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Abstract

:

Phase-transition and orientation of liquid crystal (LC) are two crucial factors for LC application. In this work, a long rod-like LC compound containing double azobenzene (M1) is successfully designed and synthesized. The combing technologies of nuclear magnetic resonance (1H NMR, 13C NMR) and Fourier transform infrared spectroscopy (FTIR) are used to identify the chemical structure of the molecule. Additionally, the polarized optical microscopy (POM), differential scanning calorimetry (DSC), and one-dimensional wide-angle X-ray diffraction (1D WAXD) experimental results show that M1 exhibits an ultrawide range of LC phases and a stable LC structure even at ultrahigh temperature, which indicates that this LC can be applied in some especial devices. Further, the compound M1 is used to tune the LC temperature range of the commercial LC 4-cyano-4′-pentylbiphenyl (5CB). A series of samples 1–7 are obtained through doping different contents of M1, which show different LC temperature ranges that are dependent on the composition ratio of M1 and 5CB. More interestingly, all resultant samples show spontaneous vertical orientation on the hydrophilic glass substrate. Meanwhile, due to the effect of azobenzene in the compound M1, a reversible transition between homeotropic to random orientation of the LC molecules is achieved when these LC cells are alternately exposed to UV irradiation and visible light, which implies that this material shows potential application in especial display and optical storage technologies.
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1. Introduction


Liquid crystal (LC), as the most common and important material in modern society, shows tremendous applications in displays, optical devices, sensors, information storage, transmission, and so on [1,2,3,4,5,6]. The LC performance is significantly dependent on the molecular structure, phase transitions, and phase structures [7,8,9,10]. In order to obtain LC materials with excellent performance, tremendous LCs with different molecular structures have been successfully designed and synthesized, such as rod-like LC, dish-like LC, bowl-like LC, ball-like LC, and amphipathic LC [11,12,13,14,15]. Meanwhile, the relationship between structure and property has been explored for practical applications and academic interests. Numerous experimental results and practical applications have indicated that the rod-like LC molecules with nematic phase show excellent performance in modern display technologies [16,17,18]. For example, the commercial LC molecules such as 4-cyano-4′-pentylbiphenyl (5CB) [19], 4-cyano-4′-heptylbiphenyl (7CB) [20], 4-cyano-4′-octanoylbiphenyl (8OCB) [21], and 4-cyano-4′-pentylparaterphenyl (5TB) [22] have been successfully applied in various displays, smart windows, and electronics equipment.



The successful application of LC requires two prerequisites. The first requisite is that the LC shows an appropriate phase temperature range and phase structure [23]. Generally, the phase transitions of common rod-like LC molecules are controlled by thermal behavior. However, the development of modern advanced devices requires other ways to regulate the phase transition and phase, such as light, radiation, electricity, and so on [24,25]. These approaches require LC molecules to possess the specific structures needed to realize the process. The rod-like LC molecules containing azobenzene have been used for photo-controlling phase transition and phase behavior [26,27,28]. With the stimulation of light or heat, azobenzene proceeds the trans-cis isomerization [29,30], which leads to the accumulation of the cis-isomers and causes the phase transition from LC phase to isotropic phase. The second requirement is that the LC molecules are able to be easily oriented through an external field, such as force [31], electricity [32], and magnetism [33]. To date, homogeneous, homeotropic, twisted, splay, azimuthal, or radial alignments of LC molecules are successfully realized through mechanical rubbing, electric fields, and magnetic fields [34,35]. The resultant LC-oriented films with excellent optical and mechanical properties have also been applied in all kinds of optical devices [4,36,37]. Recently, photoalignment has become one of the most attractive methods since wavelength- and intensity-adjustable light allows for remote wireless control and accurate manipulation [38,39,40,41]. Similarly, the realization of photoalignment also requires a specific structure for the LC molecules. Fortunately, LC molecules with azobenzene can be easily oriented perpendicular to the polarized direction of ultraviolet (UV) light [42]. Thus, azobenzene has successfully become a popular and famous molecule in recent decades. Numerous azobenzene LC compounds with different architectures have been designed and synthesized, and their LC self-assembly behavior and the relationship between structure and property, have also been substantially investigated [43,44]. Meanwhile, a large amount of functional materials containing azobenzene, like LC elastomers (LCEs), LC polymer networks (LCNs), LC block copolymers, etc., have been obtained [45,46,47].



In our previous work, we successfully realized the alignment control of nematic LC using gold nanoparticles grafted by azobenzene LC polymer, but the synthesis of the nanoparticles is very difficult, which limits their further application [48]. Thus, we attempted to design a simple LC molecular and propose a versatile method to realize the alignment control of nematic LC. In this work, we prepared a novel long rod-like LC molecule containing double azobenzene (M1). The molecular structure is shown in Scheme 1. The chemical structure of the molecule has been confirmed by nuclear magnetic resonance (NMR) and Fourier transform infrared spectroscopy (FTIR). The phase structure and phase transition have been determined by polarizing optical microscopy (POM), differential scanning calorimetry (DSC), and one-dimensional wide-angle X-ray diffraction (1D WAXD). The resultant LC molecule presents an ultrahigh LC temperature range until decomposition, which can be potentially applied in special equipment. Further, the prepared LC compound M1 was incorporated as a dopant into 5CB with different concentrations. The LC temperature range of the obtained LC mixture can be freely regulated. Surprisingly, after doping a certain amount of M1, this kind of LC mixture can realize a spontaneous vertical orientation. Due to the presence of the trans-cis isomerization of azobenzene, the LC mixture can undergo a reversible transition between vertical and random orientation under the irradiation of both UV light and 470 nm visible light.




2. Experimental Section


Materials. 4-Acetamidophenol (98%), 4-cyano-4′-pentylbiphenyl (99%), 1-bromobutane (98%), 1-bromohexane (99%), 1-bromooctane (99%), 1-bromodecane (99%), and 1-bromododecane (98.5%) were purchased from Energy Chemical, Shanghai, China. Thionyl chloride (SOCl2) and triethylamine were obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. Phenol was purchased from J&K Scientific Ltd., Beijing, China. 1,4-Benzenedicarboxylic acid was synthesized according to the literature.



Instruments and Measurements. A Bruker ARX400 spectrometer was used to carry out 1H NMR experiments, where tetramethylsilane (TMS) and deuterated chloroform (CDCl3) were the internal standard and the solvent, respectively. Fourier transform infrared spectroscopy (FTIR) spectra were recorded in KBr pellets on a PE Spectrum One FTIR spectrometer.



A differential scanning calorimetry (DSC) experiment was carried on the TA Q10 calorimeter with a programmed heating procedure in nitrogen. A polarized optical microscope (POM) experiment was performed on the Leica DM-LM-P polarizing optical microscope with a Mettler FP82HT heating stage. A one-dimensional wide-angle X-ray diffraction (1D WAXD) experiment was carried out on a Bruker D8 Discover powder diffractometer equipped with Anton Paar TCU 110 hot stage and an Anton Parr TCU-100 temperature control unit. The light stimulation was accomplished by a FUWO lamp, where the UV source is 365 nm (FUV-6BK 150 mW/cm2) and the visible light source is 470 nm (F7B-B20 150 mW/cm2).



Synthesis. The synthetic route of compound M1 is shown in Scheme 2. The detailed synthesis information is as follows.



Synthesis of 4-Octyoxyacetylbenzene. 4-Acetamidophenol (18.12 g, 0.12 mol), anhydrous potassium carbonate (33.09 g, 0.24 mol), 1-bromooctane (34.72 g, 0.18 mol), and 200 mL of acetone were mixed in a 500-mL round-bottom flask. The mixture was stirred and refluxed for 16 h at 65 °C. After the reaction was terminated, the mixture was immediately filtered. Subsequently, the solvent was removed by rotary evaporation. The solution was rinsed with hot water and petroleum ether several times. The crude product was placed in vacuum at 40 °C for 12 h. A white solid powder product was obtained. The yield was 90%.



1H NMR(CDCl3-d6) δ (ppm): 7.31 (d, 2H, Ar-H), 7.06 (s, 1H, Ar-NH) 6.84 (d, 2H, Ar-H), 3.89 (t, 2H, -OCH2-), 2.09 (t, 3H, -COCH3), 1.32~1.73 (t, 12H, -CH2-), 0.87 (t, 3H, -CH3).



Synthesis of 4-n-Octyloxyaniline. 4-Octyoxyacetylbenzene (12.21 g, 0.05 mol) was dissolved in a mixture of 150 mL of anhydrous ethanol and 30 mL of hydrochloric acid (37%) in a 250-mL round-bottom flask. This mixture was stirred and refluxed at 80 °C for 48 h. After the reaction was terminated, the solution was cooled to room temperature. Then, the solution was put in 500 mL of ice water. A large amount of white precipitate was obtained. The pH of the mixture was adjusted to 7–8 with a certain amount of NaOH aqueous solution. Subsequently, this mixture was filtered. The obtained white solid powder was placed under vacuum at 40 °C for 12 h. The yield was 80%.



1H NMR(CDCl3-d6) δ (ppm): 7.30 (d, 2H, ArH), 6.86 (d, 2H, Ar-H), 3.89 (t, 2H, -OCH2-), 3.69–3.20 (s, 2H, -NH2), 1.75–1.29 (m, 12H, -CH2-), 0.88 (t, 3H, -CH3).



Synthesis of 4-(4′-Hydroxy)octyloxyazobenzene. A mixture of 4-n-octyloxyaniline (10.00 g, 0.045 mol), deionized water (100 mL), and 37% hydrochloric acid (10 mL) were added into a 250-mL round-bottom flask. Then, the flask was placed in an ice-water bath. Next, 45 mL of NaNO2 aqueous solution (4.23 g, 0.06 mol) was added dropwise into the flask within 15 min under stirring. After an hour, a brownish red solution of diazonium salt was obtained. The obtained solution of diazonium salt was dropped into a 1000-mL beaker containing phenol (5.64 g, 0.06 mol) and 400 mL of deionized water under ice-water conditions within 15–20 min. During this process, the pH of the reactant was kept around 9–10 using 15 wt% NaOH aqueous solution. Then, the pH of the mixture was further adjusted to around 3–4 through adding 10 wt% hydrochloric acid after an hour reaction. Afterwards, the reactant mixture was filtered, and the obtained solid was rinsed with deionized water until a neutral state was obtained. Further, the mixed reagent with ethanol and deionized water (1:1) was used for recrystallization three times. The obtained crude product was placed under vacuum at 50 °C for 24 h. At last, the crude product was purified by column chromatography using the mixed solvent of dichloromethane and petroleum ether (3:1) as the developing agent. Orange flake crystals were obtained; the yield was 85%.



1H NMR(DMSO-d6) δ (ppm): 10.16 (s, 1H, -OH), 7.81–7.74 (m, 4H, Ar-H), 7.01–6.92 (m, 4H, Ar-H), 4.06 (s, 2H, -OCH2), 1.75 (s, 2H, -CH2-), 1.44–1.33 (t, 6H, -CH2-), 0.90 (t, 3H, -CH3).



Synthesis of 1,4-Benzenedicarboxylic acid. 1,4-Benzenedicarboxylic acid was lab-made according to previous work [49].



1H NMR (δ, ppm, DMSO-d6): 8.26 (s, 1H, Ar-H), 7.91 (d, 2H, Ar-H), 6.68 (d, 2H, =CH-), 5.76 (d, 1H,=CH2), 5.43 (d, 1H,=CH2).



Synthesis of Bis(4-((4-(octyloxy)phenyl)diazenyl)phenyl)2-vinylterephthalate (M1). A mixture of 1,4-benzenedicarboxylic acid (1.00 g, 0.005 mol), SOCl2 (30 mL), nitrobenzene (1 drop), and anhydrous tetrahydrofuran (THF) (2–3 drops) was added into a 100-mL round-bottom flask. The reaction was stirred at 60 °C until the solution became clear. Then, the solvent was removed by rotary evaporation. Next, 30 mL of anhydrous THF was added into the acyl chloride solution. Then. 4-(4′-hydroxy) octyloxyazobenzene (4.27 g, 0.013 mol), anhydrous THF (60 mL), and anhydrous triethylamine (3.53 g, 0.035 mol) were added into a 250-mL round-bottom flask. Next, the flask with the mixture was further stirred in an ice-water bath. The acyl chloride solution was added dropwise into the flask through a constant pressure funnel, then the reaction was maintained for 12 h at room temperature. The mixture was filtered under reduced pressure, and the solvent of the obtained solution was removed by rotary evaporation. The solid mixture was dissolved in the flask with chloroform. Then, the solution was rinsed with deionized water several times and dried overnight with anhydrous magnesium sulfate. Further, the solution was filtered, and the crude product was obtained by rotary evaporate. At last, the crude product was purified by column chromatography using dichloromethane as the developing agent. A golden powder product was obtained. The yield was 60%.



1H NMR(CDCl3) δ (ppm): 8.50 (s, 1H, Ar-H), 8.26 (q, 2H, Ar-H), 8.01 (q, 4H, Ar-H), 7.95 (q, 4H, Ar-H), 7.60 (d, 1H, -CH=CH2), 7.42 (q, 4H, Ar-H), 7.01 (m, 4H, Ar-H), 5.90 (d, 1H, -CH=CH2), 5.53 (d, 1H, -CH=CH2), 4.07 (m, 4H, -OCH2-), 1.85 (m, 4H, -CH2-), 1.49~1.29 (m, 20H, -CH2-), 0.92 (t, 6H, -CH3).



13C-NMR(CDCl3) δ (ppm): 14.12 (-CH3), 22.68 (-CH2-), 26.04 (-CH2-), 29.22–29.37 (-CH2-), 31.84 (-CH2-), 68.44 (-CH2-O-), 114.78 (-CH=CH2), 122.20–124.91 (azobenzene C ortho to C-O), 128.79–134.60 (aromatic and =CH-), 146.74–150.65(aromatic C-N), 161.95 (C=O), 164.00–164.66 (C=O).



FTIR-KBr: -CH3 (2952), -CH2- (2937, 2854), -CO- (1740), -CH=CH2 (1603), -C=C- (1603,1582,1493), -C-O-C- (1240, 1146, 1025).



Preparation of LC Cells. The glass slides were treated with piranha solution, which consisted of 30 mL of hydrogen peroxide and 70 mL of concentrated sulfuric acid at 130 °C for 30 min. Then, the slides were rinsed with deionized water five times. Further, two slides were used for preparing a LC cell separated by two strips of Mylar film as spacer, and were lastly fixed with two clips. The thickness of the LC cell was controlled by the Mylar film with a thickness of 2.5 μm.




3. Results and Discussion


Synthesis, Phase Behavior, and Phase Structure of M1. The compound M1 was successfully synthesized through multistep reactions according to Scheme 2, using 4-acetamidophenol and 1,4-benzenedicarboxylic acid as the raw materials. The chemical structures of M1 and intermediates were confirmed by 1H NMR, 13C NMR, and FTIR. The detailed information was described above in the experimental section. The phase transition behavior of compound M1 was determined by DSC. To erase the thermal history, 6 mg compound of M1 was first heated to 200 °C at a rate of 20 °C/min followed by isothermal annealing for 5 min. Then, the first cooling trace and the second heating trace were recorded at 10 °C/min. As shown in Figure 1, an obvious phase transition peak can be observed during both the heating and cooling process. To further explore the LC properties of compound M1, a POM experiment was carried out to investigate the LC texture. As shown in Figure 1b, the POM result reveals that compound M1 could show an obvious birefringence. In this experiment process, when the temperature was increased above the melting point (Tm), M1 showed a clear birefringence phenomenon, and the birefringence of the monomer still remained until the temperature rose towards its decomposition temperature, which demonstrated the wide range of LC phase of the compound M1, and its clearing point exceeded the decomposition temperature.



Subsequently, the temperature-variable 1D-WAXD experiments were carried out to investigate the phase structure and LC properties. As shown in Figure 2, the distinct crystalline phase structure was observed below 110 °C. When the temperature was increased to 150 °C, the original peaks located in both low-angle and high-angle regions disappeared, which indicated that the crystal had melted. Meanwhile, two new peaks appeared in a low-angle region and a diffused amorphous broad halo was observed at approximately 2θ = 20° in the high-angle region, indicating that a low-ordered LC phase formed. Upon further analyzing the diffraction peaks, we found that the ratio of the diffraction vectors was 1:2, implying that compound M1 could form a smectic structure. Meanwhile, as the temperature was increased to 300 °C, the diffraction still remained, which meant that the compound M1 could present this smectic structure until decomposition. This phenomenon is rare in a LC system in addition to mesogen “jacket” liquid crystalline polymers [50].



Nematic LC Range Regulation by Doping with M1. The above experimental results revealed that M1 showed a wide range of LC temperature from 150 °C to decomposition temperature. Further, this compound M1 was incorporated as a dopant into common commercialized LC materials to control the nematic LC range. For effective adjustment of the LC temperature, a series of 5CB/M1 mixtures with different doping concentrations were prepared using CHCl3 as the solvent. The prepared samples with the mass fractions of 5CB with 20 wt%, 40 wt%, 60 wt%, 80 wt%, 90 wt%, 95 wt%, and 97.5 wt% were named as the sample 1, 2, 3, 4, 5, 6, and 7, respectively. The mixture was ultrasonic treated to ensure a completely dissolved and uniform mix, and then was naturally volatilized at room temperature. Figure 3 shows the mixture in solution and solid state after volatilization.



Herein, sample 7 was used as an example to elucidate phase behavior. Firstly, the LC cell was prepared through putting 1–3 mg of sample 7 into two sealed clean glass slides. Then, POM was performed to investigate the LC behavior. Figure 4 shows the temperature-variable POM test results of sample 7. When the temperature was lower than 90 °C during the heating process, sample 7 exhibited a crystal structure. As the temperature increased to 90 °C, a smectic phase was gradually formed. Eventually, the isotropic phase was achieved at 134 °C. During the cooling process, it exhibited a similar experimental phenomenon at different temperatures. Furthermore, POM results exhibited a partial homeotropic orientation. Therefore, the hydrophilic substrates were used in the subsequent experiments to enhance the anchoring effect of M1 molecules to realize a better vertical orientation.



Furthermore, temperature-variable 1D WAXD was utilized to explore the LC properties and phase structures of the mixtures. The experimental result is shown in Figure 5a. The result indicated that sample 7 exhibited a crystal structure at room temperature. When the temperature was increased to 90 °C, it changed from a crystal phase to a LC phase. The results of other samples are shown in Figure S1; all samples showed an ordered structure of LC phase. The experimental results were in good agreement with the POM test results. Combing the results of the POM and temperature-variable 1D WAXD (Table 1), we concluded that doping with an appropriate M1 could effectively widen the LC temperature range of 5CB. The LC temperature ranges in the series of samples are summarized in Figure 5b. The result of 1D WAXD patterns showed both sharp diffractions in the low-angle and high-angle regions, which indicated that the mixture formed a smectic phase rather than a nematic phase.



Alignment Behavior of 5CB Doping with M1. Due to the M1 molecule containing double long alkanes, we speculated that this molecule could present a strong anchoring effect with substrate, which could be used for orientating LC. Thus, the orientation behavior of the series of samples mentioned above was investigated. Firstly, the bare glass slides were treated with piranha solution to form a hydrophilic surface, and were further rinsed by deionized water several times. Two treated glass slides were used to prepare a LC cell. Subsequently, the sample was filled in the LC cell on a hot stage by capillary force. Figure 6 shows the images of the serial sample 1 to sample 7 under POM above Tm. All the images of different samples with different concentrations showed a dark field, which was different from the bright field for pure M1 and 5CB under orthoscopic POM. Meanwhile, the typical black crosses could be found under the conoscopic POM (the insets in Figure 6), indicating that all samples presented vertical alignment in the LC cells. Evidently, the homeotropic alignment of the commercial LC material 5CB could be realized through doping with some M1 molecules. Our previous work had demonstrated that homeotropic alignment of 5CB could be achieved by doping some Au@TE-PAzo nanoparticles due to the synergistic interaction of the internal gold core and the peripheral polymer ligand [51]. Notably, the deposition of Au@TE-PAzo NPs on the substrate through the interaction between the hydrophilic substrate and the gold core played a crucial role in the homeotropic alignment. In this work, we speculated that some of the dispersive M1 could be deposited on the substrate for the gravity effect. Therefore, the long alkane on both ends of the M1 could lead to a strong anchoring energy to induce the LC homeotropic alignment.



The photochemical behavior of the M1 in solution was investigated by UV-vis spectroscopy. Figure 7 shows the intensity variation of the absorption peak. The intensity of the peak located at 355 nm gradually decreased under the irradiation of 365 nm UV light, but the intensity of the peak located at 450 nm slightly increased. Further irradiating by visible light, the intensity of the two absorption peaks presented reversible transition, which was attributed to the typical trans-cis transformation of the azobenzene group. Meanwhile, this trans-cis transition of M1 gave an opportunity to regulate LC alignment through light irradiation.



Thus, light-regulating LC alignments were further investigated by UV and 470 nm visible light irradiation. Figure 8 shows POM images of the samples 1–7 irradiated by 365 nm and 470 nm light for different times. It was clearly observed that all the samples irradiated with a 365 nm ultraviolet light presented distinct birefringence phenomenon under orthoscopic POM. Meanwhile, the bright field could be observed under the conoscopic POM. Subsequently, when the samples were irradiated by 470 nm visible light, the birefringence phenomenon disappeared under orthoscopic POM, while the orthogonal black cross reappeared under the conoscopic POM, indicating the restoration of vertical alignment of the LC molecules. Evidently, the experimental results revealed that the vertical alignment of the mixtures could be regulated by UV and visible light irradiation.



The results revealed that all samples could realize the transformation of LC orientation under the illumination of the UV and 470 nm visible light. It was especially notable that under the illumination of the UV light, the LC behavior did not disappear (even for sample 1, which contained 80% M1), which was different from the previous LCs containing azobenzene groups, whose LC structure was destroyed under UV light illumination [52]. This phenomenon may come from the long molecular length of M1. The mismatched dimensions between the M1 and 5CB lead to the stable existence of the nematic phase. Figure 9 describes the possible mechanisms for the above phenomenon. When the LC mixture was located in the LC cells, some M1 molecules contacted with the substrate first displayed a homeotropic orientation on account of the anchoring effect. Subsequently, the long molecular structure of M1 drove the whole LC mixture to present a homeotropic alignment. When the mixture was exposed to the irradiation of 365 nm light, the azobenzene mesogen in the mixture transferred from trans to cis conformation, which led to the disappearance of the regular vertical alignment. However, the large dimension in the trans-cis isomerism did not destroy the LC phase. Due to the experimental limitations, the variation of the LC phase during the illumination process was not observed, which needs to be further investigated in future work.




4. Conclusions


In summary, we successfully synthesized a novel long rod-like LC molecule containing double azobenzene (M1). The chemical structure of the molecule was confirmed by 1H NMR, 13C NMR, and FTIR. The POM, DSC, and 1D WAXD experimental results showed that M1 exhibited a stable smectic structure even at ultrahigh temperature, which indicated that M1 presented a wide range of LC temperatures. Further, a series of samples constituted by different contents 5CB and M1 were prepared. Due to the content variation, this series of samples presented different LC temperature ranges. Meanwhile, the series of samples could present spontaneous vertical orientation on the hydrophilic glass substrate. When the LC cells were alternately exposed to UV irradiation and visible light, a reversible transition between homeotropic to random orientation of the LC molecules was realized due to the existence of azobenzene in compound M1. This work implied that this azobenzene LC and its mixtures with 5CB could have potential applications, especially in display and optical storage technologies.
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Scheme 1. Chemical structure of compound M1. 
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Scheme 2. Synthetic route of the compound M1. 
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Figure 1. (a) Differential scanning calorimetry (DSC) thermogram of M1 at 10 °C/min during the first cooling process and the second heating process; polarized optical microscopy (POM) of the compound M1 at (b) 50 °C, (c) 150 °C during the heating (magnification: ×100). 
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Figure 2. One-dimensional wide-angle X-ray diffraction (1D WAXD) pattens of M1 during heating process. 
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Figure 3. (a) Chemical structure of 5CB and M1. (b) Fabrication process of the M1 and 5CB liquid crystal (LC) mixtures. (c) In CHCl3 solution and (d) evaporated solvent photographs of LC mixture samples (1–7) with different mass fractions of M1 and 5CB. The mass fractions of 5CB in samples (1–7) are 20 wt%, 40 wt%, 60 wt%, 80 wt%, 90 wt%, 95 wt%, and 97.5 wt%, respectively. 
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Figure 4. POM of sample 7 during heating (a) and cooling (b). 
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Figure 5. 1D WAXD patterns of sample 7 during heating process (a), and LC temperature range of samples 1–7 (b). Crystal phase (azure), smectic phase (red), and isotropic phase (green). 
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Figure 6. POM of the M1-doped 5CB mixtures with different mass fractions (insets are the conoscopic POM of the mixtures). 






Figure 6. POM of the M1-doped 5CB mixtures with different mass fractions (insets are the conoscopic POM of the mixtures).



[image: Crystals 11 00418 g006]







[image: Crystals 11 00418 g007 550] 





Figure 7. M1 in CHCl3 solution upon irradiation with UV light (a) and visible light (b). 
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Figure 8. POM of the M1-doped 5CB mixtures with different mass fractions irradiated by 365 nm and 470 nm light for different times. 
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Figure 9. Illustration of the mechanisms of homeotropic and planar alignments. 






Figure 9. Illustration of the mechanisms of homeotropic and planar alignments.



[image: Crystals 11 00418 g009]







[image: Table] 





Table 1. Phase transition temperature of M1 and 5CB LC mixtures.
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	Sample
	0
	1
	2
	3
	4
	5
	6
	7
	8





	5CB (wt%)
	0
	20
	40
	60
	80
	90
	95
	97.5
	100



	M1 (wt%)
	100
	80
	60
	40
	20
	10
	5
	2.5
	0



	Tiso (°C)
	/
	286
	240
	230
	230
	225
	210
	134
	35



	Tm (°C)
	150
	135
	120
	100
	100
	90
	90
	90
	24
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
M

e U
i QoAb LGS i) +

@)

() ()





media/file13.png
Intensity(a.u.)

90 °C
60 °C
30 °C
] v 1 v | v | v 1 v | v | v
5 10 15 20 25 30 35 40
2 Theta (°)

(a)

Sample 7 I ——
Sample 6 I —
Sample 5 I .
Sample 4 I .
Sample 3 I .
Sample 2 I
Sample 1 ||

60 120 180 240 300

Temperature (°C)

(b)





media/file12.jpg
3

)

T w3
2Theta ©)

@

E)

sumpio1]
pn
Sampos
Samplo 4 I
Samplo 3 I —
Sampioz
Sumpie

® 0 0 20 w0

Tomperature (C)
)





media/file18.jpg
Sample 1 Sample 2 Sample 3 Sample 4

70 20

Sample 5 Sample 6 Sample 7






media/file9.png
5CB: NC
/
e per O Do O O o

(c)

- - =

SCB

LR L W
L 2 W W 4

\
\
0
\
/

(b)

O WD

(d)

N
—
In/o






media/file14.jpg
Sample 1 Sample 2 Sample 3 Sample 4

Sample 5 Sample 6 Sample 7






media/file20.jpg
‘Homeotropic






media/file5.png
N
o]
N
% AR T IDREERAT ) AR R
q-.v,\ \S.ﬁ...ﬁ.._ 5 ..?......k.‘_d“wu....\.f‘“ m y -
- ... s ..._.”.._ .-.... \ 2 .\s*\wﬂ

o

— 0XYj

opuy —

=
o
—

0 120 140

10

Temperature (°C)

80

60

)

d

(





media/file15.png
Sample 1 Sample 2 Sample 3 Sample 4

Sample 5 Sample 6 Sample 7

-






media/file19.png
4s

90 s

10 s

10 s

4s

70 s

15 s

3s

6s 88

30 s 20 s

20 s

2s






media/file2.jpg
Cull B KOy o
Y Oron o Ao i Ot

ROOC coor

«
v

soc,
00¢ coon =t cioc coal

O





nav.xhtml


  crystals-11-00418


  
    		
      crystals-11-00418
    


  




  





media/file11.png
30 °C 90 °C 105 °C 134 °C

134 °C 58 °C | 45°C | i 2R 20






media/file6.jpg
Intensity (a.u.)

150°C

110 °C

90°C

30°C

10

15

20 25
2 Theta (%)

30

35 40





media/file1.png
V\/\/\/O_©_N= 960
N—@—O-C 6-0—©—N=N—®—0\/\/\/\/





media/file10.jpg
30°C 134°C

134°C






media/file7.png
Intensity (a.u.)

NO 'C

L b e
b s

n -

2 Theta (%)





media/file16.jpg
.............





media/file3.png
N SIS I Ve ORI T W
0 Acetone 0 \/\(\/):\ EtOH ’ \/\M:\
0°C o Phenol‘

NaNO,: HCI. NaOH "OON'NOO\/\(\/Z\ ) 4

> 0-5C_ ROOC COOR

/4 /4 TEA : THF
SOCl,
HOOC COOH W Cl0C cocCl /

e <o





media/file17.png
irradiation time with 365 nm light irradiation time with 470 nm light

! I |

wn wn
2 2
< <
s 0s
250 300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength (nm) Wavelength (nm)

(a) (b)





media/file4.jpg
Exo —=

~—— Endo

|

|

@

W
Temperature ()

(@

B

)






media/file0.jpg





media/file21.png
Homeotropic

i

Visible






