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Abstract

:

Thin smectic liquid crystal films with competing boundary conditions (planar and homeotropic at opposing surfaces) form well-known striated structures known as “oily streaks”, which are a series of hemicylindrical caps that run perpendicular to the easy axis of the planar substrate. The streaks vanish on heating into the nematic phase, where the film becomes uniform and exhibits hybrid alignment. On adding sufficient reactive mesogen and polymerizing, the oily streak texture is maintained on heating through the entire nematic phase until reaching the bulk isotropic phase, above which the texture vanishes. Depending on the liquid crystal thickness, the oily streak structure may be retrieved after cooling, which demonstrates the strong impact of the polymer backbone on the liquid crystal texture. Polarizing optical, atomic force, and scanning electron microscopy data are presented.
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1. Introduction


Polymer-stabilized liquid crystals (PSLCs) have piqued the interest of researchers since their first demonstration in the 1990s [1,2,3,4]. In the last few years there have been remarkable developments in the field of PSLCs, both at the academic level and for advanced applications such as photonics [5,6], three-dimensional (3-D) displays, light modulators, fast-response optical switches [7], smart windows (switching between highly transparent and opaque states) and, for the most flexible substrates, as sensors and actuators because of their high degree of bending deformability [8,9,10,11]. For an appropriate reactive mesogen, the polymer assumes the same basic structure as that of the liquid crystal (LC) [12,13]. Thus, the specific liquid crystal structure can be frozen-in, becoming rigid and relatively insensitive to external fields and temperature variations. There exist several methods [14] by which one can induce in situ polymerization, including thermal polymerization, polymerization by mixing several components, and polymerization by UV radiation. The latter is the most commonly used due to its high degree of polymerization and the ability to define the moment of polymerization onset [14]. The polymerization reaction is carried out in three steps: The photoinitiator is excited by UV light and thus produces radicals. These radicals then react with monomers, producing new radicals, which then react themselves to form polymer chains. As the polymerization proceeds, the miscible and homogeneous liquid crystalline phase become phase-separated [15]. The UV-exposed surface polymerizes first due to the limited penetrability of UV light in the mixture. The structure of the phase separation [2], and therefore the homogeneity of the polymer network within the entire film [16], can be controlled by varying the composition of the mixture, the thickness of the samples, the intensity of the polymerizing lamp, and the exposure time [2,17]. These parameters play an essential role in the flexibility and rigidity of films, thus diversifying their applications.



Not only can the liquid crystal structures be frozen-in by polymerization, but the polymerized matrix also can block entrapped impurities such as particles [5,18]. It has been shown that a network of particles polymerized in a nematic matrix can be stored up to a temperature above 150 °C while the surrounding liquid crystal system transitions to the isotropic state [6]. This occurs because there are two transition temperatures: the nematic—isotropic transition associated with the confined nematic liquid crystal inside the polymer backbone, and the disordering polymer transition. The nanoparticle assembly is frozen-in by the polymerized matrix, independent of the nematic–isotropic transition, which itself is increased from 35 °C to ~65 °C in the presence of nanoparticles and the polymerized matrix.



Liquid crystal polymerization thus facilitates the stabilization of nanoparticle networks, initially induced by the liquid crystal textures. Pioneering work on vitrified cholesteric liquid crystals containing metallic nanoparticles showed their trapping by the disclination lines of a stripe texture [19,20]. Owing to the high efficiency of nanoparticle (NP) trapping by liquid crystalline topological defects [21,22,23,24,25,26], it is both interesting and potentially useful to understand how liquid crystalline structures with topological defects can be polymerized. This is particularly appropriate for the so-called smectic oily streaks, which are found in extremely thin (100 < h < 500 nm, where h is the film thickness) open films and which consist of a dense array of linear topological defects, in particular smectic dislocations that are oriented perpendicular to the substrate rubbing, in conjunction with the presence of a rotating grain boundary that replaces the smectic layers close to the center of curvature [27]. In order to match the competing boundary conditions—the director is parallel to the substrate’s easy axis over most or all of the alignment layer and is perpendicular at the air interface—the smectic layers deform into a series of hemicylinders (Figure 1b), resulting in the texture observed under a polarizing microscope seen in Figure 1a. Given this structure, oily streaks are able to organize nanoparticles in single chains with strongly anisotropic optical properties [22,23,24,26].



In this work we present a method to stabilize the oily streaks in the smectic-A (Sm-A) phase. Using a 450-nm thick film, we examine the concentrations of reactive mesogen (for 3, 7, and 10 wt % of monomer) to determine the concentration that facilitates polymerization while maintaining the oily streak structure at elevated temperatures. We determine the nematic—Sm-A transition temperature for each concentration. We study the evolution of the polymerized skeleton with temperature in order to determine the limiting temperature at which the polymerized oily streaks disappear, and then reduce the temperature to examine the robustness of the just-heated liquid crystal/polymer network. Using atomic force microscopy, we show that the polymerized oily streak topography at the air interface remains robust even after more than one year post polymerization. We then irradiate a thin film (200 nm) in order to understand thickness and temperature effects on the robustness of the skeletal structure after a heating and cooling cycle.



Our central result is that for a sufficiently high concentration of reactive mesogen and appropriate film thickness, a polymer backbone is created that mimics the hemicylindrical oily streak structure. As a result, not only does the oily streak texture remain stable in Sm-A phase in the presence of the polymer backbone, but the oily streak texture also could be stabilized at temperatures corresponding to the nematic phase of the bulk liquid crystal. Depending on the degree of polymerization, when the sample is heated above the nematic—isotropic phase transition temperature TNI and cooled back into the nematic phase, the oily streaks will reappear reversibly or will be destroyed irreversibly.




2. Results


Sample preparation, optical microscopy, atomic force microscopy, and scanning electron microscopy measurements of the topography appear in Section 4, Materials and Methods.



Figure 2 shows images of the 8CB liquid crystal thick film (450 nm) doped with 3 wt % reactive mesogen plus initiator, after irradiation with a lamp of power 0.15 mW cm−2. The same picture was obtained before irradiation with no variation of the transition temperature, suggesting that the polymerization was not successful in freezing-in the oily streaks. The only notable difference between the 3 wt % and pure samples was a decrease of TNA of approximately 1 °C, which applies to both polymerized and unpolymerized 3 wt % films. Figure 2a shows the film in the Sm-A phase at 29.5 °C, with the closely spaced oily streaks being punctuated by wider streaks, a structure that still is under investigation. Figure 2b shows the same region at 31 °C after heating above the Sm-A—nematic phase transition temperature at TNA ~30 °C. Notice that both the oily streaks and the wide streaks have vanished in the nematic phase, despite the presence of a rarefied skeletal structure.



A general observation is that TNA decreases with increasing reactive mesogen concentration, at least up to 10 wt %. This is shown for a 10 wt % non-UV-irradiated thick (450 nm) film where the oily streaks vanish at approximately 24.5 °C on heating (Figure 3a,b). Above 24.5 °C, the film is a well-aligned hybrid nematic, with an approximately planar alignment at the substrate and homeotropic alignment at the air interface. Thus, we found that TNA decreased from 33 °C for pure 8CB to 30 °C for 3% of monomers and to 24.5 °C for 7 and 10 wt % of reactive mesogen.



Figure 4 shows images of the 7 wt % thick film after UV irradiation with the lamp intensity of 0.15 mW cm−2. Figure 4a shows the streaks at 27 °C, inside the Sm-A phase. The oily streaks are sharp and well defined. At 28.5 °C one observes a change in the oily streaks’ appearance (Figure 4b), as they become slightly ragged and show contrast variations running along the length of the streaks. At 30 °C this raggedness increases only slightly, as seen in Figure 4c. The appearance of these textures is approximately constant over the temperature range from 23 °C through 28 °C, and again above 29 °C. For the polymerized reactive mesogen, the apparent transition from the Sm-A to the nematic phase occurs at 28.5 °C, above which the oily streaks remain, unlike the case for the 3 wt % film.



This behavior is even more apparent in the 10 wt % thick film images. Figure 5 shows the behavior of the 450-nm film after irradiation. At low temperatures, in the Sm-A phase, well-defined oily streaks are present (Figure 5a). As is the case for the 7 wt % thick film, the oily streaks remain intact but are more ragged above the nematic—Sm-A transition, as seen in in Figure 5b. Figure 5c shows the oily streaks becoming dimmer and less well-defined—but still clearly oily streaks—at 37 °C. Nematic—isotropic phase separation occurs from approximately 41 °C to 41.5 °C, and Figure 5d shows the film in the isotropic phase. Here the film appears uniformly dark under crossed polarizers, as would occur in an isotropic phase. After heating the liquid crystal at 54 °C, the oily streak texture did not reappear on cooling back into the nematic and Sm-A phases. Instead, an array of ill-defined and aperiodic wider striations parallel to the original oily streaks in a dark background appeared at approximately 41.5 °C, the structure of which remained stable down to at least 19 °C (Figure 5e,f). Heating into the isotropic phase clearly resulted in an irreversible disruption of the oily streak texture. Another sample was created, but this time heated only slightly into the isotropic phase, to 42 °C. On cooling, the same irreversible transition occurred, in which the oily streaks did not reconstitute.



In addition, we observed a remarkable temporal robustness of the polymerized, as opposed to the unpolymerized, oily streaks. If not polymerized, oily streaks tend to destabilize within two to three weeks. However, we observed polymerized oily streaks that remained stable for well over one year, as determined by optical and atomic force microscopy (AFM). Figure 6 shows an AFM image of a 7 wt % polymerized thick film containing oily streaks more than one year after its preparation. The oily streaks’ appearance remained unchanged and the AFM image statistically is nearly identical to that obtained in previous publications, displaying the undulating topography of flattened hemicylinders [24]. Moreover, we could obtain reliable AFM images not only with the stiff stylii usually used for imaging 8CB oily streaks (stylii having a large resonant frequency of 500 kHz), but also with AFM stylii (300 kHz) that are unsuitable for non-rigid pure 8CB oily streaks, in relation to an increased rigidity with polymerization.



To examine the effects of film thickness, we examined a thin film of thickness from h = 450 nm while maintaining the monomer concentration at 10 wt %. At room temperature, in the Sm-A phase, well-defined oily streaks are present but with a different color due to the reduced thickness (Figure 7a). As is the case of the thick film, the oily streaks always remain intact after UV irradiation above the nematic—Sm-A transition, as seen in Figure 7b. Figure 7c shows the oily streaks, less well-defined—but still clearly discernable—at 37 °C. Figure 7d shows the film in the isotropic phase, at 42 °C. The film appears dark under crossed polarizers, corresponding to the isotropic state of the liquid crystal. After heating the liquid crystal to 70 °C and then cooling, the oily streak texture reappears on reentering the nematic phase (this is in contrast to the thick film). Figure 7e shows the thin film cooled from 70 °C to room temperature into the smectic phase. Figure 7f shows the oily streak texture after re-cooling to room temperature after heating to only 45 °C, just above the nematic—isotropic temperature; the structure is very similar to that observed after heating to 70 °C.



Additionally, we obtained SEM images of three polymerized thin films: not heated, heated to 45 °C, and heated to 70 °C. All images were obtained following the removal of the liquid crystal (after re-cooling at room temperature) by dipping the sample several times in toluene. This procedure facilitated the removal of the liquid crystal but conserved the polymer film on the surface. A polarized optical microscopy image (Figure 8) shows a polymer film without the liquid crystal. The polymer skeleton of the oily streaks shows the same periodicity as that of the liquid crystal oily streaks. Polarizing optical microscope images also show some colored areas that we attribute to remnant (unremoved) liquid crystal. Figure 9a–c show SEM images of the three samples. The oily streak-type structure of the polymer backbone is well defined, with the same periodicity as the liquid crystal oily streaks. On the other hand, and unlike the unheated sample, both heated samples show the presence of small damaged areas that appear white in the SEM images, which are more prevalent for the sample heated to 70 °C. The fact that these areas are relatively scarce after heating to 45 °C suggests that they are independent of the nematic—isotropic transition temperature. This phenomenon can thus be attributed to damage of the polymer backbone occurring at high temperature. It is interesting that such damage to the skeleton does not significantly affect the liquid crystal oily streaks remaining intact around the polymer backbone, as shown by Figure 7e,f.




3. Discussion


The results indicate that the reactive mesogen has several effects on the liquid crystal. At low concentrations, certainly up through at least 3 wt %, the reactive mesogen has no apparent effect on the oily streak structure in the Sm-A phase. This applies to both the polymerized and unpolymerized films. This behavior may be understood by the too-small-concentration of reactive mesogen, which does not allow the formation of a robust 3-D polymer network [28,29]. Thus, as with the pure 8CB film, the oily streaks vanish in the nematic phase and a uniform hybrid-aligned nematic phase appears. The only apparent effect on the phase is the decrease in the nematic—Sm-A transition temperature.



At a higher concentration (7 wt %) of RM82, TNA is further depressed to approximately 25 °C, especially in the unirradiated film. This is expected. However, after UV irradiation within the Sm-A phase, the transition temperature TNA depression from that of pure 8CB is not as large, now being approximately 28.5 °C as determined by a discontinuous change in the integrity of the streaks, in which they become more ragged above TNA. On further heating above this temperature, the oily streaks remain intact. This result bears some resemblance to previous results displaying the stabilization of smectic layer instabilities by UV-polymerization [30]. We note here that the polymer backbone stabilizes not only the highly curved smectic layers, but the topography as well. This can be seen by AFM. We observed little change in oily streak appearance up to the onset of phase separation at the nematic—isotropic transition temperature TNI ~41 °C. These behaviors indicate that the reactive mesogen, having been polymerized in the Sm-A phase, forms a skeletal structure with high curvature, as shown by SEM results (Figure 9). The structure is able to persist into the nematic phase and even into the isotropic phase, depending on the concentration of reactive mesogen and the extent of polymerization. The 8CB molecules are able to intercalate in the skeleton to lead to a texture that remains very similar to that in the Sm-A phase in the absence of polymer—and it remains stable through the entire nematic phase. Our AFM studies indicate that the skeleton is sufficiently robust to maintain the oily streaks’ integrity over extended periods of time.



However, for the polymerization of thick films, the oily streak structure was not recovered on heating into the isotropic phase and re-cooling into the Sm-A phase, independent of how far above TNI the film had been heated. In other words, once the oily streak is lost, it could not be reversed on cooling. To investigate the role of the cooling rate, we cooled the samples back to room temperature using two methods: first, by gently cooling the sample with an average cooling rate of 0.2 °C min−1; and second, by abruptly cooling the sample, i.e., by turning off the heater. We observed the same result: the LC reappears in the samples, but with a modified structure of broken and split streaks. On the other hand, for thin films, the oily streaks are recovered on cooling back into the nematic and the Sm-A phases, even if the oily streak texture is lost during the heating of the film into the liquid crystal’s isotropic phase. This shows that a gradient of polymerization may already be present for polymerized films as thin as 450 nm [16,28], thus leading to the non-rigid behavior of the thick films.



These results demonstrate two behaviors. First, when insufficiently polymerized, the polymer backbone is not rigid enough and is destroyed after heating above the nematic—isotropic transition. Looking at Figure 5e,f for the 10 wt % thick film, the appearance of bright striations in an otherwise dark background—recall that the film is between crossed polarizers at some arbitrary angle with respect to the easy axis—indicates that the liquid crystal in the “black sea” is disordered on length scales somewhat smaller than optical wavelengths. This occurs everywhere, except in the proximity of the colored striations that run parallel to the former oily streaks and have a width approximately the same as an oily streak. We believe that the dark regions in Figure 5e,f, which tend to be several times wider than the original oily streaks, represent a partial or complete collapse of the skeletal structure, with only localized order and random orientations up to length scales of several tens of nanometers remaining. On the other hand, the skeleton survives and facilitates these striations along isolated individual—or at most pairs of adjacent—former oily streaks. Previous work on liquid crystalline elastomers and reactive mesogen/liquid crystal mixtures indicates that large stresses can occur on polymers after polymerization [31], and in particular may become even larger when the surrounding liquid crystal undergoes a phase transition [32,33]. A soft or pliable substrate could reduce the stress on the skeleton, maintaining its integrity across a phase transition. For a hard substrate, such as that used in our experiment, however, there is no such mechanism to help relax the stress. Crossing a phase transition may therefore result in damage to the skeletal structure, especially if the skeleton is as rarefied, as used herein. The polymer backbone thus becomes disordered and in turn induces disorder on the surrounding liquid crystal. More complete polymerization using an intense UV source obviates this problem, and the skeletal structure remains robust at elevated temperatures in the liquid crystal’s isotropic phase.



Second, once polymerized, the liquid crystal texture is strongly impacted by the polymer backbone. Without a polymer backbone, the nematic texture on a PVA substrate is uniformly planar (Figure 3b). However, with a polymer skeleton closely mimicking the highly curved smectic layers (Figure 9), the nematic texture becomes periodic and very similar to the smectic texture. On the other hand, for thick films when the polymer backbone becomes disordered, the nematic phase displays neither a uniformly planar texture nor any periodic features, but rather it shows only disorder between planar (substrate) and homeotropically (air) oriented surfaces.




4. Materials and Methods


As substrates, 15 × 15 mm aluminum front surface mirrors, coated with a λ/2 film of SiO, were used in order to optimize optical contrast in reflection mode polarized microscopy measurements. The substrates were cleaned with detergent, distilled water, acetone, and ethanol. Subsequently, they were coated with polyvinyl alcohol (PVA, from Sigma-Aldrich, St. Louis, MO, USA) with an average molecular weight Mw = 85,000–124,000, baked for at least 2 h at 120 °C, and rubbed unidirectionally with a commercial rubbing cloth. This treatment results in planar alignment of the liquid crystal at the substrate. Aliquots of a 0.2 M solution of the liquid crystal octylcyanobiphenyl (8CB, Merck, Darmstadt, Germany, Figure 10a) in toluene were then doped with different concentrations—0, 3, 7, and 10 wt %—of the reactive mesogen RM82 (Synthon, Bitterfield-Wolfen, Germany Figure 10b) and 1 wt % of the photoinitiator Igracure 651 (BASF, Ludwigshafen, Germany). The monomer that we used is nematic from 86 °C to 116 °C. It presents good miscibility with the 8CB. It is indeed known that a soluble monomer usually forms networks which closely template the liquid crystalline order [12], as indeed observed in our case. A drop containing 40 μL of each of these mixtures was spin-coated (1750 rpm for 30 s) onto the planar substrate, resulting in a film of thickness of several hundred nanometers in the Sm-A phase. The rubbed PVA imposed planar alignment conditions on the liquid crystal, whereas the liquid crystal was oriented homeotropically, i.e., vertically, at the air interface. Each sample was observed under a polarizing microscope in reflection mode using a 50× objective. In well-aligned regions a series of dark and light stripes was observed, characteristic of the well-known oily streak texture [21]. From the color of the reflected light, we estimated the film thickness in the Sm-A phase based upon Newton tint tables [21,24], this measurement appearing in agreement with the relationship between thickness and period of the oily streaks previously established [27]. The samples were then irradiated in a nitrogen atmosphere with UV light of 0.15 mW cm−2 intensity at wavelength 365 nm for 20 min at a temperature T = 29.5, 23.5, and 23.5 °C for the 3, 7, and 10 wt % mixtures, which is slightly below their respective nematic—Sm-A transition temperatures (before irradiation) of 30, 24.5, and 24.5 °C, respectively (TNA = 32 °C for pure 8CB). We note that a similar lamp intensity was used for both thick and thin films. Polarizing microscope images were made as before, and AFM images were obtained using a Veeco model Nanoscope Dimension 3100 atomic force microscope and a 500 kHz cantilever/stylus in tapping mode. SEM images were obtained after the removal of the liquid crystal by dipping the film into a toluene bath and using a ZEISS scanning electron microscope.
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Figure 1. (a) Polarized reflection image of oily streaks in the smectic-A (Sm-A) phase of 8CB. Scale bar is parallel to the easy axis of the substrate’s alignment layer; (b) Schematic representation of oily streaks. 
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Figure 2. Crossed polarizer images of the irradiated 3 wt % thick film in the Sm-A phase at 29.5 °C (a) and in the nematic phase at 31 °C (b). In (a), light striations can be seen running from the lower left to the upper right, which are due to inhomogeneities in the substrate rubbing. Scale bar represents 10 μm. 
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Figure 3. Crossed polarizer images of (a) the non-irradiated 10 wt % thick film in the Sm-A phase at 22.6 °C and (b) in the nematic phase at 25 °C. Notice in (a) the oily streaks. Scale bar represents 10 μm. 
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Figure 4. Crossed polarizer images of the 7 wt % irradiated thick film (a) in the Sm-A phase at 27 °C; (b) just above TNA at 28.5 °C; (c) and in the nematic phase at 30 °C. 
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Figure 5. Crossed polarizer images of the 10 wt % irradiated thick film (a) in the Sm-A phase at 23 °C; (b) in the nematic phase at 27 °C and (c) 29 °C; and (d) in the isotropic phase at 42 °C, and then on re-cooling at (e) 38 °C and (f) 23.5 °C. 
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Figure 6. Atomic force microscope picture (28 × 28 μm) of a polymerized 8CB thick film with 7 wt % of monomers. The sample was observed more than one year after its preparation, revealing a well-defined undulation of a period ~1 μm, consistent with the optical microscopy results. The topography scale is shown on the right-hand side of the image. 
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Figure 7. Crossed polarizer images of the 10 wt % irradiated thin film (a) in the Sm-A phase at 23 °C; (b) in the nematic phase at 27 °C and (c) 29 °C; and (d) in the isotropic phase at 42 °C; (e) on re-cooling at 23.5 °C; after heating at 70 °C (f) and at 45 °C. 
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Figure 8. Parallel polarizer images of the polymer thin film without the liquid crystal. 
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Figure 9. SEM images of the polymer thin film without the liquid crystal (a) unheated sample; (b) sample heated at 45 °C; (c) and sample heated at 70 °C. 






Figure 9. SEM images of the polymer thin film without the liquid crystal (a) unheated sample; (b) sample heated at 45 °C; (c) and sample heated at 70 °C.



[image: Crystals 07 00358 g009]







[image: Crystals 07 00358 g010 550] 





Figure 10. (a) Liquid crystal 8CB; (b) Reactive mesogen RM82. 
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