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Abstract

:

In this study, the all-optical control properties of photonic crystals based on self-assembled chiral-azobenzene-doped blue phase liquid crystals (CA-BPLCs) were investigated. The difference in the photothermal characteristics of CA-BPLCs with and without homogeneous surface alignment was discussed. Results revealed that surface alignment could induce more uniform and diverse blue phase (BP) structures, including BPII, BPI, and BPS-like phases during cooling. Consequently, the temperature range of BP was wider than that of the sample without surface alignment. All-optical control experiments with light illumination were then performed on the aligned or nonaligned CA-BPLC samples. During continuous irradiation with light beams at wavelengths of 405 and 450 nm, CA dopants underwent trans→cis and cis→trans back photoisomerizations, respectively. These processes promoted isothermal phase transition and wavelength shifting, which further enabled the all-optical control of the CA-BPLC samples. Various optical control modes of BPLC could be achieved through phase change and wavelength shifting by appropriately selecting the working temperature and surface treatment of BPLC. This study could be further used as a basis for developing photoswitchable and tunable BPLC photonic devices, such as light-controllable gratings, filters, mirrors, and lasers.
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1. Introduction


Liquid crystals (LCs) have been widely applied to various fields, such as flat panel displays [1,2], electro-optical devices [3,4,5], biological [6,7] or environmental sensors [8,9], and topological defects [10,11] in a micrometer scale. Blue phase LCs (BPLCs) are among the most promising materials for advanced applications because of their superior characteristics, such as self-assembled three-dimensional (3D) photonic structure and fast response time [12,13,14,15]. Blue phases (BPs) are mesophases existing in a specific temperature range between a chiral nematic phase and an isotropic phase in a chiral LC system. Three different types of BPLC structures, namely BPIII, BPII, and BPI, can be observed when a chiral LC system is cooled from the isotropic phase. BPIII is amorphous, and BPI and BPII have cubic structures, corresponding to body-centered and simple cubic symmetries, respectively. The self-assembly 3D cubic structures of BPI and BPII are composed of orderly stacked double-twisted cylinders; thus, cubic BPLCs can be regarded as photonic crystals (PhCs) that possess a unique photonic bandgap (PBG) and show colorful reflection characteristics [16].



In general, the reflection color and phase transition of a BPLC can be easily controlled via temperature modulation, so a BPLC can be regarded as a thermally tunable 3D PhC [10]. However, the response time of temperature-controlled methods is limited by the relatively slow growth rate of the BP lattice. With the increasing electric field, BPLCs can be modulated by applying an electric field, resulting in the Kerr effect, electrostriction effect, and electric-field-induced phase change [17,18,19,20]. Although BP can be rapidly regulated by applying an external electric field, the applied voltage needed to drive BP is still high, and conductive layers with electrodes should be prepared on substrates. For electrically driven BP with complex patterns, complicated and designed electrodes are required [21]. Optically driven BPLCs are ideal candidates that can be prepared by doping optically sensitive azobenzene materials into BPLC to overcome these limitations and achieve wireless remote control. Only a few studies have involved the optical control of BPLC systems. Chanishvili et al. [22] first qualitatively studied the relation between the optothermal features of BPLCs and the photoisomerization effect through reflective spectral analyses based on the mixtures of a large number of photoactive nematic host materials (52 wt%–76.5 wt%) and photo-inertia chiral dopants. Liu et al. [23] demonstrated a binary cholesteric LC(CLC)/BPLC texture fabricated using phototunable chirality in an azo-chiral-doped CLC system. Lin et al. [24] reported the optical tuning of PBG of BPLCs by doping a few azo-chiral materials into BPLCs. They successfully tuned the PBG of BPLCs reversibly in the visible region with light illuminations by inducing the isomerization of the dopants, which finally change the lattice size of BP [24]. Lin et al. [25] further demonstrated an all-optically fast-controllable photonic bandgap (PBG) device and laser based on a dye-doped BPLC with low-concentration azobenzene LCs. This system should be more comprehensively studied and further discussed to explore the multiple effects of more parameters on the optical functions of BPLCs and their available operating modes of light control and to enhance their potential applications.



In this study, the basic optical properties of chiral azobenzene (CA)-doped BPLCs (CA-BPLCs) with and without homogeneous surface alignment and their optical control functions were investigated through reflective spectral analyses and polarizing optical microscope (POM) image observation. Experimental results indicated that surface alignment is critical in determining the basic optical properties of CA-BPLCs and their optical control behavior. The surface alignment in BPLCs is beneficial to the growth of diverse and uniform BPLC lattices and a wide temperature range to sustain in BP compared with the sample without surface alignment. Four operation modes depending on the conditions of working temperature and surface alignment are available for optically controlling the PBG feature of the present CA-BPLC samples. The mechanism of the reversible and repeatable optical control of CA-BPLCs is isothermal phase transition based on the photoisomerization of CA dopants.




2. Materials and Methods


The materials used in this study are nematic host (65 wt% HTW11420-100; Fusol Material), left-handed chiral dopant (32.5 wt% S811; Merck), and left-handed CA dopant (2.5 wt% Chad-2-S; BEAM). The chemical structure and variation in the absorption spectra of the CA dopant (0.1 wt% in THF) under UV irradiation (300 μW/cm2 for 2 minutes) are shown in Figure S1a,b in the Supplementary Materials. Generally, CA molecules are all stably in the rod-like trans state with two absorption transition peaks of π–π* and n–π* located at about 355 and 442 nm, respectively [26]. After UV irradiation, the trans isomers effectively transit to cis ones such that the former peak decreases while the latter peak increases. Upon UV irradiation for 2 min, the absorption spectrum becomes less changed because of the dynamic equilibrium between the concentrations of the trans and cis isomers. The mixtures are injected into home-made 12 μm-thick empty cells to prepare CA-BPLC samples. Each empty cell is composed of two pieces of a glass substrate with Mylar spacers in between. Two types of samples with and without homogeneous alignment are fabricated. For the sample with surface alignment, the glass substrates are precoated with polyvinyl alcohol and anti-parallelly rubbed with fabric before an empty cell is assembled. For the sample without surface alignment, only bare glass substrates without coating and rubbing are assembled as the empty cell. One POM (IX-71; Olympus) with a hot stage (LTS-120; Linkem) is used to observe the LC structure with a controllable temperature in each sample. Each CA-BPLC sample is first heated to an isotropic state and then cooled at a cooling rate of 0.1 °C/min to observe the variation in the POM images of the sample. The reflection spectra of each sample at various temperatures are also obtained.



Two light sources with different wavelengths are employed to induce the reversible photoisomerization of the CA dopants and carry out the light-controlled changes in each CA-BPLC sample. As shown in Figure S2, one laser diode with a wavelength of 405 nm and one LED with a central wavelength of 450 nm are installed in the reflection setup as trigger sources for inducing the trans-cis and cis-trans back photoisomerizations of CA dopants, respectively. The intensities of the 450 nm LED and the 405 nm laser diode are fixed at 180 and 100 μW/cm−2, respectively. A halogen light source (LS-1, from Ocean) and a fiber-based spectrometer (Jaz-Combo-2, from Ocean) are set to obtain the reflection spectra of the samples.




3. Results and Discussion


3.1. Basic Optical Properties of CA-BPLC Samples with and without Surface Alignment


Before the all-optical control capability of the CA-BPLC samples is studied, their basic optical properties should be understood in advance. During the experiment, the sample is first heated to an isotropic state, and the temperature is slowly lowered at a rate of 0.1 °C/min. After the temperature decreases by 0.1 °C, the sample is allowed to stand for 1 min to stabilize its overall temperature before the POM image and the reflection spectrum of the sample are recorded. Figure 1a shows the reflective-type polarizing optical microscopic (R-POM) images of the CA-BPLC sample with surface alignment during the cooling process. As shown in Figure 1a, the sample is preheated to the isotropic phase when the temperature is higher than 51.5 °C. When the temperature decreases to 49.2 °C, a uniformly blue color appears and remains until 48.4 °C. When the temperature decreases from 48.4 °C to 48.1 °C and from 48.1 °C to 45.8 °C, the color abruptly turns into green and then gradually red -shifts, respectively. The abrupt color change indicates that the sample undergoes a phase transition from BPII to BPI. This result suggests that the phase at 49.2–48.4 °C prior to the phase change is BPII. When the temperature further decreases, BP gradually vanishes as the planar chiral nematic phase with oily streaks gradually appears. Figure S3a and Figure 1c show the reflection spectra at various temperatures and the corresponding variation in the wavelength of the reflection peak during the cooling process, respectively, based on the aligned CA-BPLC sample. When the temperature slowly cools down to 51.3 °C from 51.5 °C, a low reflection peak of BPII can be measured at around 485 nm. As temperature further decreases to 48.2 °C, another reflection peak forms at 540 nm, which implies that a part of the region in the CA-BPLC transforms into BPI. As the temperature continuously decreases, BPII disappears and completely transforms into BPI. The reflection peak of BPI continues to red-shift to 583 nm until 46.3 °C is reached. The red shifting of the reflection wavelength during cooling at this stage (48.2 °C to 46.3 °C) corresponds to the thermally dependent pitch variation in the chiral material in most chiral nematic systems, including the present system, that is, dP/dt < 0. Then, a turning point occurs, that is, the reflection peak of the BPI blue-shifts gradually as the CLC texture gradually appears at lower than 46.3 °C (see the curve at 46.3 °C). The anomalous blue shifting of the reflection peak with the decreasing temperature (dP/dt > 0) at this stage (the temperature range in which BPI and CLC coexist) is similar to the trend occurring in the BPS of a BP system [27]. However, the wavelength jump that usually occurs when the phase changes from BPI to BPS is not obvious in the BPS-like phenomenon. However, this unusual phenomenon should be further explored.



A similar cooling process is carried out on the CA-BPLC sample without surface alignment, as shown in the variation in the R-POM image of the nonaligned sample in Figure 2b. The dark image indicates that the sample is in the isotropic state at 51.5 °C. When the temperature is below 51.5 °C, a few small blue fragments appear until 48.8 °C is reached. This easily ignored phase is BPII. Once the temperature is below 48.8 °C, the phase begins to transform to BPI in which numerous large green fragments appear in the nonaligned cell. As temperature decreases to 45.8 °C, BPI sustains its fragmented texture and continues to red-shift to the red region. When the temperature is lower than 45.6 °C, the red BPI phase locally changes into the green BPS-like phase and then into a focal-conic texture as the temperature continues to decrease. At 45.1 °C, almost all the BPI phases disappear, leaving only a few BPS-like fragments. When 44.9 °C is reached, BP fully disappears. Figure S3b and Figure 1d show the reflection spectra at various temperatures and the corresponding variation in the wavelength of the reflection peak during the cooling process, respectively, based on the nonaligned CA-BPLC sample. Apparently, no valid reflection spectrum can be obtained in the ignorable BPII and the transient BPS-like phenomenon. Therefore, the workable phase for the nonaligned sample is BPI. The valid reflection spectra of BPI can be obtained from 48.6 °C to 45.8 °C, at which the reflection peak red-shifts from 550 nm to 629 nm. Here, the strong anisotropic anchoring force from the surface alignment can result in a more uniform formation of the BP crystal structure in the aligned BP cell, which can also be found in previous studies [28,29,30,31,32,33,34,35]. In addition to BPI, the complete BPII and BPS-like phase can be effectively induced by the anisotropic anchoring force from the surface alignment [32,36], thereby extending the entire BP temperature range of the aligned sample. However, this result does not occur in the nonaligned CA-BPLC sample; that is, the isotropic anchoring force from the nonaligned surface of the cell cannot provide the stabilizing effect for generating the uniformly ordered simple cubic crystalline structures of BPII and BPS-like phase.



The associated Kossel diagrams of the samples are measured to identify the phase and the lattice planes of the BPs in the samples. The insets in Figure 1c,d illustrate the measured Kossel diagrams of the aligned sample at 51 °C and 47.9 °C and the nonaligned sample at 47.5 °C, respectively. Based on the previous literature [37], the Kossel lines shown in the Kossel diagrams of the aligned sample at 51 °C and 47.9 °C (or the nonaligned sample at 47.5 °C) indicate that the miller indices of the crystal planes of BPII and BPI are (100) and (110), respectively. The peak wavelength of the reflection of a cubic BP can be determined using Bragg’s Equation [38]:


  λ =   2 n a      h 2  +  k 2  +  l 2        ,  



(1)




where a is the lattice constant of the BP lattice structure, (h k l) are the Miller indices of the lattice planes, and n is the average index of refraction of BP. For example, the peak wavelength of the reflection of the BP of the aligned sample at 51.0 °C is around 470 nm. After   λ   ≅   470 nm, (h k l) = (100), and n  ≅  1.62 are substituted into Equation (1), the lattice constant of the BP of the aligned sample can be calculated to be approximately 145 nm, which matches well with the half value of the pitch. For this reason, the BP resulting in the reflection at 51.0 °C must be BPII. The BPI occurring in either the aligned or nonaligned sample can also be verified in a similar way.




3.2. Photo-Control of CA-BPLC Samples


In addition to internal conditions, such as surface alignment of the sample that can significantly affect the BP properties, external conditions, including the added CA dopant, can influence the optical responses of BPLC under light irradiation [39]. With this advantage, the samples can be placed in different phases to obtain different photocontrol ways. As shown in Figure 2a, when the aligned CA-BPLC sample is kept at BPII (T = 51.0 °C which is near the BPII-isotropic transition point) and illuminated with a 405 nm laser beam, BPII optically and gradually transforms into the isotropic phase. Therefore, the reflectance decreases as the illumination time becomes prolonged, but the peak wavelength of the reflection only slightly red-shifts (<7 nm), as shown in Figure 2c. When successively irradiated with a 450 nm LED light, the CA-BPLC gradually returns from the isotropic phase to BPII, as shown in Figure 2b. The switchable reflectance here has potential for the applications of a switchable mirror or a filter. The CA-BPLC sample with surface alignment is successively illuminated with a laser diode and LED for several cycles to test the repeatability and response time of the optically controlled phase change. As shown in Figure 2d, the CA-BPLC exhibits good repeatability even after several cycles of optical control. Switching from BPII to the isotropic phase and reversing from the isotropic phase to BPII take about 40 and 60 s, respectively. These switched times can be shortened by increasing the intensities of the light sources or the concentration of the CA dopants. Notably, the reflective wavelength of the aligned sample cannot return to the original one after the first round of the optical control. This phenomenon is described as follows. Initially, all CA molecules in the sample are in the trans state in the dark. After 405 nm laser irradiation, most trans CA isomers in the irradiated region can transform into the cis state. The successive 450 nm LED light irradiation prior to the 405 nm laser irradiation tends to excite the cis isomers to revert to the trans state. However, a dynamic balance between the concentrations of the trans and cis isomers after the first round of the optical control is achieved because of the unignorable absorption of the trans isomers at 450 nm, as shown in Figure S1b; consequently, the reflection wavelength of the aligned sample slightly red-shifts relative to that in the initial state. The performance of all the rounds of optical control except the first round are quite similar, as shown in Figure 2d.



If the optical control of the aligned CA-BPLC sample is carried out at BPI, the sample exhibits different photocontrol phenomena. As shown in Figure 3a, when the aligned CA-BPLC sample is kept at 47.5 °C, which is near the BPI–BPII transition point, and illuminated with the 405 nm laser beam, the color of the R-POM image changes from green to blue. With the aid of the reflection spectra shown in Figure 3c, the central wavelength of the reflection blue shifts abruptly from around 560 nm to 470 nm. The abrupt color change is attributed to the phase transition from BPI to BPII. If the sample is consecutively illuminated with the 450 nm LED, the sample can be optically transformed back to BPI, as shown in Figure 3b. The all-optically controlled phase transitions of the aligned CA-BPLC sample is repeatable, as demonstrated in Figure 3d. This operation mode is suitable for various applications, such as controllable dichroic mirrors or filters.



When the aligned CA-BPLC sample is kept at 46.5 °C at which the sample is still in BPI but far from the BPI–BPII transition point and illuminated with the 405 nm laser, the color of the R-POM image of the sample transforms from yellow to green, blue, and black, as shown in Figure 4a–e. The variation in the reflection wavelength with illumination time is plotted in Figure 4f. Notably, the trends of the successive wavelength-shifting and phase transition at different working temperatures shown in Figure 2, Figure 3 and Figure 4 are different from that described in a previous literature based on a similar BP system with a different type of CA dopant [24]. However, the trend is similar to that of a general BP sample during heating. Additional experimental results also confirm that the increase in the temperature of the sample can be ignored during excitation with the 405 nm laser. Therefore, the optically controlled wavelength shifting and phase transition of the aligned CA-BPLC sample with surface alignment is attributed to the mechanism of isothermal phase transition [40]. Normally, rod-like trans AC dopants can be aligned with their adjacent LC molecules because of guest–host effect [41,42,43]. As such, the orientations of the LC molecules in the CA-BPLC can be retained. As the 405 nm laser photons are absorbed by massive trans CA molecules, they are excited to the curve cis form. On the contrary, the bent structure of the massive cis molecules may significantly disturb the arrangement of LC molecules and reduce the order parameter. A cis molecule in the system can be considered an impurity. When numerous impurities are present, the phase transition temperature of the system relatively decreases, as shown in the schematic in Figure 5. Thus, the irradiation of the 405 nm laser-induced mechanism of isothermal phase transition leads to the occurrence of the successive wavelength shifting and phase transition illustrated in Figure 2, Figure 3 and Figure 4.



Figure S4 shows the phototuning behavior of the nonaligned CA-BPLC samples with three different concentrations of CA dopants (1.0 wt%, 2.5 wt%, and 5.0 wt%) during the continuous illumination of 405 nm laser for 45, 38, and 26 s, respectively (T = 45.8 °C). The corresponding concentrations of S811 in the three samples are 34 wt%, 32.5 wt%, and 30 wt%, respectively, and the concentration of NLC is fixed at 65 wt%. Apparently, the tuning speed is faster, but the diversity of the tuning range becomes reduced as the doping concentration of CA increases. The nonaligned sample with 1.0 wt% CA dopant is selected to obtain the widest tuning range of reflection. Figure 6a–e shows the R-POM images of the 1.0 wt% CA-BPLC sample without surface alignment during the illumination of 405 nm laser. The initial reflection peak of the BPI is at about 640 nm before light irradiation. The reflection color gradually blue shifts as the irradiation time is prolonged. At 45 s, it blue-shifts to the peak at about 540 nm. The tuning range of reflection of the nonaligned sample is much wider than that the CA-BPLC sample with surface alignment because of the much weaker anchor from the nonaligned substrate surfaces. For example, the tunable range of the reflection of the aligned CA-BPLC sample is only 40 nm at BPI (46.5 °C), as illustrated in Figure 4f. Conversely, the tunable range of the reflection of the nonaligned sample is as wide as 100 nm, as described in Figure 6f. Therefore, the nonaligned CA-BPLC is better than the aligned CA-BPLC for developing optically broadband-tunable photonic devices.





4. Conclusions


This study investigated the variations in the LC textures and optical properties of CA-BPLCs by changing the surface alignment treatment of the sample and adding photosensitive CA dopants. Experimental results confirm that the anisotropic anchoring force from the inner surfaces of the sample can stabilize the effective formation of the diverse crystalline structures of BP, including BPII, BPI, and BPS-like phase. This force can also expand the temperature range of BP. For this reason, the temperature range of the BP with a strong reflection property in a homogeneously aligned sample is significantly wider than that of a nonaligned sample. The homogeneously aligned CA-BPLC can be all-optically controlled among BPI, BPII, and isotropic phase via the reversible trans–cis and cis–trans back isomerizations of the CA dopants under the successive illumination of light sources with short and long wavelengths. The optically reversible control of the aligned CA-BPLC is repeatable. On the contrary, the nonaligned CA-BPLC cell shows a wider wavelength tunability in reflection because of the weak surface anchor. This study also provides a basis for designing various applications of controllable photonic devices, such as optically switchable and tunable BPLC gratings, lasers, filters, and mirrors.
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The following are available online at https://www.mdpi.com/2073-4352/10/10/906/s1, Figure S1: (a) Chemical structure of the chiral azobenzene Chad-2-S and (b) variation of its absorption spectrum (solved in THF with 0.1 wt%) measured during the UV irradiation of 300 μW/cm2 for 2 minutes. Figure S2: Experimental setup for optically controlling the CA-BPLC samples. P1 and P2 both are polarizers, which are set crossed. BS and M represent beam splitter and mirror, respectively. Figure S3: Reflection spectra of (a) aligned and (b) non-aligned CA-BPLC samples measured at various temperatures in cooling. Figure S4: R-POM images of non-aligned CA-BPLC samples with various concentrations of CA dopants (1, 2.5, and 5 wt%) during the illumination of 405 nm laser.
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Figure 1. Reflective-type polarizing optical microscopic (R-POM) images of the chiral-azobenzene-doped blue phase liquid crystals (CA-BPLC) samples (a) with and (b) without surface alignment during cooling. The length of the scale bar is 100 μm. Variation in the peak wavelength of the reflection of the CA-BPLC samples (c) with and (d) without surface alignment. The three insets in (c,d) are the Kossel diagrams for the aligned sample measured at 51 °C and 47.9 °C and the nonaligned sample measured at 47.5 °C, respectively. 






Figure 1. Reflective-type polarizing optical microscopic (R-POM) images of the chiral-azobenzene-doped blue phase liquid crystals (CA-BPLC) samples (a) with and (b) without surface alignment during cooling. The length of the scale bar is 100 μm. Variation in the peak wavelength of the reflection of the CA-BPLC samples (c) with and (d) without surface alignment. The three insets in (c,d) are the Kossel diagrams for the aligned sample measured at 51 °C and 47.9 °C and the nonaligned sample measured at 47.5 °C, respectively.



[image: Crystals 10 00906 g001]







[image: Crystals 10 00906 g002 550] 





Figure 2. R-POM images of the aligned CA-BPLC sample during the successive illumination of (a) 405 nm laser and (b) 450 nm LED light source at BPII (T = 51.0 °C). The length of the scale bar is 100 μm. (c) The corresponding reflection spectra of the images presented in (a). (d) Repeatability test of the optically controlled phase change between BPII and the isotropic phase. 
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Figure 3. R-POM images of the aligned CA-BPLC sample with surface alignment during the (a) illumination of 405 nm laser and (b) 450 nm LED light source at BPI. The length of the scale bar is 100 μm. (c) The optically controlled reflection spectra of the CA-BPLC sample at BPI. (d) Repeatability test of the optically controlled reflection between two different color regions. The temperature is fixed at 47.5 °C. 
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Figure 4. R-POM images of the aligned CA-BPLC sample during the illumination of 405 nm laser for (a) 0, (b) 28, (c) 40, (d) 82, and (e) 120 s at BPI. The length of the scale bar is 100 μm. (f) The variation in the reflection wavelength of the aligned CA-BPLC sample at BPI with increasing illumination time of 405 nm laser. The temperature is fixed at 46.5 °C. 
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Figure 5. Schematic of the isothermal phase transition in the aligned CA-BPLC sample. 
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Figure 6. R-POM images of 1.0 wt%-CA-BPLC sample without surface alignment during the illumination of 405 nm laser for (a) 0, (b) 15, (c) 25, (d) 35, (e) 40, and (f) 45 s at BPI. The length of the scale bar is 100 μm. (g) The measured reflection spectra of the corresponding images in (a–f). The temperature is fixed at 45.8 °C. 
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