrate molecular fluidity with ordered nanostructures, are among the most promising candidates for these applications [7,8]. Their macroscopic alignment in response to external stimuli, such as a rubbed surface, shear force, light, electric field, and magnetic field, provides a great advantage in enhancing the transport of electric charges and inducing polarized luminescence and conductivity switching [10–15].
Ionically functional liquid crystals, which possess ordered pathways facilitating the diffusion of ions in bulk semi-solid states, have garnered significant attention as potential electrolytes for energy storage and conversion devices in recent decades [16–18]. Various designs of ion-conductive LC materials have been reported and implemented in applications such as lithium-ion batteries [19,20], dye-sensitized solar cells [21,22], fuel cells [23,24], and actuators [25,26]. For instance, self-assembly of ionic liquid crystals [27] comprising mesogenic and organic ionic moieties, such as cationic onium moieties and zwitterionic imidazolium sulfobetaine moieties, has yielded columnar [28–30], layered [31,32], and gyroid cubic [33–35] LC materials that provide one-dimensional (1D), 2D, and 3D ion-transport pathways, respectively.
Another notable LC design for achieving high ionic conductivity involves the noncovalent two-component self-assembly of salts and polar mesogenic molecules. For example, oligo(ethylene oxide)s [36,37], crown-ethers [38,39], and cyclic carbonate moieties [19,20,40] have been highlighted as polar components for designing lithium-ion conductors through ion-dipole interactions. The two-component self-assembly approach offers numerous benefits, particularly in terms of finely tuning LC phase transition temperatures and conductivities. Recently, we also developed novel 2D lithium-ion conductive LC materials through the self-assembly of a non-mesomorphic compound with a diethylphosphate moiety and a lithium salt, utilizing the ion–phosphine oxide dipole interaction [41]. This LC complex exhibited a high room-temperature conductivity of 10–4 S cm–1, leading to the development of a novel nonflammable and high-frequency soft ionic actuators.
Our objective in this study is to construct new supramolecular columnar LC materials exhibiting 1D ionic conductivity by leveraging ion–nitrile dipole interactions. Recently, the use of high-concentration lithium salts in succinonitrile [42] or acetonitrile [43] has attracted significant attention as a potential alternative electrolyte for stable operation of high-voltage lithium metal batteries. These nitrile-based liquid electrolytes are known for their high oxidation stability, thermal stability, ion-dissociating ability, and nonflammability. However, there have been no reports on supramolecular materials utilizing nitrile dipole–ion interactions, even though nitrile-nitrile dipole interactions and aryl C–H and nitrile hydrogen-bonding interactions have been employed as supramolecular synthons in crystal engineering [44,45] and columnar LC motifs [46,47]. Pioneering a self-assembly strategy based on the interplay between nitrile dipoles and ions represents a noteworthy challenge in advancing the field of ionically functional supramolecular materials. Ionic liquids [48–50], which are non-volatile organic liquid salts, can serve as powerful solvents to induce LC phases for amphiphilic molecules through the formation of nanophase-segregated structures between ionic and nonionic molecular components [51–53]. We anticipate that a dipole-ion driven self-assembly of taper-shaped aromatic nitrile compounds with ionic liquids can lead to the formation of a novel family of columnar LC assemblies (Fig. 1). The incorporation of ionic liquids into 1D channels is expected to offer versatile applications in energy storage and conversion materials such as capacitors and actuators.
In this study, we present the first example of supramolecular columnar LC self-assemblies driven by nitrile dipole-ion interactions between benzonitriles and imidazolium bromide-based ionic liquids (Fig. 2). We have characterized the effects of different ion species and ion contents on the stability of columnar assemblies and ionic conductivities. The mixtures of the ionic liquids and an amide–containing nitrile compound have successfully formed room-temperature columnar LC phases, while no mesomorphic properties were observed in the ester-based mixtures. The pairing of the larger 1-butyl-3-methylimidazolium (BMIm) cation with the amide-containing nitrile compound resulted in a broader temperature range for the columnar LC phase and higher ionic conductivities in contrast to the pairing with the 1-ethyl-3-methylimidazolium (EMIm) cation. Our findings indicate that the cooperative interactions involving nitrile dipole–ion interactions and bromide anion–amide NH hydrogen bond can confine ionic liquids within 1D nanochannels. These exciting discoveries will pave the way for the development of high-voltage batteries, capacitors, and actuators.
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Fig. 2. Molecular structures of benzonitrile derivatives 1 and 2 and imidazolium-based ionic liquids EMImBr and BMImBr.
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Fig. 1. Schematic illustration of the formation of a supramolecular hexagonal columnar LC structure driven by dipole-ion interaction comprising of taper-shaped nitrile compounds and ions.

Experimental
General methods
1H and 13C nuclear magnetic resonance (NMR) spectra were recorded with a JEOL JNM–AL30/BZ spectrometer at 400 and 100 MHz, respectively. The chemical shifts (δ) of 1H and 13C NMR signals were reported in ppm and referenced to residual solvents of CDCl3 (1H = 7.26 ppm; 13C = 77.00 ppm) or tetramethylsilane (δ = 0.00) as an internal standard for CDCl3 solutions. High-resolution mass spectra (HRMS) were recorded on a Bruker micOTOF II using positive atmospheric-pressure chemical ionization (APCI) as the ionization method. Elemental analysis for C, H, and N was carried out by using an ELEMENTAR vario EL cube. Optical photographs were taken with an Olympus BX51N-31P-O3 microscope equipped with a DP22 digital camera and a LINKAM T95-HS, LTS420E temperature control system; the observed sample was placed between crossed polarizers. Differential scanning calorimetry (DSC) measurements were carried out under a continuous argon purge (40 mL/min) using a NETZSCH DSC-3500 Sirius system. The heating and cooling rates were 10 °C/min. X-ray diffraction patterns were recorded with a Rigaku MiniFlex 600 diffractometer using Ni-filtered Cu Kα radiation. Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) measurements were conducted with a BRUKER FT-IR ALPHA II spectrometer equipped with a single-reflection diamond ATR module.

Materials
Methyl gallate, 1-bromododecane, 4-aminobenzonitrile, 4-hydroxybenzonitrile, 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), 4-dimethylaminopyridine (DMAP), 1-ethyl-3-methylimidazolium bromide (EMImBr), 1-butyl-3-methylimidazolium bromide (BMImBr), and anhydrous dichloromethane were purchased from Tokyo Chemical Industry. Chloroform, NH4Cl, and silica gel were purchased from Kanto Chemical.
Synthesis
2.3.1. Synthesis of N-(4-cyanophenyl)-3,4,5-tri(dodecyloxy)benzamide (1)
A mixture of 3,4,5-tri(dodecyloxy)benzoic acid (2.01g, 2.98 mmol), 4-aminobenzonitrile (0.359 g, 3.04 mmol), EDC (0.942 g, 4.91 mmol), and DMAP (54.4 mg, 0.445 mmol) was stirred in 12.5 mL of anhydrous dichloromethane at room temperature for 18 hours. The resulting mixture was then diluted with chloroform and washed with a saturated NH4Cl aqueous solution. The organic phase was separated and dried over anhydrous MgSO4. After filtration and evaporation, the residue was purified by silica gel flash chromatography with chloroform as the eluent and recrystallization from methanol to give 1 as a white solid (2.00 g, 2.58 mmol, 87%). 1H NMR (CDCl3, 400 MHz): 8.26 (s, 1H), 8.81 (d, J = 8.8 Hz, 2H), 7.62 (d, J = 8.4 Hz, 2H), 7.01 (s, 2H), 4.02–3.95 (m, 6H), 1.80–1.70 (m, 6H), 1.50–1.15 (m, 54H), 0.88 (t, J = 6.4 Hz, 9H). 13C NMR (CDCl3, 100 Hz): 153.17, 142.28, 141.77, 133.18, 128.89, 119.95, 118.89, 106.99, 105.79, 73.56, 69.36, 31.88, 30.28, 29.67, 29.61, 29.55, 29.37, 29.34, 29.29, 26.03, 22.65, 14.07 (Supplementary Information Figs. S1 and S2). HRMS(APCI): m/z calcd. for C50H83N2O4 [M+H]+, 775.6348; found, 775.6373. Elemental analysis calculated for C50H82N2O4: C, 77.47; H, 10.66; N, 3.61%; found: C, 77.40; H, 10.32; N, 3.59%.

2.3.2. Synthesis of 4-cyanophenyl-3,4,5-tri(dodecyloxy)benzoate (2)
Compound 2 was synthesized with a yield of 75% (2.29 g, 2.95 mmol) using a similar synthetic procedure as that of 1. The reaction involved 3,4,5-tri(dodecyloxy)benzoic acid (2.64 g, 3.90 mmol), 4-hydroxybenzonitrile (0.697 g, 5.85 mmol), EDC (1.30 g, 6.76 mmol), and DMAP (47.6 mg, 0.39 mmol) as reactants. 1H NMR (CDCl3, 400 MHz): 7.74 (d, J = 8.4 Hz, 2H), 8.38 (s, 2H), 7.34 (d, J = 8.8 Hz, 2H), 4.09–4.03 (m, 6H), 1.87–1.73 (m, 6H), 1.51–1.45 (m, 6H), 1.44–1.15 (m, 48H), 0.88 (t, J = 6.8 Hz, 9H). 13C NMR (CDCl3, 100 Hz): 164.17, 154.35, 153.02, 143.48, 133.66, 123.00, 122.82, 118.27, 109.71, 108.63, 73.60, 69.27, 31.89, 30.31, 29.70, 29.67, 29.62, 29.59, 29.53, 29.34, 26.95, 22.66, 14.08 (Supplementary Information Figs. S3 and S4). HRMS(APCI): m/z calcd. for C50H83N2O4 [M+H]+, 776.6188; found, 776.6248.

Preparation of mixtures of 1 and ionic liquids
A crystalline solid of 1 was added to a 2 mL glass vial along with the necessary amount of EMImBr or BMImBr. These mixtures were dissolved in a mixed solvent of chloroform and methanol, and the solvent was gradually evaporated at 40 °C over a period of 2 hours. The remaining residue was then dried in a vacuum oven at 100 °C for 5 hours. The dried sample was used for the polarized optical microscopy and conducting measurements of DSC, XRD, IR, and ionic conductivity.

Ionic conductivity measurements
Alternating current impedance measurements were performed with a Metrohm Autolab PGSTAT128N analyzer (frequency range: 100 Hz–10 MHz, applied voltage: 10 mV). The measurement cell consisted of a sandwich-type cell composed of comb-shaped gold electrodes deposited on a glass substrate and a cover glass. The impedance data were obtained on cooling and were fitted by an equivalent circuit consisting of a constant phase element and a parallel RC element. The ionic conductivity (σ) was calculated as σ = d/(R∙S), where σ is the conductivity (S cm–1), d is the sample thickness (cm), and S is the sample area (cm2). The value of bulk resistance (R) was obtained from the intercept of the semicircle on the real axis of impedance in the Nyquist plot. The ionic conductivities were calculated to be the product of 1/R (Ω−1) times the cell constants (cm−1) for comb-shaped gold electrodes, which were calibrated with a KCl aqueous solution (Hanna Instruments, HI7033L, 84 µS cm−1). The anisotropic conductivity measurements were repeated three times at different temperatures for each sample with varying orientations.

Cyclic voltammetry measurements
A Swagelok-type two electrode cell (2E-Cell-SUS, Eager Corporation) was used to measure the cyclic voltammograms of 1/BMImBr(x). The sample in the columnar LC phase was sandwiched between two stainless steel plates as a current collector. The current–voltage profiles were obtained using a CH instruments electrochemical analyzer (Model: 611E).
Results and Discussion
Liquid-crystalline properties
The LC properties of blends comprising 1 and an ionic liquid (either EMImBr or BMImBr) (Fig. 2) were evaluated through a combination of analytical techniques, including polarized optical microscope (POM), differential scanning calorimetry (DSC), and X-ray diffractometry (XRD). These blends are denoted as 1/EMImBr(x) or 1/BMImBr(x), where x indicates the mol% of ionic liquids.
Compound 1 alone does not exhibit any mesomorphic properties. However, when combined with ionic liquids at x = 30–60 mol%, columnar (Col) LC phases are observed. For instance, 1/EMImBr(40) and 1/BMImBr(40) display a fan-shaped texture characteristic of the columnar phase at room temperature, as depicted in Fig. 3. In the case of 1/EMImBr(60) and 1/BMImBr(60), we observed a small amount of microsized droplets of ionic liquids within the columnar LC textures under POM, likely resulting from macroscopic phase separation. The phase diagrams depicted in Figure 4 showcase the behavior of 1/EMImBr(x) and 1/BMImBr(x) systems as the ionic liquid content increases up to 60 mol% during a cooling process. The phase transition temperatures were ascertained through POM observation, because the isotropic liquid (Iso) to columnar transition was not discernible in the DSC measurements (Supplementary Information Figs. S5 and S6). 1/EMImBr(x) and 1/BMImBr(x) systems exhibit monotropic LC phases during the only cooling process. The temperature ranges of the Col phase for 1/BMImBr(x) with x = 30–60 mol % are wider compared to those of 1/EMImBr(x) with x = 30–60 mol %. For example, 1/BMImBr(50) shows the Col phase from 58 to 10 °C, whereas the Col phase of 1/EMImBr(50) is observed from 52 to 17 °C on cooling. The augmented stability of the Col phases in the 1/BMImBr(x) system can be attributed to the heightened fluidity brought about by the bulker BMIm cation in comparison to the EMIm cation.
XRD measurements were performed to confirm the Col LC structures. A representative XRD pattern of 1/EMImBr(30) at 35 °C is shown in Fig. 5a. The small-angle region reveals three peaks at 38.8, 22.5, and 19.5 Å with the reciprocal d-spacing ratio of 1: √3 : 2. These peaks can be assigned to the (100), (110), and (200) diffractions from a two-dimensional hexagonal lattice of columns. The intercolumnar distance (a) is calculated to be 45.0 Å with the following equation: a = 2 <d100>/√3, <d100> = (d100 + √3d110 + 2d200)/3. The a value of 1/EMImBr(x) tends to increase as the content of EMImBr increases (a = 45.0 Å for 1/EMImBr(30) at 35 °C, a = 45.3 Å for 1/EMImBr(40) at 35 °C, and a = 49.3 Å for 1/EMImBr(50) at 45 °C). Similarly, XRD measurements for 1/BMImBr(x) (x = 30–50) confirm the hexagonal ordering of columns. The XRD pattern of 1/EMImBr(30) at 35 °C is displayed in Fig. 5b. Increasing the content of BMImBr in the mixture results in an increase in the intercolumnar distance with a = 44.7 Å for 1/BMImBr(30) at 35 °C, a = 47.0 Å for 1/BMImBr(40) at 35 °C and a = 49.1 Å for 1/BMImBr(50) at 35 °C. The estimated number of molecules within each cross-sectional slice of the column for 1/BMImBr(x) was approximately 5 to 6 (Supplementary Information). These findings suggest that the ionic liquids are incorporated into the self-organized columns, potentially forming 1D ionic channels at the center of the columns through the ion–nitril dipole interactions.
The choice of the anion in an ionic liquid plays a crucial role in the development of LC properties. Mixtures of 1 with ionic liquids containing tetrafluoroborate, trifluoromethanesulfonate, or bis(trifluoromethylsulfonyl)imide anion do not exhibit any mesomorphic properties. However, when combined with EMIm dicyanamide, a water-soluble ionic liquid, a hexagonal columnar LC phase is induced. Furthermore, we synthesized compound 2, which involved replacing the amide group of 1 with an ester group (Fig. 2). We then examined the LC properties of its mixtures with various ionic liquids. However, no mesomorphic phases were observed. The induction of columnar LC phases is believed to be influenced not only by the cation–nitrile dipole interactions but also by intermolecular hydrogen bonds such as anion–amide bonds.
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Fig. 3. POM images of (a) 1/EMImBr(40) and (b) 1/BMImBr(40) at room temperature.
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Fig. 5. XRD patterns of (a) 1/EMImBr(30) and (b) 1/BMImBr(30) at 35 °C.
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Fig. 4. Phase transition behavior of (a) 1/EMImBr(x) and (b) 1/BMImBr(x) on cooling. Iso: isotropic liquid; Col: columnar; Cr: crystalline phases. The transition temperatures are determined by the peak top in the DSC thermograms at the scan rate of 10 °C/min.


















Intermolecular interactions
Infrared spectroscopy was used to analyze the intermolecular interactions within 1, 1/EMImBr(x), and 1/BMImBr(x). The results suggested the formation of ion–nitril dipole interactions and the weaking of intermolecular hydrogen bonds between the amide groups upon the addition of ionic liquids.
Fig. 6 shows the IR spectra of 1, 1/EMImBr(50), and 1/BMImBr(50) in the bulk. In the spectrum of 1, the CN stretching peak is observed at 2229 cm–1 (Fig. 6a). However, with the addition of EMImBr, the peak undergoes a shift to 2227 cm–1, while the addition of BMImBr results in a further shift to 2222 cm–1. These low-wavenumber shift of the CN stretching band can be attributed to an increase in bond length resulting from the interaction between the nitril group and imidazolium cations.
The presence of the C=O∙∙∙HN hydrogen bond in 1 is confirmed by the analysis of the peak observed at 1643 cm–1 (Fig. 6b). The C=O stretching peak for 1/EMImBr(50) is resolved into two distinct peaks at 1678 and 1649 cm–1. These peaks can be ascribed to the free carbonyl group and the carbonyl group that experiences a weak interaction with the NH group coordinated to the Br anion, respectively. Similarly, in 1/BMImBr(50), the C=O stretching is divided into two peaks at 1672 and 1651 cm–1. These results provide evidence for the partial disruption of the intermolecular amide hydrogen bond network upon the addition of ionic liquids. The amide II NH bending band of 1 appears at 1582 cm–1, indicating the presence of the hydrogen-bonded NH groups. The NH bending band for EMImBr(50) exhibits a high-wavenumber shift to 1588 cm–1, which can be attributed to the formation of an NH∙∙∙Br anion hydrogen bond. Furthermore, upon the mixing of ionic liquids with 1, the stretching vibration peak of the imidazolium ring at 1570 cm–1 shifts to a shoulder peak at 1560 cm–1 (data not shown), which may be indicative of an interaction with the nitrile group. The induction of the columnar LC phase seems to be instigated by ion–dipole interactions between the imidazolium cations and the nitril group, concomitant with the modest weakening of intermolecular amide hydrogen bonds.

Alignment of columnar LC materials and anisotropic ion transport properties[image: ]
Fig. 6. Infrared spectra of 1 (blue line), 1/EMImBr(50) (yellow line), and 1/BMImBr(50) (red line) in the bulk at room temperature: (a) CN stretching region; (b) C=O stretching and NH bending region.

The ionic conductivities of LC electrolytes were determined using electrochemical AC impedance spectroscopy. The measurement cell consists of comb-shaped gold electrodes on a glass substrate and a cover glass. Initially, the LC sample was heated to prepare an isotropic liquid sample. Subsequently, the sample was filled between the electrodes on a hot plate and then covered with the glass. Upon cooling the cell below the isotropization temperature, the samples transitioned into the columnar LC state, where the columns exhibited a random orientation between the electrodes (Fig. 7a).
To investigate the one-dimensional ion transport properties of the columnar LC assemblies, the randomly oriented columns were aligned by shearing in two directions: parallel and perpendicular to the electrodes. This alignment process successfully achieved a uniform horizontal orientation of the columnar LC assemblies within the sandwiched glass substrates. The orientation of the columns parallel to the shearing direction was confirmed by POM observation, where the birefringence of the oriented sample of 1/EMImBr(30) alternately changes from light to dark upon a 45 ° rotation of the crossed polarizers (Fig. 7b,c). Therefore, these oriented samples allow for the measurement of ionic conductivity both along the direction parallel to the columns and across the columns.
Figure 8 shows the temperature-dependent variations in ionic conductivities for the aligned 1/EMImBr(50). The columnar LC sample was oriented by shearing at 45 °C and subsequently cooled to 25 °C to enable measurements of anisotropic conductivity during the heating process. The conductivities parallel to the columnar axis (σ||) are greater than those perpendicular to the columnar axis (σ⊥), attributed to the hindering effect of the insulating alkyl chains on ion diffusion across the columns. The anisotropy of conductivities disappears when the LC sample becomes the isotropic liquid phase upon heating around 55 °C. These results suggest that EMImBr is organized into the center of columns to form the 1D ionic channels.
The effects of ion species and content on the anisotropic ionic conductivities were examined for the systems 1/EMImBr(x) and 1/BMImBr(x) with x = 30–50 mol% of ionic liquids (Fig. 9). The conductivities were measured on cooling process. For all the aligned columnar LC samples, the conductivities along the direction parallel to the columns exceeded those across the columns. The values of σ|| increased with the increase in the content of ionic liquid in the mixtures. Remarkably, the conductivities of 1/BMImBr(x) were higher than those of 1/EMImBr(x) despite the larger size of the BMIm cation. For example, the σ|| values for 1/BMImBr(50) shown in Fig.9(b) are on the order of 10–7 S cm–1, which are approximately 5–8 times higher than those of 1/EMImBr(50) shown in Fig.9(a). Furthermore, the magnitude of anisotropy (σ||/σ⊥) for 1/BMImBr(50) at 25 °C is 11, which is about two times larger than that of 1/EMImBr(50). These findings can be attributed to the hinderance of anion transport through the NH∙∙∙Br anion hydrogen bond for 1/EMImBr(x), as supported by the IR analysis of 1/EMImBr(50). Additionally, the larger BMIm cation experiences significant obstruction in its transport across the columns compared to that of the EMIm cation. The maximum anisotropy in 1/BMImBr(x) was obtained for x = 40, whereas minimum anisotropy in 1/EMImBr(x) was observed for x = 40. The opposite results on the anisotropy observed for 1/EMImBr(40) and 1/BMImBr(40) are attributed to the differences in the alignability of these columnar assemblies rather than the differences in the conduction mechanisms. 1/EMImBr(40) exhibited the smallest conductivity anisotropy due to the poor alignment of columns when a shear force was manually applied, making it the least homogeneous among the examined samples (Supplementary Information). The temperature-dependent ionic conductivities can be fitted by the Arrhenius equation, σ = σ0exp(–Ea/RT), where σ0 is the pre-exponential factor, Ea is the apparent activation energy of ion conduction, R is the universal gas constant, and T is the temperature in Kelvin. The R-squared value of the linear regressions was 0.999. The activation energies were estimated from the slope (–Ea/R) of lines (lnσ vs. 1/T). The activation energies estimated from the σ|| decreased with increasing ion content. The Ea values of 1/EMImBr(30), 1/EMImBr(40), and 1/EMImBr(50) are 102, 96, and 90 kJ mol–1, respectively, which are higher than those of 1/BMImBr(x) (99 kJ mol–1 for x = 30, 91 kJ mol–1 for x = 40, and 73 kJ mol–1 for x = 50). These ionic liquids confined in the center of the columns are assumed to be transported by a hopping mechanism through the nitrile groups arranged in one dimension, as illustrated in Figure 1.
In a previous study, we reported 1D anisotropic ion-conductive supramolecular columnar LC materials composed of an imidazolium-based protic ionic liquid and dihydroxypropyl 3,4-didodecyloxybenzamide [52]. The hydrogen-bonded mixtures exhibited conductivity on the order of 10–7 S cm–1 at 40 °C, which is comparable to that of 1/BMImBr(50). However, the alcohol moieties in the previous LC electrolytes can be electrochemically oxidized. The electrical stability of electrolytes is important for electrical device applications. To evaluate the stable voltage windows of 1/BMImBr(50) in the LC phase, the cyclic voltammogram was examined at room temperature. No significant redox reaction was observed in a potential range of ±2 V (Supplementary Information Fig. S7). These electrochemically stable supramolecular LC electrolytes based on nitrile dipole-ion interactions will pave the way for new possibilities in energy conversion.
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Fig. 7. POM images of 1/EMImBr(30) between the comb-shaped gold electrodes at room temperature: (a) random orientation of columns; (b) horizontal orientation of columns in the direction perpendicular to the electrodes under crossed polarizers; (c) oriented columns under a 45° rotation of the polarizers. Scale bar is 200 µm.
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Fig. 8. Temperature-dependent ionic conductivity of 1/EMImBr(50). Closed square represents the conductivitity in the direction parallel to the column axis (//), while closed circle shows the conductivity in the direction across the columns (⊥).
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Fig. 9. Temperature dependence of anisotropic ionic conductivities for (a) 1/EMImBr(x) and (b) 1/BMImBr(x). Closed squares represent the conductivities in the direction parallel to the column axis (//), while closed circles show the conductivites in the direction across the columns (⊥). Orange symbols for x = 50, green symbols for x = 40, blue symbols for x = 30.

Conclusion
We have developed an innovative series of columnar LC assemblies propelled by dipole-ion interactions. These assemblies are composed of a taper-shaped benzonitrile and imidazolium bromide-based ionic liquids. The ionic liquids are self-organized into the center of columns. Macroscopic alignment of the supramolecular columns was achieved by applying a manual shearing force to the LC samples sandwiched between a glassy cell with gold electrodes, resulting in the materials exhibiting anisotropic 1D ion-conductive properties. These new electrolytes exhibited a stable electrochemical window of ±2 V. This simple LC design concept, utilizing nitrile dipole-ion interactions, not only holds potential for use as electrolytes in ionic devices such as capacitors and ionic actuators but also opens up new possibilities for developing supramolecular soft materials.
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Highlights
∙ Dipole-ion interactions between a benzonitrile derivative and ionic liquids led to hexagonal columnar liquid crystals.

∙ Shear alignment of columnar liquid crystals resulted in anisotropic one-dimensional ionic conductivities.

∙ The columnar LC complexes that contained larger cations exhibited higher ionic conductivities compared to those with smaller cations.
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