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Electro-optic response of liquid crystals (LCs) relies on the molecular reorientation of LCs under external electric field and is important for a wide spectrum of applications. Here, we uncover an interesting electro-optic response of 5CB nematic LC confined in an oblate spheroid and subjected to external electric field. Under the planar anchoring, the nematic LC spheroid adopts a bipolar structure with the bipolar axis laid in the horizontal film plane. When a threshold electric field EF, is applied, the bipolar structure reorients from the horizontal configuration (LC molecules align along long axis direction) to the vertical configuration (LC molecules align along short axis direction), involving the competition of elastic energy, surface anchoring energy and electric field energy. In contrast to bipolar nematic LC droplets, the vertical configuration does not relax to the low-energy horizontal configuration after removing E; we argue that is due to the oblate shape of the nematic LC spheroid, which traps the bipolar structure in a local energy minimum. We use continuum simulation to demonstrate the detailed response and the reorientation dynamics of bipolar nematic spheroids under E field, showing consistent results with the experiments and confirming the proposed switching mechanism. Nevertheless, the vertical configuration of the bipolar structure could relax to the low-energy horizontal configuration by thermal cycling. Our studies provide clear experimental results that show the characteristics of the electro-optic response of oblate LC spheroids, which have both fundamental and practical implications.
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1 INTRODUCTION
Liquid crystals (LCs) exhibit both features of ordered crystalline solids and disordered flowing liquids (De Gennes and Prost, 1993; Barón, 2001; Shao et al., 2020; Wang et al., 2020; Goodby et al., 2014). Technological applications of LCs strongly rely on the control of LC molecular orientation; such controls are generally achieved through surface anchoring (Han and Yoon, 2021), geometrical confinement (Yang et al., 2022a), and external electric field (Goodby et al., 2014; Shabanov et al., 1998; Chen et al., 2013; Di Profio et al., 2002). The reorientation of LC molecules then modulates the transmitted light, which is commonly used in applications. The director configuration and the electro-optic response of LC under various surface anchorings and geometrical confinements have been studied, such as LCs sandwiched between two parallel plates (Xie and Higgins, 2004), confined in droplet (Yang et al., 2021), (De Luca and Rey, 2007), nested in cylindrical capillary (Noh et al., 2016) or filled in another nontrivial geometries (Nicoletta et al., 2001; Fernández-Nieves et al., 2007; Nakata et al., 2012), giving rise to many interesting phenomena (Yang et al., 2022b; Feng et al., 2021; Poulin et al., 1997).
The behavior of LC dispersed in polymer remains one of the most interesting topics, as polymer-dispersed liquid crystal (PDLC) being one of most great applications of LC. Either homeotropic or planar surface anchoring could be achieved by engineering the boundary condition of LC droplets (Poulin and Weitz, 1998; Yu et al., 2011; Moreno-Razo et al., 2012). When sodium dodecyl sulfate (SDS) presents at the interface, SDS enforces a homeotropic anchoring on the LC molecules, which then adopt a radial director configuration. Under a planar anchoring imposed by polyvinyl alcohol (PVA), LC molecules tend to be parallel to the interface and the director field engenders two-point disclinations positioned at opposite poles of the droplet, forming a bipolar structure (Higgins, 2000). Since LC droplets adopt different director configurations under different surface anchoring conditions, their electro-optic response critically depends on the boundary conditions (Huang et al., 2021). Nevertheless, planar anchoring is usually achieved through appropriate material engineering or processing technique and PDLC devices generally rely on the reorientation of bipolar nematic LC droplets under external electric field.
PDLC-based smart windows, for example, work by switching between strongly scattering and transparent states. Under the planar anchoring, birefringent nematic LC droplets dispersed in the polymer matrix are a collection of randomly oriented bipolar droplets, with the nematic director, n, aligned on average along the bipolar axis. Due to the mismatch of the refractive indices between the LC droplets and the polymer, light normally incident on PDLC films is strongly scattered by the nematic LC droplets, showing an opaque OFF state. A transparent ON state is achieved when a sufficiently large electric field, EF, is applied. Under EF, Fréedericksz transition of the director field occurs and the optical axis of the nematic LC droplets reorients along the E field, matching the refractive indices between the LC droplets and the polymer index and thus reducing the scattering of incident light. When the E field is removed, PDLC films generally relax to the scattering state to minimize elastic distortions. The biggest challenge of PDLC films is the high energy cost, which requires a continuously applied voltage to keep the ON state. Therefore, innovations of new materials or switching modes are critical for solving the problem and developing new devices.
Here, we uncover a unique electro-optic response of 5CB nematic LC confined in oblate spheroids, suggesting that the ON state could be free of applied voltage, and demonstrate that the ON state without applied voltage phenomena depend critically on the aspect ratio of spheroids and the switching dynamics. The oblate LC spheroids are prepared by the shrinkage force of a drying PVA film and nematic LC in the spheroids adopts a bipolar structure with its bipolar axis lying in the horizontal film plane. A threshold electric field EF, is required to overcome the free energy difference between the horizontal and vertical configurations and induce the reorientation of the bipolar axis. Different from spherical LC droplets, which restore to their original low-energy state after removing E, oblate LC spheroids are trapped in the vertical configuration. Instead, oblate LC spheroids could relax to the low-energy horizontal configuration by a thermal cycling. The switching behavior is qualitatively different from all previous experimental observations. The detail of the switching is adequately captured by polarized optical microscope (POM) observations and further confirmed by continuum simulations, both of which show consistent results.
2 MATERIALS AND METHODS
2.1 Materials
5CB, 4-cyano-4′-pentylbiphenyl (98%; purchased from Yantai Xianhua, China), has a LC phase sequence of I (35.5°C) N. 10 mg 5CB is dissolved in 400 mg chloroform (purchased from Hushi, China). The mixture of 5CB in chloroform is emulsified in an aqueous solution of 10 wt% polyvinyl alcohol (PVA, MW: 13,000–23,000 g/mol, 87–89% hydrolyzed; Sigma-Aldrich, United States) by a XH-D vortex mixer. After emulsification, 5CB droplets are kept at room temperature in stationary for 1 week, during which chloroform evaporates slowly. After the evaporation of chloroform, some 5CB droplets in the PVA solution are placed on top of an ITO glass slide. During the drying process, PVA starts to form a layer of polymer film, squeezing spherical 5CB droplets into oblate spheroids with a = c > b, where a and b are the semi-major and semi-minor axes, respectively. 5CB droplets are trapped in the polymer film of PVA thus couldn’t mobilize freely. The shape of oblate spheroids is measured by fluorescent confocal microscope. For a sphere with an original radius of r = 4.8 μm, the obtained oblate spheroid has a = c = 6.5 μm and b = 2.6 μm with an aspect ratio of L = a/b∼2.5. Oblate spheroids of different size have a similar aspect ratio. The dried sample is then covered by another ITO glass slide using 20 μm-thick spacers. The temperature of the sample is controlled by a hot stage (INSTEC, United States) with an accuracy of 0.01°C and the sample is heated or cooled at a constant rate of 2°C/min.
2.2 Methods
A DC voltage is applied perpendicular to the horizontal film plane. The voltage is generated by a function generator (Rigol, China) and amplified by a DC amplifier (Aigtek, China). The electric field strength is varied from 0.4 V/μm to 1.2 V/μm. The threshold electric field, EF, is measured by gradually increasing the voltage until the bipolar structure changes from the horizontal configuration to the vertical configuration. To switch the bipolar oblate spheroids using magnetic field, the sample is placed in a magnetic field with a strength of ∼70 mT for 3 hours, which is generated by two cylindrical NdFeB magnets placed face-to-face at a certain distance between each other.
Optical images of oblate LC spheroids are obtained using a polarized optical microscope (CX40P, Sunny Optical Technology, China) mounted with a digital CCD camera (Oplenic, China). The size of oblate spheroids is measured by ImageJ software.
The continuum simulations are based on a Landau-de Gennes free energy function in terms of a Q-tensor description. The total free energy of the nematic consists of a short-range free energy, a long-range elastic energy, an electric energy, and a surface energy:
[image: image]
where A and U are material parameters describing the thermodynamics of the nematic, L is the elastic constant under one-constant approximation, [image: image] is the dielectric anisotropy of the nematic, and W is the surface anchoring strength for degenerate planar anchoring condition. For uniaxial nematic, Q-tensor can be written as [image: image] with S and n being the scalar order parameter and the director field, respectively. For degenerate planar anchoring, we further define [image: image] and [image: image] with projection operator [image: image] and ν, a unit vector representing surface normal. A commonly used Ginsburg-Landau algorithm is adopted here to find free energy minimums, which correspond to experimentally accessible states. A finite difference scheme is used to carry out the calculation. The following values are used for the simulations: [image: image] J·m3, [image: image], [image: image] pN, [image: image] (Meier & Saupe, 1966). [image: image] is the vacuum permittivity. [image: image] N/m has been used to explore anchoring effects.
3 RESULTS AND DISCUSSIONS
5CB is first dissolved in chloroform and emulsified in an aqueous PVA solution, which prevents 5CB droplets from coalescing and imposes a planar anchoring on the LC director, as shown in Figures 1A,B. As chloroform evaporates, spherical 5CB nematic droplets adopt a bipolar director configuration and there is no preferred direction of the bipolar axis due to the spherical symmetry, as modelled in Figure 1C and shown in Supplementary Figure S1. Spherical LC droplets are then squeezed into oblate spheroids by the shrinkage force of a drying PVA film with the spheroid’s minor axis perpendicular to the horizontal film plane, as confirmed by the fluorescent confocal microscope image in Supplementary Figure S1. Oblate spheroids have an average aspect ratio of l = a/b∼2.5, where a and b are the lengths of the semi-major and semi-minor axes, respectively. In the oblate spheroids, the bipolar axis tends to lie in the horizontal film plane to minimize the total elastic energy, as shown in Figure 1D. When an electric or magnetic (E/B) field surpassing a certain threshold is applied perpendicular to the film plane, LC molecules reorient to align their director along the E/B field, leading to a vertical configuration, as suggested in Figure 1E. Unexpected behavior is observed upon removal of the E/B field: the bipolar structure is trapped in the high-energy vertical configuration for at least 1 year. The switching behavior is very different from that of spherical bipolar LC droplets, which restore to their original state after removing E. Instead, the vertical configuration could relax to the low-energy horizontal state by a thermal cycling of N-I-N phase transitions.
[image: Figure 1]FIGURE 1 | Electro-optic response of 5CB bipolar nematic confined in oblate spheroids under planar anchoring. (A) and (B) 5CB is first dissolved in chloroform and emulsified in the PVA solution. (C) As chloroform evaporates, 5CB nematic spheres adopt a bipolar director configuration under the planar alignment imposed by PVA. (D) When the spherical droplets are squeezed into oblate spheroids under the shrinkage force of the drying PVA film, the bipolar axis is confined in the horizontal plane to reduce elastic distortion. (E) Under a threshold E or B field, the bipolar structure reorients to the vertical configuration and is trapped there when the external field is removed. The vertical configuration could relax to the low-energy horizontal configuration through a temperature cycle of N-Iso-N phase transitions.
A photomicrograph of a typical oblate nematic LC spheroid is shown in Figure 2A. The bipolar axis connecting the two disclinations at the opposite poles of the spheroid lies in the horizontal film plane, making an angle of 10o with respect to the analyser. The bipolar axis rotates within the horizontal plane when the sample stage is rotated and the dark brushes could be modelled by the director field shown in the top view in Figure 2A. Application of an electric field will place a torque on the nematic LC molecules, trying to align them along the E direction. However, only above EF, the director of 5CB nematic starts to reorient along the E field with the bipolar axis moved to the vertical position, showing four dark brushes. The circular symmetry of the vertical configuration is confirmed by the invariance of the optical texture when the sample stage is rotated, as shown in Figure 2B. Interestingly, the bipolar director field remains in the high-energy vertical configuration even when the E field is removed. Once the sample is heated to isotropic and then cooled down to nematic, the bipolar director field relaxes to the low-energy horizontal configuration again, as shown in Figure 2C. A similar switching behavior is also observed under a threshold magnetic field, as shown in Supplementary Figure S3.
[image: Figure 2]FIGURE 2 | Electro-optic response of oblate nematic LC spheroids. (A) Optical texture of an oblate 5CB nematic spheroid under planar anchoring, showing a typical bipolar director field with the bipolar axis lying in the horizontal plane. The top view shows the director field at the middle plane and the side view shows the director field at the side plane. (B) Under a threshold electric field, LC molecules reorient along the E field and the bipolar axis switches to the vertical position, showing four dark brushes. Because of the circular symmetry, the optical texture remains unchanged when the sample is rotated. The bipolar structure is trapped in the vertical configuration after removing the E field. (C) Relaxation of the bipolar structure to the low-energy horizontal configuration is achieved when the sample is heated up to isotropic and then cooled down to nematic.
To elucidate the underlying mechanism of the electro-optic response, we systematically investigate the parameters that influence the switching behavior. The threshold electric field required to switch the bipolar structure from the horizontal configuration to the vertical configuration strongly depends on the strength of the planar surface anchoring, as shown in Figure 3A. If the planar surface anchoring strength is zero, there is no preferred direction for the director at the surface and the ground state is a uniform director field without any distortion. In this case, all orientations are degenerate and it only requires a very small electric field to reorient the director. When the planar surface anchoring strength is not zero, the free energy is a balance between elastic energy and surface energy and is expressed as F=Felastic + Fsurface = 1/2[k1(▽• [image: image])2 + k2([image: image]•▽× [image: image])2 + k3([image: image] ×▽× [image: image])2] +1/2Wsin2(θ), where k1, k2 and k3 are the elastic constants, n is the molecular director, W is the surface anchoring strength and θ is the polar angle. When the planar surface anchoring strength is finite, the vertical configuration of the bipolar structure has a larger elastic distortion, thus costing a higher free energy, and the ground state of the bipolar structure is the horizontal configuration with the bipolar axis parallel to the horizontal plane. Therefore, it requires an external electric field to overcome the free energy difference and reorient the bipolar structure from the horizontal configuration to the vertical configuration.
[image: Figure 3]FIGURE 3 | Energy landscape of the bipolar structure and electric switching between the horizontal and vertical configurations. (A) Model of director reorientation of oblate nematic LC spheroid under different planar anchoring strength when a threshold electric field is applied. (B) The free energy difference between the horizontal and vertical configurations increases as the planar surface anchoring strength increases. When the surface anchoring strength is large enough, the free energy difference reaches a plateau. (C) Under a strong planar surface anchoring strength (W = 0.1 N/m), the free energy difference increases when the aspect ratio of the spheroid increases or the size of the spheroid increases. (D) The free energy density difference decreases when the size of spheroid increases. (E) Dependence of the threshold electric field required to reorient the nematic spheroid on the size of the spheroid. The red square dots are experimental results, while the black curve is the theoretical prediction.
To calculate the free energy landscape of the bipolar structure, we carry out continuum simulations to determine the free energy difference between the horizontal and vertical configurations and the threshold E field required to reorient the bipolar structure between the two configurations. The free energy difference, ∆F, as a function of planar surface anchoring strength is shown in Figure 3B. As expected, the free energy difference increases as the surface anchoring strength increases and a larger electric field is thus required to overcome the free energy difference. When the surface anchoring strength is large enough, the free energy difference reaches a plateau. If we assume a large surface anchoring strength of W = 0.1 N/m, the free energy difference ∆F is linearly proportional to the size of the oblate spheroid, i.e., [image: image], where a is the major radius, as shown in Figure 3C; however, the free energy density difference [image: image] decreases on the order of [image: image], as shown in Figure 3D. Therefore, a smaller electric field is required to reorient LC molecules in a larger oblate spheroid, which is directly confirmed by the experimental results, as shown in Figure 3E. In a simple model of isolated dielectric oblate spheroid embedded in a uniform medium under strong planar anchoring, the threshold electric field EF is given by the equation (Amundson, 1996)
[image: image]
where εM∼8 is the effective dielectric constant of the PVA film, εLC∼13.3 is the dielectric constant of 5CB, a = 6.5 μm is the major radius, L = a/b = 2.5 is the aspect ratio, k = 6.2 pN is the elastic constant of 5CB under one-constant-approximation, and ∆ε = ε∥-ε⊥ = 11.5 is the dielectric anisotropy of 5CB. The theoretical calculation also suggests that the threshold electric field is inversely proportional to the size of oblate spheroid, which is consistent with the experimental results, as shown in Figure 3E.
A series of snapshots unveiling the dynamics of director reorientation under electric field is shown in Figure 4. When there is no electric field or the electric field is small, the bipolar director field stays in the low-energy horizontal configuration, as shown in Figures 4A–C. When the applied electric field reaches a threshold value, Fréedericksz transition occurs to reduce the electric field energy and LC molecules in the oblate spheroid reorient along the E field with the texture being essentially dark under POM as shown in Figure 4D. Subsequently, the two disclinations of the bipolar structure move in opposite directions until the bipolar axis points along the vertical direction, showing four dark brushes, as shown in Figures 4E–H. The switching process under EF is also captured by the continuum simulations, which show consistent results with the experimental observations, as shown in Figures 4I–P.
[image: Figure 4]FIGURE 4 | Reorientation dynamics of oblate nematic spheroid under a threshold E field. (A–H) A sequence of POM snapshots showing the reorientation of an oblate bipolar spheroid from the horizontal configuration to the vertical configuration under EF. Under EF, Fréedericksz transition occurs with most LC molecules aligned along E and the optical texture being essentially dark. Then, the bipolar axis reorients along the vertical direction, showing four dark brushes. The time interval of the snapshots is 4s (I–P) The switching process is also captured by the continuum simulations. Fréedericksz transition occurs with most LC molecules aligned along E, when E reaches EF. The two disclinations then move to the top and bottom of the oblate spheroid, respectively. (Q) The free energy difference during the switching process, suggesting that the bipolar structure is trapped in a local minimum of the vertical configuration after removing EF.
The switching behavior of oblate LC spheroids is qualitatively different from previous experimental observations and we propose that the behavior is attributed to the unique shape of oblate spheroid. Generally, a threshold E field is required to reorient the bipolar axis of spherical LC droplets in PDLCs along the E field, as the polymer matrix that penetrates the LC/polymer interface presumably pins the director of LC molecules below EF. When EF is removed, the orientation of the bipolar axis will return to its original direction. However, in oblate spheroids with a large aspect ratio, e.g., L = a/b = 2.5, the energy landscape of the bipolar structure shows a local minimum in the vertical configuration and thus the bipolar structure could be trapped in the high-energy vertical configuration after removing EF, as shown in Figure 4Q. The unique electro-optic response of oblate nematic spheroids also benefits from the movement of the two disclinations and the reorientation of the bipolar axis after the Fréedericksz transition. Otherwise, the director field would relax to its original ground state, since director reorientation via Fréedericksz transition is reversible.
4 CONCLUSION
Combinations of experiments, theoretical analyses and continuum simulations are used to investigate the electro-optic response of nematic LCs confined in oblate spheroids. Upon an application of a threshold E field, the reorientation dynamics of bipolar oblate spheroids are unveiled: LC molecules reorient first via Fréedericksz transition, which are followed by the movement of the two disclinations and the reorientation of the bipolar axis. Different from spherical droplets, bipolar oblate spheroids show a unique switching behavior that the bipolar axis does not relax to its original low-energy horizontal configuration after removing EF. The underlying mechanism of the electro-optic response must recognize the importance of the geometry confinement, which induces the reorientation of the bipolar axis after Fréedericksz transition and traps the bipolar structure in a local minimum. The discovery and the full understanding of the switching behavior are critical for the developments of new optical devices, such as low-energy-cost smart PDLCs.
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