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ABSTRACT: We present the development of free-standing ionic liquid crystal–polymer composite electrolyte films, aimed at achieving high frequency response electromechanical actuators. Our approach entails designing novel layered ionic liquid-crystalline (LC) assemblies by complexing a mesomorphic dimethylphosphate with either a lithium salt or a room-temperature ionic liquid through the formation of ion-dipole interactions or hydrogen bonds. These electrolytes, exhibiting room-temperature ionic conductivities on the order of 10–4 S cm–1 and wide LC temperature ranges up to 77 °C, were successfully integrated into porous polymer networks. We systematically investigated the impact of ions and electrodes on the performance of ionic electroactive actuators. Specifically, the Li+-based liquid crystal–polymer composite actuator with PEDOT:PSS electrodes demonstrated the highest bending deformation, achieving a strain of 0.68% and exhibiting a broad frequency response up to 110 Hz, with a peak-to-peak displacement of 3 μm. In contrast, the ionic liquid-based liquid crystal–polymer composite actuator with active carbon electrodes showcased a bending response at a maximum frequency of 50 Hz and a force generation of 0.48 mN, without exhibiting the back relaxation phenomenon. These findings offer valuable insights for advancing high-performance electromechanical systems, with applications ranging from soft robotics to haptic interfaces.
INTRODUCTION
The pursuit of efficient ion transport pathways within organic and inorganic thin films has garnered significant attention as a strategic approach to improving energy efficiency in batteries, energy harvesting, actuators, water treatments, and more1–12. In the realm of energy device technologies, various nanostructured polymers have been recognized for their ability to provide high ionic conductivity and mechanical robustness. This category encompasses block ionomers, ionic covalent organic frameworks, supramolecular polymers, and ionic liquid-crystalline (LC) polymers13–21. Among them, liquid crystals stand out as particular promising due to their large-area orientation achievable through diverse external stimuli such as mechanical shear, light, and electric and magnetic fields22–26. Nanostructured LC polymers featuring continuous ion-conductive channel networks have been prepared by photopolymerization of thermotropic liquid crystals tethering oligo(ethylene oxide) chains complexed with lithium salts27 and lyotropic liquid crystals incorporating liquid electrolytes such as ionic liquids28 and cyclic carbonates29. However, the development of flexible and mechanically durable LC polymer membranes for soft actuator applications is still in its early stage.
Soft polymer actuators hold significant promise in artificial muscles, soft robotics, and haptic devices30–32. Ionic electroactive polymer (iEAP) actuators present distinct advantages over alternative electroactive polymer actuators, such as dielectric elastomers and ferroelectric polymers. These benefits include silent, large bending deformations achievable at low operating voltages (< 2 V), high energy efficiency, and enhanced safety features. While high-performance iEAP actuators can achieve substantial bending deformations using polymer electrolytes rich in ionic liquids, addressing challenges related to limited frequency response and weak generating force remains a significant hurdle33,34.
In response to these challenges, we have recently developed innovative lithium ion-conducting liquid crystal–polymer composite electrolyte membranes tailored for high-frequency soft ionic actuators with potential haptic feedback applications35. By leveraging the self-assembly of a phosphate-based liquid crystal and vinyl polymers, we have successfully generated free-standing membranes with microphase-separated bicontinuous domains. Within these domains, the liquid crystal forms two-dimensional oriented lithium-ion pathways across the membrane, embedded in a porous polymer matrix. These membranes were then sandwiched between conductive polymer electrodes (poly(3,4-ethylenedioxythiophene) doped with poly(styrenesulfonic acid) - PEDOT:PSS). The resulting trilayer film exhibited significant bending deformations attributed to efficient lithium-ion diffusion, demonstrating rapid responsiveness at frequencies up to 80 Hz under an applied alternating current voltage of 2 V and yielding a moderate output force of 0.35 mN when a 2 V alternating current vias was applied. While each of these properties positions our materials as strong competitors with the best examples reported in the literature, the use of ion-conductive low-molecular weight liquid crystals–polymer composite electrolyte is unprecedented. Despite their advantages, there is still a need to enhance displacement and force generation, especially at optimal sensitive frequencies ranging from 30 to 250 Hz, to enable their effective use as haptic interfaces. The typical threshold for tactile sensation on human fingertips is known to be within the range of 1–100 mN, accompanied by a displacement of at least 2 µm36. Additionally, improving thermal stability associated with the thermal phase transition of liquid crystals is crucial. Furthermore, optimizing electrode selection, particularly focusing on material compatibility with the electrolyte and ionic capacitance, and gaining insights into the actuation mechanism are essential steps to enhance the overall performance of these actuators.
In this study, we advanced our research by engineering novel two-dimensional assemblies of a dimethylphosphate-based liquid crystal (POMe), combined with either an ionic liquid (BMImPF6) or a lithium salt (LiTFSI), as illustrated in Figure 1A and B. These liquid crystals, complexed with salts through either hydrogen bonds or ion–dipole interactions, were hybridized with polymer blends of poly(vinyl chloride) (PVC) and poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) to form microphase-separated composite electrolytes (Figure 1C). By sandwiching the electrolytes between a pair of free-standing PEDOT:PSS electrodes or active carbon (AC) film electrodes (see Figure 1D and E), we successfully obtained stable actuators with remarkable long-term durability. For the LiTFSI-containing liquid crystal–polymer composite/PEDOT:PSS actuator, improved performance was achieved, demonstrating a maximum strain of 0.68% at ±2 V and 0.1 Hz, with a peak-to-peak bending displacement of 3 μm at 110 Hz. Conversely, the utilization of BMImPF6-contaninig liquid crystal–polymer composite electrolyte proved more effective with AC electrodes, achieving a bending strain of 0.34% at ±2 V and 0.1 Hz, along with a maximum operating frequency of 50 Hz and high force generation of 0.48 mN without encountering back relaxation observed for PEDOT:PSS-based actuators. This work establishes a promising design strategy for nanostructured electrolytes and a straightforward processing method to develop high-frequency responsive actuators, making a substantial advancement in the field of electroactive soft polymer actuators.
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Figure 1. (A) Molecular structures of mesogenic molecules containing ion-conductive phosphate moieties (POMe (n = 0) and previously reported POEt (n = 1)), along with ions (BMImPF6 and LiTFSI). (B) Illustration of the self-assembly of mesogenic molecules and ions through the ion-dipole interactions, forming nanosegregated layered liquid crystals that create two-dimensional ion-transport pathways. (C) Fabrication of ionic liquid crystal–polymer composite electrolyte membranes with microphase-separated structures, including a picture of the resulting composite film. An 80 wt% layered liquid crystal, comprising an equimolar mixture of POMe and either BMImPF6 or LiTFSI, is immobilized in the porous polymer matrix consisting of 5 wt% PVDF-HFP and 15 wt% PVC mixture. (D) Fabrication of free-standing PEDOT:PSS film electrodes: PEDOT:PSS aqueous solution with 6 vol% ethylene glycol was drop-casted on a glass dish confined by polyimide tape and annealed at 120 °C for 8 h. Free-standing carbon-based film electrodes were prepared by drop-casting a NMP suspension of 25 wt% active carbon, 5 wt % conductive carbon black, and 40 wt% PVDF polymer binder, along with either 30 wt% LiTFSI or 30 wt% BMImPF6 onto a polyimide tape-attached glass dish or a Teflon dish, followed by solvent evaporation under reduced pressure at 80 °C. (E) Illustration of iEAP actuator fabrication based on the liquid crystal–polymer composite sandwiched between PEDOT:PSS or activated carbon electrodes using a pressing method. Actuator deformation under electric fields results from an asymmetric volume change of electrodes and electrolyte triggered by ion diffusion inside the electrolyte membrane, Faradaic reactions of PEDOT:PSS electrodes, and/or the formation of electric double layer capacitance.
RESULT AND DISCUSSION
Materials Design. Our molecular designs for the ion-conductive liquid crystal incorporate polar phosphate moieties linked to a rigid rodlike mesogen through an alkyl spacer, promoting nanosegregation and enhancing ion transport properties. In the present study, our aim is to enhance the thermal stability of the liquid crystal phase without inducing crystallization while simultaneously increase the conductivity. This improvement could enable stable actuation across a wide temperature range and in the high frequency region.
In our prior design, the mesogen was linked to the polar diethylphosphate (POEt). The equimolar mixture of POEt and LiTFSI exhibited a smectic A (SmA) phase below 40 °C. In the new design (POMe), we replaced the larger diethylphosphate moiety with the smaller dimethylphosphate, and complexed it with either LiTFSI or an ionic liquid, BMImPF6, resulting in improved thermal stability and conductivity within the SmA phases. BMImPF6 was selected due to its molecular weight comparable to LiTFSI. Fixing the number of ions inside the electrolyte membrane is crucial for comparing actuation performance.

Liquid-Crystalline Properties. The LC properties of mesogenic compounds containing phosphate moieties (POMe and POEt) and their mixtures with BMImPF6 or LiTFSI (POMe/BMImPF6(x), POMe/LiTFSI(x), POEt/BMImPF6(x), and POEt/LiTFSI(x), x denotes the mole% of salts in the mixture) were examined by polarized optical microscope (POM) observation, differential scanning calorimetry (DSC), and X-ray diffraction (XRD) measurements. The phase diagrams, depicting the phase transition temperatures as a function of the mol% of salts, are provided in the Supporting Information (Figure S1 and S2, Supporting Information). The phase transition behaviors of the phosphates and the equimolar complexes with salts (x = 50) are summarized in Table 1. Additionally, their corresponding DSC charts can be found in the Supporting Information (Figure S3, Supporting Information).
Compound POMe was obtained as a crystalline solid at room temperature, exhibiting a monotropic SmA phase between 48 and 6 °C upon cooling, while POEt showed a monotropic SmA from 18 to –10 °C. In contrast, POMe/BMImPF6(50) and POMe/LiTFSI(50) displayed an enantiotropic SmA phase over broader temperature ranges on heating and cooling processes, accompanied by focal conic textures at room temperature under a polarized optical microscope (Figure 2). Notably, for POMe/LiTFSI(50), a smectic B (SmB) phase formed below the temperature of SmA phase, remaining non-crystalline even below –50 °C. The thermal stabilization of the LC phases can be attributed to the ion–dipole interactions between the phosphate ester group and either the imidazolium cation or lithium-ion. The isotropization temperature of POMe/BMImPF6(50) was slightly higher than that of POMe/LiTFSI(50), possibly due to the formation of hydrogen bonds between the hydrogen atoms on the imidazolium cation and the oxygen atoms of the phosphate moiety. As anticipated, the substitution of the larger diethylphosphate moiety with the smaller dimethylphosphate moiety shifted the temperature range of SmA phase upwards, attributed to the reduced steric hindrance. For instance, POMe/BMImPF6(50) exhibited an SmA phase between 77 and –13 °C, while the SmA phase of POEt/BMImPF6(50) formed between 49 and –46 °C. The transition temperatures from the isotropic liquid (Iso) phase to the SmA phase and from the SmA to the SmB phase for POMe/LiTFSI(50) were also higher than those of POEt/LiTFSI(50).

Table 1. LC Properties of Mesogenic Compounds (POMe and POEt) and Its Equimolar Mixtures with BMImPF6 or LiTFSI
	Materials
	Phase Transition Behaviorb,c

	POMe
	Cr 6 (16.6) SmA 48 (6.4) Iso

	POMe/BMImPF6(50)
	Cr –13 (20.9) SmA 77 (1.8) Iso

	POMe/LiTFSI(50)
	SmB 7 (0.5) SmA 75 (1.8) Iso

	POEta
	Cr –27 (18.2) SmB –10 (1.7) SmA 18 (2.4) Iso

	POEt/BMImPF6(50)
	Cr –46 (15.7) SmA 49 (2.3) Iso

	POEt/LiTFSI(50)a
	SmB –9 (0.3) SmA 40 (2.6) Iso


aCompound POEt and the equimolar mixture POEt/LiTFSI(50) were previously reported. bTransition temperatures (°C) and transition enthalpies (kJ mol–1, within parentheses) were determined using DSC on cooling at a scan rate of 10 °C min–1. cIso: isotropic; SmA: smectic A; SmB: smectic B; Cr: crystal.

XRD measurements of POMe-salt mixtures at ambient temperature confirmed the layer structures in the SmA phases. The XRD pattern of POMe/LiTFSI(50) in the middle panel of Figure 2A displays three peaks at 40.5, 20.5, and 13.8 Å corresponding to the (001), (002), and (003) reflections with an estimated layer distance of 41 Å. This value is smaller than twice the molecular length with the fully extended conformation (26 Å calculated by DFT, Figure S4, Supporting Information) by 13 Å. It is suggested that POMe/LiTFSI(50) forms an interdigitated bilayer structure of mesogens with lithium ion-coordinating phosphate layers, as illustrated in the right panel of Figure 2A. Notably, the estimated layer distance of POMe/LiTFSI(50) matches the value reported for POEt/LiTFSI(50), despite the expected difference in the bulkiness of phosphate moieties.
In contrast, in the XRD pattern of POMe/BMImPF6(50) depicted in Figure 2B, two peaks at 59.2 and 30.2 Å correspond to the (001) and (002) reflections, resulting in a calculated layer distance of approximately 60 Å. This value is notably larger than that of POMe/LiTFSI(50) (41 Å). It is hypothesized that POMe/BMImPF6(50) in the SmA phase forms bilayer mesogenic structures incorporating nanophase-segregated ionic liquid layers, as illustrated in the right panel of Figure 2B. On the other hand, the layer distance of POEt/BMImPF6(50) was estimated to be 52 Å (Figure S5, Supporting Information), suggesting the formation of an interdigitated bilayer expanded compared to POEt/LiTFSI(50).
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[bookmark: _Hlk140738306]Figure 2. POM image, XRD pattern, and the possible self-assembled layered structure for (A) POMe/LiTFSI(50) and (B) POMe/BMImPF6(50).
Fourier transform infrared (FT-IR) absorption spectroscopy is invaluable for elucidating intermolecular interactions between the phosphate moieties and salts. The P=O stretching vibration at 1244 cm–1 observed for POMe and POEt alone shifts to 1229 cm–1 upon the addition of LiTFSI (Figure S6, Supporting Information). Furthermore, the SO2 asymmetric vibration peaks of TFSI anion observed at 1343 and 1322 cm−1 for LiTFSI shift to 1350 and 1330 cm−1, respectively, for POMe/LiTFSI(50) and POEt/LiTFSI(50). Similarly, the symmetrical vibration peak of SO2 group shows a high wavenumber shift from 1127 cm–1 for LiTFSI to 1136 cm−1 for POMe/LiTFSI(50) and POEt/LiTFSI(50). These results suggest the complexation of LiTFSI with phosphate moieties through ion-dipole interactions.
In contrast, when BMImPF6 is mixed with POMe or POEt, the P=O stretching peak does not exhibit the low wavenumber shift observed in the LiTFSI-based mixtures, while the in-plane bending vibrations of the ether CH3–O–P bond shifts from 1177 to 1169 cm−1. Additionally, the stretching vibrations of the PF6 anion at 816 and 555 cm–1 observed for BMImPF6 shift to 830 and 557 cm−1 upon mixing with the mesogenic phosphates, respectively. This low wavenumber shift of the ether peak and high wavenumber shift of the PF6 anion peaks are believed to result from the dissociation of the ionic liquid and its exchange of hydrogen bonded pairs, such as a C–H∙∙∙O hydrogen bond between the BMIm cation and the phosphate moieties. In addition, upon comparing the spectra of POMe/BMImPF6(50) and pure BMImPF6, we observed a subtle shift in the peak of asymmetric stretching of C4,5-H on BMIm+ from 3171 to 3169 cm–1, along with broadening upon mixing with POMe. Additionally, we noted a shift in the peak of stretching vibration of C2-H from 3124 to 3120 cm–1 upon mixing with POMe. These shifts in the low-wavenumber C-H stretching absorption bands also suggest a weakening of the interaction between the hydrogen on the imidazolium ring and the PF6 anion, accompanied by the concurrent formation of hydrogen bonds with the oxygen of P−O−CH3.

Ion-Transport Properties of Mesogenic Phosphate-Salt Mixtures. The ionic conductivities of the mesogenic phosphates complexed with LiTFSI or BMImPF6 were evaluated using electrochemical impedance spectroscopy. Within the measurement cell comprising a pair of indium tin oxide electrodes, the LC samples exhibit a random orientation in the SmA phase. As depicted in Figure 3A, the room-temperature ionic conductivities of POMe and POEt-based salt mixtures are plotted against the mole % of LiTFSI or BMImPF6. Remarkably, an increase in salt concentration corresponds to a rise in ionic conductivities. This stands in contrast to conventional electrolytes, such as those containing alkaline metal salts combined with poly(ethylene oxide) and organic carbonates, which typically experience decreased conductivity with increasing salt content8,37. The unusual increase in conductivity observed for the mesogenic phosphates may be attributed to the weak coordination between the phosphates and ions.
Among the mixtures, POMe/BMImPF6(50) exhibits the highest room-temperature conductivity of 3.1×10−4 S cm−1, closely approaching that of POEt/BMImPF6(50). The conductivities of POMe/BMImPF6(x) are slightly higher than those of POEt/BMImPF6(x). Furthermore, the interlayer distances of POMe/BMImPF6(x) are larger than those of POEt/BMImPF6(x) (Figure S5, Supporting Information). Assuming that the packing of mesogenic layers remains unchanged when varying the ionic liquids, the width of the ionic liquid layer in POMe-based mixtures is expected to be larger compared to that in POEt-based mixtures, consequently resulting in higher ionic conductivities for POMe/BMImPF6(x).
In contrast, the LiTFSI-based mixtures show relatively lower conductivities compared to the BMImPF6-based mixtures. This lower conductivity observed in the LiTFSI mixtures can be attributed to the closer and stronger interactions between the smaller lithium ions and the phosphates, contrasting with the hydrogen bonded interactions in the ionic liquid mixtures. Additionally, the ionic conductivities of POMe/LiTFSI(x) are lower than those of POEt/LiTFSI(x). This difference may be attributed to the stronger cation–dipole interactions between lithium ions and the less sterically hindered POMe, which has a higher dielectric constant compared to the POEt mixtures.
Temperature-dependent ionic conductivities of equimolar mixtures of mesogenic phosphates and salts were investigated, revealing an increase in conductivity with rising temperature. However, it was observed that all the mixtures exhibit a decrease in conductivity at the SmA-Iso phase transition, indicated by dashed lines (Figure 3B), attributed to the disruption of ion pathways in the SmA phase.
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Figure 3. (A) Ionic conductivities at room temperature for the POMe and POEt-based salt mixtures as a function of mole% of salts: POMe/BMImPF6(x) (gray), POEt/ BMImPF6(x) (orange), POEt/LiTFSI(x) (red), and POMe/LiTFSI(x) (blue). (B) Temperature-dependent ionic conductivities of equimolar salt mixtures: POMe/BMImPF6(50) (gray), POEt/BMImPF6(50) (orange), POEt/LiTFSI(50) (red), and POMe/LiTFSI(50) (blue).

Characterization of Liquid Crystal–Polymer Composites. We successfully prepared free-standing liquid crystal–polymer composite electrolytes characterized by microphase-separated bicontinuous domains of liquid crystals and polymer networks (as depicted in Figure 1C for the POMe/BMImPF6(50)–polymer composite), using the similar methodology outlined in our recent paper. This process involved casting a tetrahydrofuran solution containing 15 wt% PVC, 5 wt% PVDF-HFP, and either 80 wt% POMe/LiTFSI(50) or POMe/BMImPF6(50). Regardless of the difference in the ionic species, it was observed that these liquid crystals exhibit a randomly oriented planar configuration along the surface of composite films (Figure S7, Supporting Information), suggesting the formation of vertically aligned ion pathways across the membranes. 
Furthermore, we confirmed that the incorporation of the polymer networks in this new series of liquid crystals did not significantly reduce ionic conductivities (Figure S8, Supporting Information). The POMe/BMImPF6(50)–polymer composite exhibits a room-temperature ionic conductivity of 1.7×10−4 S cm−1, while POMe/BMImPF6(50) alone shows 3.1×10−4 S cm−1. Similarly, the conductivities of POMe/LiTFSI(50)–polymer composite and POMe/LiTFSI(50) were measured at 3.3×10−5 and 5.4 ×10−5 S cm−1, respectively.
Moreover, we discovered that these organophosphate-based ionic liquid crystal–polymer composite films are non-flammable when exposed to fire, and thermal shrinkage of the films was observed (Figure S9, Supporting Information). The non-flammability of the composite electrolytes underscores the advantage of immobilizing flame-retardant organophosphate-based liquid crystals within the polymer scaffold.

Actuation Performances. The ionic liquid crystal–polymer composite electrolytes based on POMe/LiTFSI(50) and POMe/BMImPF6(50) were sandwiched between two distinct sets of free-standing electrodes: 5 ± 1 μm-thick PEDOT:PSS electrodes and 25 ± 2 μm-thick active carbon (AC) electrodes. The AC electrode comprises 25 wt% active carbon, 5 wt% conductive Ketjenblack, 40 wt% PVDF polymer binder, and 30 wt% LiTFSI or BMImPF6 as a supporting electrolyte. Despite attempts to achieve a thinner AC electrode similar to the thickness of the PEDOT:PSS electrode, it proved unsuccessful. These trilayer films were carefully compressed to fabricate iEAP actuators, resulting in a total thickness of 55 ± 2 μm for PEDOT:PSS-based actuators and 100 ± 4 μm for AC-based ones. Importantly, the ionic liquid crystal–polymer composites exhibited excellent adhesion to both the PEDOT:PSS and AC electrodes, with no delamination observed during the actuation test.
Figure 4A displays a photograph of the POMe/LiTFSI(50)-based ionic liquid crystal–polymer composite actuator with PEDOT:PSS electrodes under an alternating current square voltage of 2 V at a frequency of 0.1 Hz in ambient conditions. The actuator exhibited a significant bending deformation towards the anode side when a positive vias was applied, showcasing a maximum curvature of 0.1 mm−1. The calculated strain value was 0.68 %, monitored at 8 mm from the clamped end of the actuator. This bending motion primarily occurred due to the diffusion and accumulation of lithium ions on the cathode and the Faradaic reactions of the PEDOT:PSS electrode, as discussed later.
Figure 4B illustrates the peak-to-peak bending displacements of the POMe/LiTFSI(50)-based ionic liquid crystal–polymer composite actuator with PEDOT:PSS electrodes under an alternating current square voltage of 2 V. It demonstrates a high-frequency response up to 110 Hz, achieving a displacement of 3 µm at a distance of 12 mm from the clamped end of the actuator. This broad frequency response is remarkable in the realm of flexible iEAP actuators (Table S1, Supporting Information). Moreover, a slight increase in displacement is observed within resonant frequencies of 20–30 Hz, although the displacement decreased with increasing frequency. Furthermore, this composite actuator demonstrated long-term cycling stability at 1 Hz with no significant strain degradation after 14000 cycles, as shown in Figure 4C.
In contrast, the POMe/BMImPF6(50)-based ionic liquid crystal–polymer composite actuator with PEDOT:PSS electrodes showed a peak-to-peak displacement of merely 0.15 mm when subjected to an alternating current 2 V at 1 Hz (Figure 4D, blue line), which is one-hundredth of the displacement of POMe/LiTFSI(50)-based ionic liquid crystal–polymer composite/PEDOT:PSS actuator (Figure 4D, red line).
The significant difference in actuator displacement attributed to electrolyte variation is believed to arise from the ease of ion insertion into the PEDOT:PSS cathode and the occurrence of reduction reactions of cationic PEDOT. The functionality of the PEDOT:PSS-based actuator primarily relies on the mechanism of PEDOT+:PSS− + M+ ⇔ PEDOT + M+ PSS−, where the cation M+ serves as the principal driving ion38. However, if ions encounter resistance upon entering the electrodes, the actuator’s performance will inevitably diminish. Figure 4E presents Nyquist plots derived from the electrochemical impedance spectroscopy of the PEDOT:PSS-based actuators. In these plots, the first semicircles with a smaller diameter in the high-frequency region signify bulk electrolyte resistances, the second intermediate-frequency semicircles indicate charge transfer resistances at the electrolyte/electrode interface, and low-frequency arcs extending infinitely may be ascribed to occur from the Warburg impedance arising from the semi-infinite diffusion of ions at the electrode. Upon comparison, we observe that the semicircle diameter corresponding to the charge transfer resistance for the actuator incorporating the POMe/BMImPF6(50)-based ionic liquid crystal–polymer composite reaches 4510 Ω. Conversely, for the actuator with POMe/LiTFSI(50)-based ionic liquid crystal–polymer composite, it is only 780 Ω. Despite the higher ion conductance of POMe/BMImPF6(50), its notably high charge transfer resistance primarily contributes to its suboptimal actuation performance. Important factors affecting charge transfer resistance include the matching of electrode pore sizes with ion dimensions39,40, where smaller lithium ion (volume is 1.0 Å3) can easily move in and out of PEDOT:PSS electrode, while the larger BMIm+ cation (volume is 116 Å3) may encounter difficulties due to its size.
Moreover, capacitance plays a significant role in influencing actuation behavior. The cyclic voltammetry (CV) profiles in Figure 4F reveal that the specific gravimetric capacitance of the POMe/LiTFSI(50)-based actuator with PEDOT:PSS electrodes is 16.3 F g–1, notably superior to that of the POMe/BMImPF6(50)-based actuator, which stands at only 4.0 F g–1. Additionally, the CV profile for the POMe/LiTFSI(50)-based actuator more closely resembles a rectangle, indicating lower leakage current and improved capacitive characteristics. Furthermore, in the CV profile of POMe/LiTFSI(50)-based actuator, redox peaks are discernible around ±0.5 V, indicating that the actuator possesses the dual attributes of electric double layer capacitance and pseudo-capacitance41–44.
	The blocking force of the ionic liquid crystal–polymer composite actuators with PEDOT:PSS electrodes was evaluated. Upon applying a DC voltage of 2 V, the POMe/LiTFSI(50)-based actuator displayed a blocking force of 0.56 mN, while the POMe/BMIm(50)-based actuator reached a maximum blocking force of approximately 0.40 mN (Figure S10, Supporting Information). These values surpass the reported 0.35 mN for the POEt/LiTFSI(50)-based actuator and the range of 0.27–0.28 mN for photocured LC polymer actuators with one and three dimensionally ion-transporting channels7,35. However, the POMe/LiTFSI(50)-based actuator exhibited a gradual decrease in the generated force over time when a DC voltage was applied. This back relaxation behavior may be attributed to the slow migration of TFSI anions within the liquid crystal–polymer composite matrix towards the anode side, leading to a reduction in the difference in volume changes between the cathode and anode.
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Figure 4. Actuation performance of the PEDOT:PSS-based actuator with POMe-based electrolytes. (A) Photograph of the bending actuator based on the POMe/LiTFSI(50)-based ionic liquid crystal–polymer composite under ± 2 V at 0.1 Hz. (B) Peak-to-peak displacements of the POMe/LiTFSI(50)-based actuator in the frequency range of 1–110 Hz under ± 2 V. The bending displacement was measured by a laser displacement meter at 12 mm from the clamped end. (C) Cycle durability of the POMe/LiTFSI(50)-based actuator under an alternating current 2 V at 1 Hz. (D) Actuation performances of the PEDOT:PSS-based actuators using POMe/LiTFSI(50) and POMe/BMImPF6(50)–polymer composite electrolytes under ±2 V at 1 Hz. (E) Nyquist plots of the POMe/LiTFSI(50) and POMe/BMImPF6(50)-based actuators. (F) Cyclic voltammetry profiles of the POMe/LiTFSI(50) and POMe/BMImPF6(50)-based actuators with PEDOT:PSS electrodes at the scan rate of 10 mV s–1.

To investigate how electrodes affect the electromechanical performance of the ionic liquid crystal–polymer composite actuators, we conducted a comparative study between the POMe/LiTFSI(50) and POMe/BMImPF6(50)-based actuators, employing AC electrodes made of high-surface-active carbon with a BET surface area of 1692 m2 g–1. Our findings revealed that the POMe/BMImPF6(50)-based actuator with AC electrodes outperformed its POMe/LiTFSI(50)-based counterpart, attributed to its larger electric double layer capacitance. When a +2 V DC vias was applied to the anode, the POMe/BMImPF6(50)-based actuator with AC electrodes bent towards the anode side, achieving a peak-to-peak displacement of 10.6 mm from ‒2 V to +2 V DC vias (Figure 5A, upper panel). A photograph depicting the bending actuator under a ±2 V DC vias is provided in the Supporting Information (Figure S11, Supporting Information). In contrast, the POMe/LiTFSI(50)-based actuator with AC electrodes exhibited a mere 0.13 mm bending displacement towards the cathode direction with back relaxation when a +2 V vias was applied to the anode (Figure 5A, lower panel). This bending direction contrasts with that observed in the PEDOT:PSS-based actuators. The bending behavior of POMe/LiTFSI(50)-based actuator with AC electrodes towards the cathode is presumed to result from the expansion of the anodic AC electrode due to the accumulation of the larger TFSI anions, which exceed the size of lithium ion.
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Figure 5. Actuation performances of the AC-based actuators with POMe-based electrolytes. (A) Displacement changes over time for the POMe/BMImPF6(50) and POMe/LiTFSI(50)–polymer composite actuators under applying a 2 V DC vias. The bending displacement was measured by a laser displacement meter at 12 mm from the clamped end. (B) Cyclic voltammograms of the actuators at the scan rate of 10 mV s−1. (C) Frequency-dependent peak-to-peak displacements of the actuators under applying ±2 V. (D) Cycle stability of the bending actuation for the POMe/BMImPF6(50)–polymer composite actuator under ±2 V at 1 Hz. The bending strain for each cycle is normalized by the initial strain value.
We conducted additional analysis on the bending displacements of these actuators under an alternating current square wave voltage of ± 2 V at 1 Hz (Figure S12, Supporting Information). The displacement of POMe/BMImPF6(50)-based actuator with AC electrodes exhibited a linear increase over time, whereas the POMe/LiTFSI(50)-based actuator demonstrated a gradual displacement increase, reaching saturation around 0.25 seconds.
Electrochemical impedance spectra of these actuators were analyzed to gain insights into charge transfer and ion diffusion (Figure S13, Supporting Information). The Nyquist plot of the POMe/BMImPF6(50)–polymer composite actuator showed a 45° sloped straight line in the frequency range between 20 kHz to 1Hz, indicating ion diffusion behavior within the AC electrode. In contrast, the spectrum for the POMe/LiTFSI(50)–polymer composite actuator depicted a charge transfer semicircle within the same frequency range. These results suggest that the former functions as a pure electric double layer capacitance, while the latter may operate as a hybrid capacitor.
The gravimetric capacitance of these actuators was determined by CV measurements (Figure 5B). Notably, their specific capacitance values do not differ significantly. The capacitance of POMe/BMImPF6(50) and POMe/LiTFSI(50)-based actuators with AC electrodes are 21.2 and 19.7 F g–1, respectively, exceeding that of POMe/LiTFSI(50)-based actuator with PEDOT:PSS (16.3 F g–1). However, the CV profile for the POMe/BMImPF6(50)-based actuator more closely resembles a rectangle, whereas the curve for the POMe/LiTFSI(50)-based actuator is more fusiform in shape. This difference can be attributed to the higher ionic conductivity of the POMe/BMImPF6(50)–polymer composite electrolyte, which facilitates faster ion movement and results in less leakage current.
Frequency-dependent displacements were further examined for these actuators (Figure 5C). The POMe/BMImPF6(50)-based actuator shows a broader frequency response up to 50 Hz and a greater displacement, while the response limit of the POMe/LiTFSI(50)-based actuators was 40 Hz. Furthermore, the POMe/BMImPF6(50)-based actuator demonstrates good durability with only 4% strain degradation over 14,000 cycles at ±2 V at 1 Hz (Figure 5D).
The utilization of porous AC electrodes has demonstrated a positive impact on enhancing the ionic capacity of actuators. More significantly, the issue of back relaxation observed in the PEDOT:PSS-based actuators has been effectively addressed in the AC electrode-based actuator incorporating the POMe/BMImPF6(50)–polymer composite (Figure S10, Supporting Information). Its blocking force gradually increased over time upon the application of a 2 V DC vias, reaching approximately 0.48 mN. Developing a fabrication process for a 5 µm-thick AC electrode film with good mechanical stiffness could pave the way for the improved iEAP actuator that combine the contradictory functionalities such as high response time, high displacement in a broad frequency range, and high force generation, thus offering advancements for the next generation of iEAP actuators indented for haptic applications. As an application of the actuators, we have developed a ring-shaped haptic interface utilizing a POMe/LiTFSI(50)-based actuator with PEDOT:PSS electrodes (Figure 6). This ring securely mounts five actuators onto the current collecting copper electrodes of the ring. By applying voltage to both sides of the ring, the actuators are driven to create tactile sensations upon touching the fingers. As depicted in the photographs, when a negative voltage is applied to the inner side of the ring, the actuators bend away from the fingers and do not exert force on them. Conversely, when a positive voltage is applied to the inner side of the ring, the actuators bend towards the fingers. At this point, the actuators make contact with the fingers, resulting in the generation of tactile sensations.
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Figure 6. Photographs of a ring-shaped haptic interface utilizing a POMe/LiTFSI(50)-based actuator with PEDOT:PSS electrodes: (A) Application of −2 V on the inner side of the ring. (B) Application of +2 V on the inner side of the ring. (C) Placement of the ring-shaped haptic interface on the finger, with the actuators driven to make contact with the skin.

CONCLUSIONS
In this research, we have made significant discoveries regarding the formation of SmA phases in POMe complexes with both LiTFSI and the room-temperature ionic liquid BMImPF6. Notably, the clearing temperatures of the POMe-based liquid crystals were found to be considerably higher than those of POEt complexes. The ionic conductivities of POMe complex with BMImPF6 surpassed 3.0×10−4 S cm–1. Our investigation revealed that the performance of ionic actuators is profoundly influenced by the species of mobile ions and the materials of the electrodes.
We examined novel ionic liquid crystal–polymer composite actuators based on POMe/LiTFSI and POMe/BMImPF6 with both PEDOT:PSS and AC electrodes. The POMe/LiTFSI-based composite with PEDOT:PSS electrodes exhibited superior actuation performance compared to the corresponding activated carbon actuator. Specifically, the PEDOT:PSS actuator achieved a bending strain value of 0.68 % when an square wave voltage of 2 V was applied at 0.1 Hz, with the maximum response frequency reaching 110 Hz and a displacement of 3 µm. On the other hand, the POMe/BMImPF6-based composite with AC electrodes demonstrated superior actuation performance compared to the PEDOT:PSS-based actuator, exhibiting a bending strain of 0.34 % at 2 V and 0.1 Hz, along with a maximum response frequency of 50 Hz.
Overall, among the examined systems in this study, the combination of the POMe/LiTFSI-based composite electrolyte and PEDOT:PSS electrode provided the highest strain and actuation speed. This can be attributed to the small size of lithium ions, which can easily penetrate the PEDOT:PSS electrode, enabling the formation of capacitance and inducing redox reactions in PEDOT:PSS. In contrast, activated carbon electrodes allow for electric double layer capacitance.
The findings from this research hold substantial significance for future advancements in the design of LC molecules for ion transport, the selection of ions and electrodes, and even the development of flexible iEAP actuators. These insights open up new avenues and provide innovative directions in this field, thereby contributing to its progression.

EXPERIMENTAL SECTION
General methods. Nuclear magnetic resonance (NMR) spectra were acquired using a JEOL ECZ 400S spectrometer. Chemical shifts (δ) are reported in ppm with respect to internal or external standards for CDCl3 solutions: tetramethylsilane (δ = 0 ppm) for 1H NMR (400 MHz), CHCl3 (δ = 77.0 ppm) for 13C NMR (100 MHz). Elemental analysis for C, H and N was conducted using an ELEMENTAR vario EL cube. Polarized optical microscopy (POM) observations were performed with an Olympus BX51N-31P-O3 microscope equipped with a DP22 digital camera and a LINKAM T95-HS, LTS420E temperature control system. Differential scanning calorimetry (DSC) measurements were carried out using a NETZSCH DSC-3500 Sirius system coupled with a liquid nitrogen cryo-system, employing heating and cooling rates of 10 °C/min. X-ray diffraction (XRD) patterns within a constrained angular range of 2θ = 1−30° were recorded using a Rigaku MiniFlex 600 diffractometer equipped with Ni-filtered Cu Kα radiation. Fourier transform infrared (FT-IR) spectra were acquired with a Bruker ALPHA II spectrometer.
Materials. 4-(trans-4-Pentylcyclohexyl)phenol, 6-chloro-1-hexanol, diethyl chlorophosphate, dimethyl chlorophosphate, and 1-butyl-3-methylimidazolium hexafluorophosphate (BMImPF6) were obtained from Tokyo Chemical Industry (TCI, Japan). Kanto Chemical (Cica, Japan) supplied 1,4-diazabicyclo[2.2.2]octane, NaI, K2CO3, N,N-dimethylformamide (DMF), acetone, tetrahydrofuran (THF), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and ethylene glycol. Poly(vinyl chloride) (PVC) was acquired from Sigma Aldrich. Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS, Clevios™ PH1000) was procured from Heraeus. Polyvinylidene difluoride (PVDF) and activated carbon (AB520Y) was purchased from MTI Corporation. Electro-conductive carbon black (KETJENBLACK EC600JD) was obtained from LION Specialty Chemicals Co. Ltd.. Poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP, Kynar Flex® 2801-00 from Arkema) was provided by Tokyo Zairyo, Japan.
Synthesis of 6-{4-(trans-4-Pentylcyclohexyl)phenyloxy}hexane-1-ol. In a 100 mL flask, 4-(trans-4-pentylcyclohexyl)phenol (3.66 g, 14.87 mmol), 6-chloro-1-hexanol (2.51 g, 18.34 mmol), K2CO3 (6.17 g, 44.61 mmol), NaI (0.28g, 1.83 mmol), and anhydrous DMF (30 mL) were combined. The mixture was stirred at 75 °C for 24 hours under an argon atmosphere. Following this, the reaction mixture was diluted with ethyl acetate (EtOAc) and washed with a saturated solution of NH4Cl in water. The resulting organic phase was extracted, dried over anhydrous MgSO4, and then filtered. After vacuum concentration, the residue was purified using silica gel column chromatography (eluted with a gradient of n-hexane/EtOAc from 1/0 to 5/2). This procedure yielded a titled compound as a white solid (4.58 g, 13.2 mmol, 89% yield).
Synthesis of dimethyl {6-{4-(trans-4-pentylcyclohexyl)phenyloxy}hexyl} phosphate (POMe). To a solution of 6-{4-(trans-4-pentylcyclohexyl)phenyloxy}hexane-1-ol (1.00 g, 2.89 mmol) and 1,4-diazabicyclo[2.2.2]octane (0.61 g, 5.45 mmol) in dry THF (35 mL) under an argon atmosphere, dimethyl chlorophosphate (0.47 mL, 4.33 mmol) was added dropwise at room temperature with stirring. The reaction mixture was stirred for 16 hours. Afterwards, it was diluted with CHCl3 and washed successively with a 5% HCl aqueous solution and deionized water. The resulting organic phase was dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (n-hexane/EtOAc = 65/35−50/50) and recycling preparative GPC (eluted with CHCl3), affording POMe as a white solid (1.34 g, 2.79 mmol, 64% yield). 1H NMR (400 MHz, CDCl3): δ = 7.10 (dt, J = 9.5, 2.4 Hz, 2H; ArH), 6.80 (dt, J = 9.3, 2.5 Hz, 2H; ArH), 4.05 (q, J = 6.7 Hz, 2H; CH2), 3.95-3.89 (m, 2H; CH2), 3.75 (dd, J = 14.9, 3.9 Hz, 6H, CH3), 2.39 (tt, J = 12.1, 3.1 Hz, 1H; CH), 1.86-1.68 (m, 8H; CH2), 1.53-1.17 (m, 15H, CH, CH2), 1.02 (ddd, J = 24.0, 12.8, 3.2 Hz, 2H; CH2), 0.90 (q, J = 7.3 Hz, 3H, CH3). 13C NMR (100 MHz, CDCl3): δ = 157.2, 140.1, 127.7, 114.3, 77.5, 77.2, 76.8, 67.9, 67.9, 67.7, 54.3, 54.2, 43.8, 37.5, 37.4, 34.7, 33.7, 32.3, 30.3, 30.2, 29.3, 26.7, 25.7, 25.3, 22.8, 14.2. Elemental analysis calculated for C25H43O5P: C, 66.05; H, 9.53%; found: C, 66.75; H, 9.23%.
Preparation of Ionic Liquid Crystals. Mesogenic phosphate (POMe or POEt) was mixed with an acetone solution of either BMImPF6 or LiTFSI at molar ratios of 9:1, 8:2, 7:3, 6:4, and 5:5. Subsequently, these solutions were subjected to gradual evaporation in an oven at 80 °C for 3 hours, followed by vacuum drying at the same temperature for an additional 9 hours to obtain ionic liquid crystals with varied components and proportions.
Preparation of Ionic Liquid Crystal–Polymer Composite Membranes. 12 mg of ionic liquid crystal was mixed with PVC and PVDF-HFP solutions (both at a concentration of 0.04 mg μL–1 in THF) at a mass ratio of 80:15:5, supplemented with 300 μL THF for dilution. Subsequently, approximately two-thirds of the solution was evaporated at 80 °C. The resulting partially evaporated solution was then deposited onto a glass substrate, covering an area of 10 mm×25 mm. The residual solvent was then evaporated in an oven at 80 °C for 2 hours, followed by vacuum drying at the same temperature for an additional 12 hours. Free-standing ionic liquid crystal–polymer composite films with the thickness of 45 ± 2µm were obtained by peeling them off from the substrate.
Preparation of PEDOT:PSS Electrodes. An aqueous solution of PEDOT:PSS (Clevios™ PH1000) and ethylene glycol were mixed in a volume ratio of 94:6, followed by stirring for 30 minutes to ensure complete mixing. Using a glass substrate, 1.8 mL of this mixture was dropped in a confined area measuring 5 mm×5 mm. Subsequently, the substrate was dried at 80°C for 5 hours. Deionized water was then dropped onto the substrate, and the gel-like PEDOT:PSS film was transferred to a Teflon substrate. The film was then subjected to heat at 120 °C for 7 hours, resulting in the production of a 5 ± 1 µm-thick PEDOT:PSS electrode film with a conductivity of 500 S cm–1.
Preparation of AC Electrodes. A mixture of AC, PVDF solution in NMP (0.03 mg mL–1), BMImPF6 or LiTFSI, and a conductive agent (Ketjenblack) was prepared in a ratio of 25:40:30:5. To dilute the mixture, an amount of NMP solvent equal to one-fifth of the PVDF solution volume was added. Teflon (for BMImPF6 contained slurry) or polyimide (for LiTFSI slurry) was used as the substrate, onto which 400 µL of the mixture was dropped within a circular area with a radius of 25 mm. This was then heated in a vacuum drying oven up to 110 °C. After 10 hours, an AC-based composite electrode was obtained. The conductivities of AC films containing BMImPF6 and LiTFSI with the thickness of 25 ± 2 μm were measured as 1.0 S cm–1 and 0.3 S cm–1, respectively.
Preparation of Actuators. An electrolyte membrane was sandwiched between two electrode pieces and then subjected to hot pressing at 30 °C (AS ONE Co., Small hot press machine H300-10D). The resulting actuator was shaped into a rectangle with dimensions of 20 mm×4 mm. The thickness of the PEDOT:PSS-based actuator was measured to be 55 ± 2μm, while the thickness of the AC-based actuator was measured to be 100 ± 4μm.
Electrochemical Impedance Spectroscopy (EIS) Measurements. EIS measurements were carried out using a Metrohm AUTOLAB PGSTAT128N impedance analyzer. The frequency range was 102–107 Hz and the applied voltage was 5 mV. The liquid crystal sample was sandwiched between a pair of indium tin oxide (ITO)-coated glass substrates using a 58 μm-thick polyimide tape spacer with a 3 mm-diameter hole. The EIS measurements of the liquid crystal/polymer composite electrolyte membranes and actuators were conducted using a Swagelok-type two electrode cell (2E-Cell-SUS, Eager Corporation).
[bookmark: _Hlk140505577]The ionic conductivity (σ, S cm–1) was calculated using the following formula35: σ = L/(Rb∙A), where L refers to the sample thickness (cm), Rb is the bulk resistance of the electrolyte, and A is the sample area (cm2). The Rb value was obtained from the intercept of a semicircle on the real axis of impedance in the Nyquist plots.
Cyclic Voltammetry Measurements. The actuator was sandwiched between two stainless steel electrodes and placed in a Swagelok-type two-electrode cell (2E-Cell-SUS, Eager Corporation) to measure the cyclic voltammograms using an electrochemical workstation (Autolab PGSTAT302N) in a potential range of 1 to −1 V at scan rates varying from 10 to 50 mV s−1. The specific gravimetric capacitance (Cm, F g–1) was calculated by the following equation: , where I (A) is the response current, V (V) is the voltage window, v (V s–1) denotes the sweep rate of voltage, and m (g) is mass of active electrode material in one electrode.
Actuator Performance Test. The actuator was clamped with two stainless-steel electrodes, each equipped with a piece of copper foil, and connected to a potentiostat (Hokuto Denko, HAL3001A). Alternating current square voltages generated by a function generator (YOKOGAWA FG400 30MHz) were input to the potentiostat. Bending displacement of the actuators was measured using a laser displacement meter (Keyence, LK-HD500). The laser was irradiated perpendicular to the actuator surface at a distance of 12 mm from the electrode. The signals of voltage, current, and displacement of actuator were recorded in a digital data logger (HIOKI LR8880). The actuation was captured using a USB microscope camera (Sanwa Supply, 400-CAM058, Japan). The peak-to-peak strain (ε) was computed using the formula7: ε = 2δd ×100/(δ2+L2), where δ represents the peak-to-peak displacement (mm), d denotes the thickness of the actuator (mm), and L signifies the distance (mm) from the clamped end of the actuator to the laser irradiation point. The blocking force was measured by the load sensor connected to a force detection monitor (KYOWA LTS-50GA/KYOWA WGA-680A).
Preparation of Ring-shaped Haptic Interface. Two rectangular polypropylene (PP) thick film, each measuring 70 mm × 8 mm, were prepared. Along the long sides of each film, five pieces of copper adhesive tape, each measuring 8 mm × 4 mm, were affixed with a 10 mm spacing between each pair. The copper tape covered both sides of the film. The five pieces on one side were interconnected by copper tape. The same method was applied to the other PP film. One of the PP films was wrapped into a loop resembling the circumference of a finger, with the side where the copper tape was connected facing inward. Five actuators, each measuring 15 mm × 5 mm, were fully covered on the positions where the copper tape was adhered. The other PP film was wrapped into a loop, aligning the positions of the copper tape with the actuators, with the side where the copper tape was connected facing outward.
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This study developed layered liquid crystal–polymer composite electrolytes, incorporating mesogenic phosphates with lithium salt or ionic liquid, along with vinyl polymers. Utilized in ionic electroactive polymer actuators with diverse electrodes, these electrolytes exhibit impressive ionic conductivity around 10−4 S cm−1. Remarkably, PEDOT:PSS-based actuators achieve a peak-to-peak bending strain of 0.68% and operate at frequencies up to 110 Hz, demonstrating exceptional performance.
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