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Abstract

:

Spherical confinement of nematic liquid crystals leads to the formation of equilibrium director field configurations that include point and line defects. Driving these materials with flows or dynamic fields often results in the formation of alternative metastable states. In this article, we study the effect of magnetic field alignment, both under static and dynamic conditions, of nematic gems (nematic droplets in coexistence with the isotropic phase) and emulsified nematic droplets of a lyotropic chromonic liquid crystal. We use a custom polarizing optical microscopy assembly that incorporates a permanent magnet whose strength and orientation can be dynamically changed. By comparing simulated optical patterns with microscopy images, we measure an equilibrium twisted bipolar pattern within nematic gems that is only marginally different from the one reported for emulsified droplets. Both systems evolve to concentric configurations upon application of a static magnetic field, but behave very differently when the field is rotated. While the concentric texture within the emulsified droplets is preserved and only displays asynchronous oscillations for high rotating speeds, the nematic gems transform into a metastable untwisted bipolar configuration that is memorized by the system when the field is removed. Our results demonstrate the importance of boundary conditions in determining the dynamic behavior of confined liquid crystals even for configurations that share similar equilibrium bulk structures.
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1. Introduction


Liquid crystals are anisotropic liquids that feature long-range orientational order, locally characterized by a director field, whose distortion from uniform alignment incurs in an elastic free-energy cost [1,2]. Spatial confinement of these materials often triggers the formation of patterns and complex defect configurations of the director, as a result of the interplay between the drive towards free-energy minimization and the topology imposed by boundary conditions on the enclosing container walls [3]. The presence of topological defects is often a hindrance to be avoided in LC-based applications, such as displays and electro-optical devices but, in recent years, the induction and control of defects has been recognized as an opportunity for the development of novel functional materials [4,5], often in combination with dispersed particles that organize the distortions at colloidal length scales [6]. Spherical confinement, particularly within droplets, is the simplest topology where fixed boundary conditions on the droplet surface are incompatible with a uniform director field, leading to the formation of point and line defects [7]. This confinement can be easily realized at the coexistence between the isotropic and nematic phases of a mesogen, where nematic droplets with internal orientational order are suspended within the isotropic phase. Since this coexistence is typically only realized in a narrow temperature range, emulsification of the mesogen into an immiscible liquid [8,9] or dispersion in a polymer matrix [10] are more practical strategies to stabilize such configurations. Materials based on dispersed liquid crystal droplets have found applications as functional materials [11,12] or biosensors [13,14].



Spherical confinement with tangential boundary conditions, which can be easily achieved using suitable surfactants for molecular liquid crystals and is entropically favored in the case of colloidal mesogens [15,16], usually results in a bipolar configuration, where the director aligns along the meridians on the droplet surface, subtended between the two poles, where surface point defects, called boojums, are stabilized. In this configuration, splay distortion dominates, which is consistent with the usual property of mesogens that the bend elastic constant is larger than both the splay and twist constants. An alternative texture, the so-called concentric (or toroidal) configuration, has been reported as a transient state in emulsified confined nematic droplets under flow conditions [17] and, more recently, in polymer-dispersed nematic liquid crystal droplets [18].



In a previous study, Jeong and co-workers [19] characterized the structure of nematic droplets of the water-based lyotropic chromonic liquid crystal (LCLC) Sunset Yellow (SSY) [20,21] emulsified in a hydrocarbon oil. These authors revealed an unusual configuration of the orientational field that exhibited a twisted bipolar (TB), rather than the usual bipolar configuration expected for planar anchoring conditions on the spherical surface. Such configuration, which endows a macroscopic chirality to these materials prepared with achiral molecules, has been observed for cholesteric liquid crystals [22], and had been predicted to be also possible for nematic liquid crystals provided the twist elastic constant is much lower than the bend and the splay constants [23], which is indeed the case for SSY [24]. Recent studies reported a similar texture in nematic droplets of SSY in coexistence with its isotropic phase (that we will call gems henceforth, to differentiate from emulsified droplets), rather than in emulsified SSY droplets. The twisted director field, which confers a chiral supramolecular order in these nematic gems of achiral molecules, leads to the transduction of a temperature gradient into mechanical rotation, a phenomenon that cannot be replicated when the SSY nematic droplets are emulsified in oil [25].



Prompted by this contrasted behavior of SSY droplets and gems under non-equilibrium conditions, in the present work we will first characterize the static TB texture within the nematic gems, seeking for differences in the director field arrangement with respect to their emulsified counterparts. We will then take advantage of the strong negative magnetic susceptibility of SSY [24] to show that both gems and droplets change to a concentric configuration upon application of a static magnetic field. Finally, we unveil remarkable differences when the magnetic field is dynamically rotated. While emulsified droplets exhibit asynchronous oscillations of the concentric texture, nematic gems feature a transition into a metastable untwisted bipolar configuration, whose stability we explore.




2. Experimental Methods


2.1. Sample Preparation


LCLC were prepared by dissolving the disodium salt of 6-hydroxy-5-[(4-sulfophenyl)azo]-2- naphtalenesulfonic acid, commonly known as Sunset Yellow FCF (SSY, Aldrich, St. Louis, MO, USA, M   w   = 452.37 g mol    − 1   ) in Milli-Q water at a ratio 0.0226 g SSY in 50  μ L of water (1.0 molal). This concentration resulted in a nematic phase at room temperature and a NI coexistence in the range 40–50    ∘  C. In order to prepare the LCLC mixture, we performed 5–6 cycles of 10 min of agitation in a lukewarm ultrasonic bath followed by 30 s of vortex agitation, until we obtained a homogeneous dark red liquid.



Solid SSY was received with a purity of about 90%, which required further purification following published protocols [19,26]. Briefly, we prepared a saturated solution (190 mg mL    − 1   ) of SSY in pure water. Afterwards, a volume of ice cold absolute ethanol (PanReac) similar to the volume of water was slowly added to the SSY solution to cause SSY precipitation, and the mixture was kept for two minutes in the freezer (−20    ∘  C). The precipitate was subsequently vacuum filtered, and kept in a vacuum oven at 150    ∘  C for 24 h or until dry (its weight had stabilized). This procedure was repeated twice. The purified SSY was stored in a desiccator under vacuum, until needed. We typically repeated the vacuum drying of stock purified SSY every two weeks to ensure maximum reproducibility of the experiments.



LCLC-in-oil emulsions were obtained by dispersing the LCLC mixture described above in either hexadecane [19] or in fluorinated oil. When using hexadecane, we dissolved 2  μ L of the nonionic surfactant sorbitan monooleate (Span 80, Fluka) in 35  μ L of hexadecane (99%, Sigma H6703) and added 1–2  μ L of LCLC to the oil. In order to obtain sparse LCLC droplets of a few tens of microns in diameter, a few vigorous finger taps were enough. Since hexadecane is significantly hygroscopic, concentration of SSY in the aqueous droplets increased with time, which led to a transition from the nematic to the columnar phase, or even to the drying of the LCLC. A trick to delay this process consisted in saturating the hexadecane with water prior to emulsion preparation. Briefly, we dispersed same volumes of hexadecane and pure water in a closed tube with a sonicator, and left it overnight. The two liquids were fully phase-separated by centrifugation, and the water-saturated oil was subsequently used to prepare the LCLC emulsions as described above.



In order to slow down this water loss, we resorted to hydrophobic fluorinated oils instead. When using this alternative dispersing phase, we took advantage of its inert nature to employ a droplet-generating microfluidic device built with PDMS (poly-dimethyl siloxane) using standard photolithography and soft molding techniques. The device included flow-focusing channels for droplet generation, and a chamber region with a thickness of 125  μ m for emulsion storage and direct observation of undistorted spherical SSY droplets in our custom setup with the magnetic field (see below). As fluorinated oil, we used a mixture with 90% of the low viscosity oil 3M NOVEC-7500 and 10% of the high viscosity oil Krytox 157-FSH, so that the resulting viscosity matches that of the dispersed aqueous SSY phase (around 45 cP, as estimated by measuring the terminal velocity of driven colloidal particles). Oil wetting of the channel walls was favored by the application of the perfluorinated silane product Aquapel (PPG industries). To facilitate the emulsification process, we added 0.4 %w/w of the copolymer surfactant PFTE-PEG-PFTE (RAN Biotechnologies) to the fluorinated oil. The microfluidic device and this combination of fluids allowed us to prepare monodisperse emulsions of SSY in fluorinated oil without any electromechanical injection system: the fluid phases were placed in micropipette tips plugged into the input orifices of the PDMS device while a 10 cc syringe applied a moderate vacuum suction at the output orifice to drive the flows [27]. Once produced, the emulsion was stored in a chamber within the same device.



Sample cells to study nematic gems in coexistence with the isotropic phase were built by assembling   18 × 18   mm   2  , 1 mm thick glass plates with a 0.2 mm spacing between them. The size of the plates was chosen so that they fitted properly in the temperature control oven. To study LCLC-in-oil emulsions, either clean and dry plates or the microfluidic chamber were directly used. To study nematic LCLC gems, the plates were modified on one of the faces by spin-coating a poly-vinyl alcohol (PVA) thin film. Briefly, droplets of a 3% w/w PVA in water (88% hydrolized, 88,000 Mw from Across) were deposited trough a 0.2  μ m nylon filter on the glass plate, and spined at 3000 rpm for 30 s. Plates were subsequently cured at 140    ∘  C for 30 min, and stored in a desiccator until used. We observed that this surface treatment hindered the nucleation of Nematic gems on the surfaces, which we want to avoid. Cell spacing was fixed by means of superimposed layers of double sided adhesive tape. Cells were filled by capillarity and quickly sealed with a photo-curable adhesive (Norland-81).




2.2. Observation and Control


Polarizing microscopy was carried out in a custom optical setup (Figure 1a), built to include a custom-made permanent magnet assembly that provided a homogeneous magnetic field perpendicular to the direction of light propagation, within a region much larger than the field of view, featuring a maximum strength of 0.4 T. The magnet was built using a Halbach cylindrical array [28] consisting on eight identical N52-grade Nd–Fe–B cubic magnets (cube size = 25.4 mm, K&J Magnetics). The magnets were assembled, with the suitable geometric arrangement, using a 3D-printed PLA enclosure (see Figure 1a and Ref. [29] for details). This is an extremely cost-effective setup to generate a magnetic field that is strong and homogeneous enough to align usual thermotropic mesogens, and also some lyotropic materials, such as SSY. The strength of the magnetic field was adjusted by modifying the vertical positioning of the sample with respect to the magnet plane. Both the orientation and the strength of the magnetic field where adjusted with motorized stages controlled using LabView. Samples were held inside a thermostatic oven (T) build with Thorlabs SM1 tube components and tape heater, and controlled with a Thorlabs TC200 device. The oven is held together with a 660 nm led light source (L, Thorlabs M660L2) and a polarizer (P). The observation module is placed in a three-axis translation stage and features an objective tube (O), an analyzer (A) and a camera (C). A mirror block (M) is used to increase the mechanical stability of the assembly.



Images of nematic droplets coexisting with the isotropic phase or dispersed in an isotropic oil (Figure 1b) were captured with a uEye monochrome CCD camera (Edmund Optics), driven with the public domain software Micro-Manager, built around the software ImageJ, which was also used for further image processing.




2.3. Image Analysis and Simulated Textures


The configuration of the director field inside a droplet is assessed by analyzing the light transmittance through the center of the droplet with different polarizer/analyzer configurations and a suitable optical model, as described in Section 3.1. The relevant geometrical parameters are illustrated in Figure 1c.



In order to interpret the polarizing microscopy images and to validate hypotheses on the director field configuration, we simulated the optical patterns of the birefringent droplets when observed through crossed polarizers. For this purpose, we employed a usual strategy based on Jones matrices that allow to compute the transmission of polarized light across a slab of birefringent material [30,31]. In brief, we assume that, in the direction of light propagation (Z-axis), the droplets are optically equivalent to a sequence of thin homogeneous slabs, and the equivalent Jones matrix at a point in the XY plane is   J =  J N    J  N − 1   …  J 2    J 1   , where    J i  = J  ( n  (  z i  )  )    is the Jones matrix corresponding to the LC slab at position   z i   where the local director is   n (  z i  )  . Calculations are implemented in Mathematica and grayscale images with the resulting array of local normalized transmittances are generated to compare with experiments.





3. Results and Discussion


3.1. Structure of the Nematic Gems


Inside SSY cells, nematic gems coexist with the isotropic phase in a wide temperature range, which allows us to easily adjust the size of the suspended droplets by heating or cooling the sample. Only droplets with diameters well below the cell gap are studied, to ensure their spherical shape. The textures observed between crossed polarizers are consistent with the TB configuration (Figure 2a), also reported earlier for emulsified SSY droplets [19]. Removing the microscope polarizer clearly reveals the two surface defects that organize the director field and the absence of any additional singularities (Figure 2b). The observed textures are faithfully reproduced by determining the light transmittance through a droplet where the director is considered to feature the TB texture (Figure 2c,d). The presence of twist can be readily assessed by comparing with droplet textures with different values of the twist angle at the boundary (Figure S1). In the case of emulsions, optical analysis in earlier experiments by Jeong et al. [19] revealed that the director field was twisted about   114.8 ± 4.4   degrees with respect to the bipolar alignment at the droplet surface. Such configuration was attributed to a balance between the elastic constants and, in particular, to the relatively low value of the twist constant (reported values are    K 1  = 4.3   pN,    K 2  = 0.7   pN, and    K 3  = 6.1   pN [24]). Clearly, the energy landscape at the nematic/oil and at the nematic/isotropic interface should be different, and we expect this to have an impact on the value of the equilibrium director field. We have, therefore, proceeded to measure the twist angle of the TB director field in the nematic gems. For a given gem, the value for the twist angle with respect to the bipolar configuration,  α , is obtained by measuring the transmittance through the center of the droplet for different relative orientations of polarizer and analyzer. We assume that the director profile through the center of the gem is a twisted nematic, for which the transmittance reads [30]


  T ≈  cos 2   ( 2 α − θ )  +  sin 2  Ξ  sin 2  ( α + β )   sin 2  ( α − θ − β )  ,  



(1)




with   Ξ =   4  α 2  +  Γ 2      and   Γ = π  d λ  Δ n   (see Figure 1c and Figure 3a for the definition of angular variables), where d is the droplet diameter and   Δ n   the birefringence of the nematic phase. This expression is an approximation, ignoring similar trigonometric terms that contain   α / Ξ  , which is less than 0.1 in our system, as a prefactor [19,30]. Equation (1) assumes that the director field is in the Maugin regime, for which the polarization of propagating light rotates following the twist of the director. This approximation requires that   | Γ | ≫ 1  , which is largely satisfied for our system, where the typical droplet diameter is above   50  μ  m, the wavelength of light is 660 nm, and the birefringence is around −0.07 [32]. The only unknown parameter in Equation (1) is  α  (besides the gain and offset that relate the digitized light intensity with the transmittance, and are estimated from the analysis of the isotropic region around the gems). Notice that  α  can be either positive or negative, since droplets of both handedness coexist. Following the protocol used in Ref. [19] for emulsified droplets, we chose the sign that maximizes the absolute value of  α  (Figure 3b). Moreover, we find that the transmittance through the droplets is strongly affected by the value of  Δ n, which can be found in recent measurements performed with similar light wavelengths, at different temperatures and compositions, but only in the nematic phase [32]. Since our experiments are performed in nematic gems within the coexistence region, we cannot know  Δ n beforehand with enough precision. Because of this, for each droplet, we have fitted our transmittance data assuming different  Δ n values within a   ± 10 %   band around the value expected from data in [32], and we have chosen the values for  Δ n that optimize the fit to our data. Among those, following the same criterion stated above, we have select the value for  Δ n that maximizes   | α |  . During this analysis, it is also crucial to only study droplets that feature a symmetric optical pattern, ensuring that their axis is nearly parallel to the observation plane. Even small misalignments result in appreciable distortions of the droplet texture (Figure S2), whose analysis leads to meaningless estimations for the twist angle  α . The result of our analysis of around 30 droplets yields an estimation   α = 102 ± 7   degrees, which is lower than the value found for emulsified SSY nematic gems. Although the difference between the two values is significant, it seems clear that the equilibrium twist angle in nematic SSY droplets is mostly due to the bulk elastic properties of the material, with only a small influence from the nature of the interface.



In the analysis above, we have restricted our study to gems of similar diameters, minimizing any size effect on  α . Unlike cholesteric liquid crystals, where the pitch of the twist is an intrinsic property of the material and, therefore, the value of  α  would very strongly depend on gem size, here we have not detected any meaningful trend in the size range 40–100  μ m in diameter. In spite of the small twist constant of this material, it is to be expected that  α  would decrease for small enough gems, but those are very difficult to analyse with precision. Using simulated images, we compare the textures of a relatively small gem that preserves the same value of  α  as larger ones, and the same small gem where  α  is decreased (Figure S3). We conclude that variations of less than 20% would not be immediately apparent, but they would be obvious when  α  was less than half of its value in large gems. In our experiments, not even the smallest gems exhibit a texture similar to Figure S2e.




3.2. Nematic Gems in a Static Magnetic Field


One of the interesting features of this LCLC is its relatively large negative diamagnetic anisotropy [24], which allows us to align the director within suspended gems with modest magnetic fields (a few tenths of Tesla), easily attainable with permanent-magnet assemblies (Figure 1). In the case of thermotropic nematic gems, which typically feature a simple (untwisted) bipolar configuration (BC) of the director, application of our magnetic field leads to a reorientation of the gems so that their symmetry axis lays in the XY plane, and becomes perpendicular to  B  for negative diamagnetic anisotropy (Figure S4a,b), without significant changes in inner gem configuration. When a similar protocol is applied to the nematic SSY gems, we obtain two unexpected outcomes: on the one hand, the symmetry axis orients parallel to  B  rather than perpendicular to it; on the other hand, there is a significant texture change with respect to the unperturbed TB configuration (Figure S4c–e).



The new texture within the aligned SSY gems is studied in Figure 2, where observations are provided between crossed polarizers (Figure 2e) and without polarizer (Figure 2f). While changes with respect to the original TB configuration are apparent in all cases, Figure 2f reveals the formation of a disclination line along the symmetry axis. Taking into account that the director field aligns perpendicularly to  B  for this material, these observations are consistent with a concentric arrangement of the director, which organizes in circles perpendicular to  B , leading to the formation of a disclination of strength +1 parallel to  B . Similarly to what we have done to analyze TB textures, we have computed the simulated light transmittance through a droplet with the concentric configuration (CC) between crossed polarizers, obtaining a satisfactory agreement with the experimental images (Figure 2g,h). Bulk integer disclinations are unstable in equilibrium nematic liquid crystals, and have typically a escaped (three-dimensional) configuration that removes the singularity [7]. In our case, however, magnetic forcing is responsible for the stability of the disclination. Interestingly, this texture is reminiscent of the one observed when SSY gems transit from the nematic to the columnar phase in emulsified droplets [19]. In the latter case, the orientational order of the director is analogous to that in the CC, leading to a similar perception under crossed polarizers, but with a much slender singularity, suggesting that, in the case of nematic droplets aligned by a magnetic field, disclinations are always nonsingular. The formation of the CC in our system in the presence of a magnetic field can be understood by considering the equilibrium texture in the absence of an external field for this material with negative diamagnetic anisotropy. In the outer region of the gems, the director field is nearly perpendicular to the droplet axis, so the arrangement is close to concentric and far from bipolar in that region. Progressive application of the magnetic field leads to the reorientation of outer layers first, since they are less bound by elastic constraints. As the outer region becomes oriented perpendicular to  B , the CC propagates towards the center of the droplet for higher fields (Figure S4). Notice that, since    K 3  >  K 1    in this material [24], the CC, where bend distortion dominates, has higher elastic energy than the BC, where splay dominates. Therefore, the organization into the higher energy CC by the magnetic field must be attributed to the presence of twist in the initial texture, unlike in ordinary thermotropic LCs, where the absence of twist prevents the concentric magnetic field alignment (Figure S4).




3.3. Transition to Bipolar Nematic Gems Under a Rotating Magnetic Field


In this section, we will drive the nematic gems by continuous rotation of the in-plane magnetic field. It is known that equilibrium nematic director fields can be driven into different, often metastable, configurations by imposing dynamic conditions, such as flow [17,33] or rotating fields [34]. When we rotate  B  at small rates (less than 1 deg s    − 1   ) the concentric configuration (Figure 2e) rotates continuously without any apparent distortion. Rotation of the director field requires to overcome the torque due to the rotational viscosity, which is achieved thanks to the magnetic torque that arises when the director field is misaligned from its equilibrium direction with respect to  B . This misalignment is small at low rotation speeds, and can be used to determine the rotational viscosity in extended nematic phases [35]. When the rotation speed is increased (the experiment in Figure 4 is performed at 5 deg s    − 1   ), the misalignment increases, which is made apparent by the orientation of the disclination in the concentric configuration progressively losing its parallelism with  B  (Figure 4a,b). As the rotation continues, the misaligned concentric texture becomes unstable (Figure 4b), and the director field reorganizes completely, beginning from the boundary and proceeding inwards (Figure 4c–e) until a steady state configuration is attained, characterized by two surface defects at the poles perpendicular to  B  without the original disclination, which has vanished (Figure 4f). One particular dynamical feature of this new texture is its ability to rotate at the same pace as  B , even when concentric droplets were lagging behind. Inspection between crossed polarizers (Figure 4g), and comparison with simulated textures (Figure 4h) reveals that it is an untwisted bipolar configuration oriented perpendicularly to  B , analogous to the one observed for thermotropic LCs (Figure S4). The onset of this instability takes place at lower rotation speeds for larger nematic gems, with smaller concentric droplets being able to rotate faster. If the rotation is stopped and  B  is maintained at a constant intensity, gems with concentric and bipolar textures coexist, both structures being stable.



When the magnetic field is removed, all the gems relax towards the TB configuration, but gems that featured the CC director under magnetic field (labelled 1 in Figure 5a,b) become orthogonally-oriented to gems that featured the BC director (labelled 2 in Figure 5a,b). If the magnetic field strength is subsequently ramped up again to 0.4 T in the same direction as in Figure 5a, the original aligned configurations are recovered. In other words, droplets with the TB texture oriented perpendicularly to  B  evolve towards the BC, while those parallel to  B  recover the CC (Figure 5c). However, if the director field is reoriented before being ramped up, all the droplets attain the CC, and the memory of the BC is lost. Finally, if the system is allowed to relax in the absence of a magnetic field for a few minutes, all the gems regain the same CC upon reapplication of  B , in any orientation, and the memory of the BC is also lost. We have also tested whether the type of alignment depends on the relative orientation between the static  B  and the original TB texture. Our results show no dependence, obtaining the same aligned CC when we follow cycles where a static  B  is applied, removed, and reapplied at new orientations, and with different ramp rates. We, therefore, speculate that the formation of the two surface defects in the dynamically-aligned BC under rotating  B  leads to changes in the local aggregation of the SSY molecules [32] that determines the recovery of the BC when a static  B  is reapplied.




3.4. SSY Nematic Emulsions Under a Magnetic Field


In this last section, we extend the studies involving magnetic field control to emulsified nematic droplets. Earlier studies with SSY droplets suspended in hydrocarbon oils reported an unstable behavior, with droplets transiting to the columnar and to the solid phases due to their progressive drying as the water is absorved by the oil [19]. In our experience, this drying process is too fast to perform reliable studies with a magnetic field. In order to provide long-term stability of the nematic droplets and also to allow chemical compatibility with PDMS-based microfluidic devices, we have centered our efforts in the emulsification of SSY droplets in a fluorinated oil with suitable surfactants. The devices are built to include an observation chamber whose height allows droplets to remain spherical rather than flattened, and enables direct placement of the confined emulsions within the magnetic field (see Section 2).



Upon preparation, emulsified SSY droplets feature the TB texture analogous to the one reported with hydrocarbon oils [19], and similar to the one we have described for nematic gems. The main axes of the textures are randomly oriented, with some lying close to the plane of observation while others being close to perpendicular to it. Interestingly, the system features a droplet–droplet long range repulsion, presumably from electrostatic origin, that promotes the formation of an ordered lattice with an equilibrium inter-droplet distance of about twice the droplet diameters (Figure 6a).



Application of the in-plane  B  leads to reorientation of the director field inside the droplets consistent with the formation of a concentric texture whose axis is parallel to  B  (Figure 6b), in analogy with what we observed with the nematic gems. The change in internal texture is less apparent than in the latter case, most likely due to the fact that the average size of the observed droplets is less than half the size of the analyzed nematic gems. We have subsequently tested the stability of the aligned textures upon rotation of the magnetic field, finding that the dynamics is remarkably different from the one found for the nematic gems (Section 3.3). The regime where aligned droplets rotate following  B  is achievable for higher rates than with the gems (Figure 7a) but this can be attributed, at least in part, to the smaller size of droplets. Notice that the viscosity of the fluorinated oil is adjusted to be similar to that of the SSY, thus ruling this out as a possible difference between the two systems. Eventually, for larger droplets or higher rates, simple rotation within the suspended droplets becomes unstable (Figure 7b). Differently from the nematic gems, here the texture is preserved, and the symmetry axis performs asynchronous oscillations around the orientation of the magnetic field (Figure 7c). The period of these oscillations is not the same for all droplets of a similar size range, resulting in the progressive randomization of their symmetry axes. This behavior is reminiscent of the asynchronous rotation reported within smectic-C monolayer domains driven by optical fields, where a single stable configuration is achievable [36]. In the case of rotating SSY nematic gems, we have seen that a metastable bipolar configuration is forced by fast rotating fields. Clearly, the bipolar configuration is not achievable for the emulsified SSY droplets, which should be attributed to the differences in interactions across the aqueous/oil interface. Indeed, the transformation between the concentric and the bipolar texture in nematic gems begins at the boundary, and proceeds inwards during steady rotation. Alterations in the surface energy landscape thus contribute to stabilize the concentric configuration even for fast rotating fields. A final consideration concerns the potential presence of backflows surrounding the rotating droplets, and whether we are observing a pure director field rotation, or rather a combination of the latter with solid-body rotation of the emulsified nematic. This discussion is often encountered in the liquid crystal literature when director field rotations are induced in confined topologies, and the interpretation of the observations is not always clear [37,38]. In the present case, we have resorted to seeding the oil phase with scattered microparticles, and we have not observed any signature of organized flows surrounding the forced droplets. Our conclusion, then, is that the rotating magnetic field induces a pure director field rotation, with ensuing backflow effects being negligible.





4. Conclusions


In this work, we have reported experiments in which the dynamic behavior of either nematic gems or emulsified nematic droplets of SSY is studied under rotating magnetic fields. The different nature of the phases in coexistence with the confined lyotropic nematic mesogen, namely, a hydrophobic oil and the isotropic phase of SSY, are responsible for different surface-energy landscapes. We have found that the equilibrium director field is only marginally different when comparing the two scenarios in the field-free twisted-bipolar texture, and apparently identical in the concentric director configuration when aligned by the external magnetic field. Remarkably, the difference between the two preparations becomes clear when gems and droplets are brought out of equilibrium with a rotating field. While a metastable, untwisted bipolar texture emerges for the nematic gems and is able to rotate at faster speeds, the concentric arrangement remains stable for the emulsified nematic droplets, performing asynchronous oscillations about the instantaneous magnetic field orientation and preserving their integrity for fast rotating fields.



Our studies present a rare example of a metastable texture in nematic droplets driven by external forcing, and may be useful to understand the interplay between bulk elasticity and surface anchoring to determine the overall configuration. When involving emulsified nematic droplets, our protocol may be used to prepare ordered lattices of identical crystallites that may be obtained by the controlled drying of the aqueous-based mesogen, paving the way for the development of functional materials based on colloidal assemblies.
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Figure 1. (a) Experimental setup. A homemade polarizing microscope is fitted with a permanent magnet array that imposes a magnetic field in the XY plane. (b) Typical ensemble of Sunset Yellow (SSY) nematic gems in coexistence with isotropic liquid as seen between crossed polarizers. The orientation of the symmetry axis of a gem with respect to the horizontal defines the angle  β . (c) Geometrical parameters used in the analysis of the director field profile through the center of the gems. Scale bar is 100  μ m. 
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Figure 2. SSY nematic gem in coexistence with its isotropic phase, in the absence (a–d) and in the presence (e–g) of a 0.4 T in-plane uniform magnetic field, as indicated in panel (e) (see also Movie 1 and Movie 2 for textural changes during the ramping up of the magnetic field). Optical micrographs with crossed polarizers (a,e) and without polarizer (b,f) are shown. Simulated textures corresponding to (a) and (e) are shown in (c) and (g), respectively, obtained by computing the transmittance between crossed polarizers of the director field configurations sketched in (d,h). Scale bar is 100  μ m. 
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Figure 3. (a) Definition of angular variables involved in the analysis of light transmittance through the liquid crystal. All angles are referred to the orientation of the director field where light enters the sample. (b) Transmittance data through the center of a SSY nematic gem in coexistence with the isotropic medium as a function of the angle between analyzer and polarizer when the latter is rotated continuously. The solid line is a fit to the function described in the text for a twisted bipolar director field. 
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Figure 4. (a–f) Transition of a SSY nematic gem from the concentric to the bipolar configuration under a 0.4 T magnetic field that is rotating counterclock-wise at 5 deg s    − 1    (see also Movie 3). The instantaneous orientation of the magnetic fields is sketched in each panel. For clarity, micrographs are taken without polarizers. Elapsed times from frame (a) are 110 s (b), 191 s (c), 224 s (d), 241 s (e), and 373 s (f). Red dots in panel (f) mark the position of the two surface defects. (g) Final bipolar configuration observed between crossed polarizers. (h) Computed transmittance corresponding the director field sketched in (i) that matches the experimental pattern in (g). Scale bar is 100  μ m. 






Figure 4. (a–f) Transition of a SSY nematic gem from the concentric to the bipolar configuration under a 0.4 T magnetic field that is rotating counterclock-wise at 5 deg s    − 1    (see also Movie 3). The instantaneous orientation of the magnetic fields is sketched in each panel. For clarity, micrographs are taken without polarizers. Elapsed times from frame (a) are 110 s (b), 191 s (c), 224 s (d), 241 s (e), and 373 s (f). Red dots in panel (f) mark the position of the two surface defects. (g) Final bipolar configuration observed between crossed polarizers. (h) Computed transmittance corresponding the director field sketched in (i) that matches the experimental pattern in (g). Scale bar is 100  μ m.



[image: Crystals 10 00138 g004]







[image: Crystals 10 00138 g005 550] 





Figure 5. (a) Concentric (1) and bipolar (2) SSY nematic gems coexisting under a static 0.4 T magnetic field that had been previously rotated at 5 deg s    − 1   . (b) The magnetic field is removed, leading to twisted bipolar configurations, with the two types of gems observed in (a) oriented orthogonaly to each other. (c) Upon quick re-application of the 0.4 T field, the same original textures obtained in (a) are recovered, illustrating a memory of the bipolar texture. Scale bar is 50  μ m. 
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Figure 6. (a) SSY nematic droplet assembly suspended in fluorinated oil inside a chamber of height   125  μ  m. (b) The assembly is placed inside a 0.4 T magnetic field resulting in a reorientation of the nematic droplets. Scale bar is 100  μ m. 
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Figure 7. Emulsified SSY droplets during magnetic field rotation at 10 deg s    − 1    (a) and 7.2 deg s    − 1    (b). While small droplets are able to follow the rotation rate (a, and Movie 4) larger droplets lag behind, and feature asynchronous oscillations (b and Movie 5). The instantaneous orientation of the rotating field is overlaid on each image. Scale bar is 100  μ m. (c) Oscillation of the orientation of the droplet axis,  β , with respect to the rotation angle,   ω  t  , for a sample droplet, where  ω  is the angular velocity. 
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