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Abstract

:

Photosensitive liquid crystals represent an important class of functional materials that experience rapid development. Hereby, we present novel bent-core liquid crystals bearing a lateral substitution on the central core and in the vicinity of the photosensitive unit—an azo group. The azo group enables fast (E)-to-(Z)-isomerization upon irradiation with UV-light and visible light, while the substitution facilitates the high stability of the photochemically formed (Z)-isomer. The effectiveness of the irradiation and the composition of photostationary states was determined by UV/Vis and 1H NMR spectroscopy. A nematic phase formed by the materials was characterized by differential scanning calorimetry and optical polarizing microscopy. We show that the materials easily change their relative configuration of the N=N double bond not only in solution, but also in the mesophase, which leads to fast isothermal phase transition from the nematic phase to isotropic liquid.
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1. Introduction


Thermotropic liquid crystals (LCs) are well-known for their unique ability to self-assemble and form long-range ordered structures, so-called mesophases between anisotropic solid and isotropic liquid states. Various mesophases can be easily tuned by external stimuli such as temperature, mechanical pressure, and magnetic or electric fields. Thanks to the combination of fluidity and anisotropy of optical and optoelectrical properties, they are used on daily basis, e.g., in liquid crystal displays (LCDs), optical shutters or contact thermometers [1]. In the last decade, photo responsive liquid-crystalline materials, whose properties can be modulated by ultraviolet (UV) or visible light, have been intensively studied due to their possible applications in various photonic devices [2,3], optical memories [4], optical switches [5], displays or artificial muscles [6,7].



From the pool of feasible photosensitive units, the azobenzene moiety is the most frequently utilized motive in the structure of LCs to induce photo-responsivity [8]. (E)-(Z) isomerization, triggered by an external light source of a specific wavelength, results in changes of geometry and thus breaks the supramolecular arrangement within a mesophase. This typically leads to the decrease of order parameter of the system and the transition from a mesophase into the isotropic liquid, followed by visible light-triggered and/or thermal relaxation into the original state [9,10,11]. From this point of view, the rate of the (E)-(Z) photoisomerization and thermal back (Z)-(E) relaxation are two important parameters for real applications. Photoswitches with very fast or very slow relaxation, on the other hand, are both desired for different types of applications (e.g., optical storage devices). Various lateral substitution neighbouring the azo group can modulate the mesomorphic and photochromic properties [12,13] of formed mesophases [14,15] and, thus, can be used to fine-tune the materials properties. Apart from that, asymmetric azobenzene materials with different terminal alkyl chains can be used to prepare materials with room temperature mesophases. In a similar manner, multicomponent mixtures containing azobenzene-based LCs can be utilized [16]. The properties of such materials can be then modulated by low power UV and/or visible light, which gives rise to optically controled spatial solitons or the formation of holographic gratings [17,18].



Bent-core liquid crystals (BCLCs) are an extraordinary class of the mesomorphic materials since they may exhibit polar order and macroscopic chirality in self-assembled mesophases consisting of achiral molecules. According to their structure, they can form various mesophases with unique properties in comparison with other classes of LCs [19,20,21]. Bent-core nematics (BCN) can have biaxial character [22,23,24,25,26] and exhibit a huge flexoelectric effect compared to conventional calamitic nematics [27,28,29,30], which predetermines them for new generation of optoelectrical devices, holographic media [31,32], photonics and optical data storage [33,34]. In this study, we focused on a group of BCLCs possessing the azo group in one of the elongating side arms. With the aim of preferably preparing BCN materials, we introduced a lateral substituent (fluorine) into the central core. This substitution, together with the orientation of the ester linking units, previously led to the preferential formation of a nematic phase [35]. Lateral substituents in the azobenzene part of the structure should pose a strong effect on the stability of photochemically formed (Z)-isomers. This effect was already described for calamitic materials [14], but has not been studied for BCLCs to date.




2. Materials and Methods


2.1. Design and Synthesis of Materials


Encouraged by our recent investigation on light-tunable flexoelectric domains [2], we have designed a new series of BCLCs (Ia-d) with a different substitution neighboring the azo group (Figure 1) to modulate the photochemical properties.



The designed materials were prepared from two separately synthesized building blocks (Figure 2). Photosensitive arms (4a-d) were connected via acylation with phenol (7) according to the previously published procedure [2] to afford the final bent-core molecules (Ia-d).




2.2. Synthesis and Characterization


All commercially available reagents were purchased from Merck (Darmstadt, Germany) and TCI Chemicals Europe (Zwijndrecht, Belgium) and used without further purification. Photosensitive precursors 1a-d, fluorinated acid 4 and phenol 5 were prepared previously, according to known procedure, and their analytical data correspond to that described in the literature [14]. Dry dichloromethane and dimethylformamide (DMF) were taken from the solvent purification system PureSolv MD7 (Amesbury, MA, USA). For column chromatography, a Kieselgel 60–100 μm (Merck, Darmstadt, Germany) was used.



The structures of the intermediates and final products were confirmed by 1H and 13C NMR spectroscopy. Spectra were acquired on an Agilent 400-MR DDR2 spectrometer (Agilent Technologies, Santa Clara, CA, USA), chemical shifts (δ) are given in ppm, and spin-spin coupling constants (J) in Hz. Deuterated chloroform (CDCl3) and dimethylsulfoxide (d6-DMSO) were used as solvents. The residual non-deuterated peak was used as the internal standard for the NMR spectra. The multiplicity of recorded peaks is described using following abbreviations: d—doublet, t—triplet, q—quartet, m—multiplet. Three general methods (A—alkylation, B—ester hydrolysis and C—acylation with acid chloride) were used for the preparation of all final BCLCs.



General method A. To a stirred solution of phenol (1.0 eq.) and freshly dried potassium carbonate (1.1 eq.) in dry DMF (10 mL/mmol), octylbromide (1.1 eq.) was added and the reaction mixture was heated to reflux for 2 h in an inert atmosphere. Full conversion of reagents was detected by TLC (eluent toluene:MTBE, 30:1). After cooling to room temperature, the reaction mixture was decomposed with water (50 mL/mmol) and extracted with toluene (3 × 50 mL/mmol). The collected organic solution was dried with anhydrous MgSO4. After filtration, the solvent was removed under reduced pressure and the crude product was purified by column chromatography (eluent toluene:MTBE, 40:1).



General method B. To a stirred solution of ester (1 eq.) in dioxane (30 mL/mmol), ethanol (30 mL/mmol) and aqueous solution, 0.5 M of natrium hydroxide (3 eq.) was added and the reaction mixture was heated to reflux for 1.5 h. After cooling to room temperature, EtOH was removed under reduced pressure and the resulting suspension was diluted with water (20 mL/mmol) and acidified with HCl (17%) to pH approx. 1-2. The precipitate was filtered out, dried under reduced pressure, and used in the following reaction without further purification.



General method C. To a stirred suspension of acid (1.0 eq.) in oxalyl chloride (10 mL/mmol) a catalytic amount of DMF (0.05 mL) was added. The resulting mixture was heated to reflux, and after 45 min the excess oxalyl chloride was distilled off. The residue was dissolved in hexane (10 mL/mmol) and treated with active charcoal at reflux. After the mixture was filtered while hot, the hexane was evaporated, and the crude acid chloride was mixed with a solution of DMAP (1.1 eq.) and phenol (1 eq.) in dry toluene (15 mL/mmol). The mixture was stirred in an argon atmosphere at room temperature for 8 h, and then decomposed with 17% aq. hydrochloric acid. The layers were separated, and the aqueous layer was extracted with chloroform (2 × 30 mL/mmol). The combined organic solution was dried with anhydrous MgSO4. The solvent was removed and the crude orange product was purified by column chromatography (eluent toluene:MTBE, 30:1) and multiple crystallizations from the EtOH/ EtOAc (1:1) mixture.



Ethyl (E)-4-{[2,6-difluoro-4-(octyloxy)phenyl]diazenyl}benzoate (2a)



According to the general method A, the intermediate 2a was prepared and purified to yield 0.97 g (71%) of orange solid, m.p. 108–111 °C. 1H NMR (400 MHz, CDCl3): 0.89 (t, 3H, J = 7.1, CH3), 1.25–1.51 (m, 10H, 5× CH2), 1.42 (t, 3H, J = 7.1, CH3), 1.77–1.84 (m, 2H, CH2), 4.01 (t, 2H, J = 6.5, OCH2), 4.41 (q, 2H, J = 7.1, OCH2), 6.59 (d, 2H, J = 11.2, Ar), 7.90 (d, 2H, J = 8.6, Ar), 8.17 (d, 2H, J = 8.6, Ar) 13C NMR (100 MHz, CDCl3): 14.10 (CH3), 14.33 (CH3), 22.65 (CH2), 25.87 (CH2), 28.84 (CH2), 29.18 (CH2), 29.25 (CH2), 31.77 (CH2), 61.25 (OCH2), 69.18 (OCH2), 99.30 (dd, 2× CH-Ar, JC-F = 24.0, 3.0), 122.32 (2× CH-Ar), 125.17 (t, C-Ar, JC-F = 9.3), 130.52 (2× CH-Ar), 131.12 (C-Ar), 155.96 (C-Ar), 157.70 (dd, 2× CH-Ar, JC-F = 261.0, 7.3), 162.00 (t, C-Ar, JC-F = 14.0), 166.08 (C=O).



Ethyl (E)-4-{[2,6-dichloro-4-(octyloxy)phenyl]diazenyl}benzoate (2b)



According to the general method A, the intermediate 2b was prepared and purified to yield 1.12 g (84%) of orange solid, m.p. 55–58 °C. 1H NMR (400 MHz, CDCl3): 0.88 (t, 3H, J = 7.1, CH3), 1.22–1.48 (m, 10H, 5× CH2), 1.43 (t, 3H, J = 7.1, CH3), 1.76–1.84 (m, 2H, CH2), 3.99 (t, 2H, J = 6.6, OCH2), 4.42 (q, 2H, J = 7.1, OCH2), 6.98 (s, 2H, Ar), 7.96 (d, 2H, J = 8.9, Ar), 8.21 (d, 2H, J = 8.9, Ar). 13C NMR (100 MHz, CDCl3): 14.11 (CH3), 14.32 (CH3), 22.65 (CH2), 25.89 (CH2), 28.94 (CH2), 29.20 (CH2), 29.26 (CH2), 31.78 (CH2), 61.34 (OCH2), 68.96 (OCH2), 115.67 (2× CH-Ar), 122.63 (2× CH-Ar), 129.97 (C-Ar), 130.60 (2× CH-Ar), 132.79 (C-Ar), 141.82 (C-Ar), 157.32 (C-Ar), 159.06 (2× C-Ar), 165.95 (C=O).



Ethyl (E)-4-{[2,6-dibromo-4-(octyloxy)phenyl]diazenyl}benzoate (2c)



According to the general method A, the intermediate 2c was prepared and purified to yield 1.04 g (83%) of orange solid, m.p. 53–56 °C. 1H NMR (400 MHz, CDCl3): 0.90 (t, 3H, J = 6.8, CH3), 1.23–1.53 (m, 10H, 5× CH2), 1.43 (t, 3H, J = 7.1, CH3), 1.74–1.85 (m, 2H, CH2), 3.99 (t, 2H, J = 6.5, OCH2), 4.42 (q, 2H, J = 7.1, OCH2), 7.21 (s, 2H, Ar), 7.98 (d, 2H, J = 8.8, Ar), 8.21 (d, 2H, J = 8.8, Ar). 13C NMR (100 MHz, CDCl3): 14.11 (CH3), 14.32 (CH3), 22.65 (CH2), 25.89 (CH2), 28.96 (CH2), 29.20 (CH2), 29.25 (CH2), 31.79 (CH2), 61.35 (OCH2), 69.00 (OCH2), 117.02 (C-Ar), 119.40 (2× CH-Ar), 122.71 (2× CH-Ar), 130.63 (2× CH-Ar), 132.89 (C-Ar), 142.68 (C-Ar), 154.38 (C-Ar), 159.26 (2× C-Ar), 165.95 (C=O).



Ethyl (E)-4-{[2,6-dimethyl-4-(octyloxy)phenyl]diazenyl}benzoate (2d)



According to the general method A, the intermediate 2d was prepared and purified to yield 1.21 g (88%) of orange solid, m.p. 64–65 °C. 1H NMR (400 MHz, CDCl3): 0.89 (t, 3H, J = 7.1, CH3), 1.23–1.50 (m, 10H, 5× CH2), 1.43 (t, 3H, J = 7.1, CH3), 1.76–1.84 (m, 2H, CH2), 2.53 (s, 6H, 2× CH3), 4.01 (t, 2H, J = 6.6, OCH2), 4.41 (q, 2H, J = 7.1, OCH2), 6.67 (s, 2H, Ar), 7.86 (d, 2H, J = 8.6, Ar), 8.17 (d, 2H, J = 8.6, Ar). 13C NMR (100 MHz, CDCl3): 14.13 (CH3), 14.35 (CH3), 20.77 (2× CH3), 22.67 (CH2), 26.02 (CH2), 29.22 (CH2), 29.25 (CH2), 29.35 (CH2), 31.82 (CH2), 61.16 (OCH2), 68.06 (OCH2), 115.14 (2× CH-Ar), 121.98 (2× CH-Ar), 130.53 (2× CH-Ar), 131.22 (C-Ar), 136.09 (C-Ar), 143.98 (C-Ar), 155.74 (C-Ar), 160.03 (2× C-Ar), 166.25 (C=O).



(E)-4-{[2,6-difluoro-4-(octyloxy)phenyl]diazenyl}benzoic acid (3a)



According to the general method B, acid 3a was prepared and purified to yield 80 mg (91%) of orange solid, m.p. 100–106 °C. 1H NMR (400 MHz, d6-DMSO): 0.83 (t, 3H, J = 6.9, CH3), 1.19–1.43 (m, 10H, 5× CH2), 1.65–1.75 (m, 2H, CH2), 4.08 (t, 2H, J = 6.6, OCH2), 6.97 (d, 2H, J = 11.5, Ar), 7.85 (d, 2H, J = 8.6, Ar), 8.11 (d, 2H, J = 8.6, Ar), 13.21 (bs, 1H, COOH). 13C NMR (100 MHz, d6-DMSO): 14.41 (CH3), 22.54 (CH2), 25.77 (CH2), 28.73 (CH2), 29.10 (CH2), 29.12 (CH2), 31.69 (CH2), 69.65 (OCH2), 100.13 (dd, 2× CH-Ar, JC-F = 24.0, 3.0), 122.53 (2× CH-Ar), 124.62 (t, C-Ar, JC-F = 9.4), 131.05 (2× CH-Ar), 133.94 (C-Ar), 155.40 (C-Ar), 157.38 (dd, 2× C-Ar, JC-F = 258.9, 7.4), 162.58 (t, C-Ar, JC-F = 14.7), 167.28 (C=O).



(E)-4-{[2,6-dichloro-4-(octyloxy)phenyl]diazenyl}benzoic acid (3b)



According to the general method B, acid 3b was prepared and purified to yield 0.84 (79%) of orange solid, m.p. 157–160 °C. 1H NMR (400 MHz, d6-DMSO): 0.84 (t, 3H, J = 6.7, CH3), 1.21–1.45 (m, 10H, 5× CH2), 1.66–1.77 (m, 2H, CH2), 4.09 (t, 2H, J = 6.5, OCH2), 7.27 (s, 2H, Ar), 7.92 (d, 2H, J = 8.5, Ar), 8.15 (d, 2H, J = 8.5, Ar), 13.34 (bs, 1H, COOH). 13C NMR (100 MHz, d6-DMSO): 14.43 (CH3), 22.55 (CH2), 25.78 (CH2), 28.80 (CH2), 29.09 (CH2), 29.11 (CH2), 31.69 (CH2), 69.34 (OCH2), 116.34 (2× CH-Ar), 122.92 (2× CH-Ar), 128.46 (C-Ar), 131.18 (2× CH-Ar), 140.45 (C-Ar), 154.44 (C-Ar), 159.52 (2× C-Ar), 167.07 (C=O).



(E)-4-{[2,6-dibromo-4-(octyloxy)phenyl]diazenyl}benzoic acid (3c)



According to the general method B, acid 3c was prepared and purified to yield 0.75 mg (79%) of orange solid, m.p. 165–167 °C. 1H NMR (400 MHz, d6-DMSO): 0.85 (t, 3H, J = 6.9, CH3), 1.17–1.46 (m, 10H, 5× CH2), 1.65–1.74 (m, 2H, CH2), 4.07 (t, 2H, J = 6.5, OCH2), 7.43 (s, 2H, Ar), 7.92 (d, 2H, J = 8.7, Ar), 8.16 (d, 2H, J = 8.7, Ar), 13.36 (bs, 1H, COOH). 13C NMR (100 MHz, d6-DMSO): 14.43 (CH3), 22.55 (CH2), 25.77 (CH2), 28.83 (CH2), 29.09 (CH2), 29.11 (CH2), 31.68 (CH2), 69.29 (OCH2), 116.61 (C-Ar), 119.73 (2× CH-Ar), 122.94 (2× CH-Ar), 131.19 (2× CH-Ar), 134.45 (C-Ar), 142.61 (C-Ar), 154.00 (C-Ar), 159.61 (2× C-Ar), 167.08 (C=O).



(E)-4-{[2,6-dimethyl-4-(octyloxy)phenyl]diazenyl}benzoic acid (3d)



According to the general method B, acid 3d was prepared and purified to yield 1.04 g (94%) of orange solid, m.p. 160–163 °C. 1H NMR (400 MHz, d6-DMSO): 0.80–0.88 (m, 3H, CH3), 1.16–1.46 (m, 10H, 5× CH2), 1.65–1.76 (m, 2H, CH2), 2.46 (s, 6H, 2× CH3) 4.01 (t, 2H, J = 6.5, OCH2), 6.78 (s, 2H, Ar), 7.84 (d, 2H, J = 8.5, Ar), 8.09 (d, 2H, J = 8.5, Ar), 13.13 (bs, 1H, COOH). 13C NMR (100 MHz, d6-DMSO): 14.42 (CH3), 20.81 (2× CH3), 22.55 (CH2), 25.92 (CH2), 29.07 (CH2), 29.14 (CH2), 29.17 (CH2), 31.70 (CH2), 68.08 (OCH2), 115.60 (2× CH-Ar), 122.31 (2× CH-Ar), 131.03 (2× CH-Ar), 132.31 (C-Ar), 136.12 (C-Ar), 143.63 (C-Ar), 155.57 (C-Ar), 160.22 (2× C-Ar), 167.29 (C=O).



4-{[4-(octyloxy)benzoyl]oxy}phenyl 3-benzyloxy-4-fluorobenzoate (6)



To a stirred suspension of 3-benzyloxy-4-fluorobenzoic acid 4 (0.62 g; 2.52 mmol), 4-hydroxyfenyl-4-octyloxybenzoate (0.82 g; 2.40 mmol) and DCC (0.55 g; 2.52 mmol) in dry dichloromethane (50 mL) and, in an inert atmosphere, a catalytic amount of DMAP was added, and the reaction mixture was stirred at room temperature for 24 h. Precipitated N,N’-dicyclohexylurea was filtered out, and the filtrate was concentrated under reduced pressure. The crude product was purified by multiple crystallization from the mixture of EtOH and EtOAC (1:1) to yield 0.85 g (62%) of white solid, m.p. 126–129 °C. Analytical data are the same as reported [2].



4-{[4-(octyloxy)benzoyl]oxy}phenyl 4-fluoro-3-hydroxybenzoate (7)



To a stirred solution of benzyl derivative 6 (0.83 g; 1.45 mmol) and ammonium formate (0.28 g; 4.36 mmol) in iso-butyl(methyl)ketone (50 mL) and inert atmosphere, Pd/C (10% w/w) was added. The reaction was refluxed for 2 h, then the catalysator was filtered out, and the filtrate was concentrated under reduced pressure. The crude product was purified by column chromatography (eluent toluene:THF, 10:1) to yield 0.59 g (85%) of white solid, m.p. 118–120 °C. Analytical data are the same as reported [2].



4-((4-(octyloxy)benzoyl)oxy)phenyl (E)-3-((4-((2,6-difluoro-4-(octyloxy)phenyl)diazenyl)benzoyl)oxy)-4-fluorobenzoate (Ia)



According to the general method C, final material Ia was prepared and purified to yield 180 g (90%) of orange solid. 1H NMR (400 MHz, CDCl3): δ 0.85–0.94 (m, 6H, 2× CH3), 1.24–1.41 (m, 16H, 8× CH2), 1.42–1.52 (m, 4H, 2× CH2), 1.75–1.88 (m, 4H, 2× CH2), 3.98–4.09 (m, 4H, 2× OCH2), 6.60 (d, 2H, JH-F = 11.5, Ar), 6.98 (d, 2H, J = 8.5, Ar), 7.27 (s, 4H, Ar), 7.34–7.41 (m, 1H, Ar), 8.00 (d, 2H, J = 8.4, Ar), 8.11–8.21 (m, 4H, Ar), 8.36 (d, 2H, J = 8.6). 13C NMR (100 MHz, CDCl3): 14.12 (2× CH3), 20.95 (2× CH3Ar), 22.66 (CH2), 22.68 (CH2), 25.99 (CH2), 26.02 (CH2), 29.09 (CH2), 29.22 (CH2), 29.23 (CH2), 29.25 (CH2), 29.33 (CH2), 29.35 (CH2), 31.81 (CH2), 31.82 (CH2), 68.09 (OCH2), 68.34 (OCH2), 99.36 (dd, 2× CH-Ar, JC-F = 23.9, 3.0) 114.32 (2× CH-Ar), 117.21 (d, CH-Ar, JC-F = 19.5), 121.26 (C-Ar), 122.48 (2× CH-Ar), 122.66 (2× CH-Ar), 122.84 (2× CH-Ar), 125.18 (t, C-Ar, JC-F = 9.2), 126.37 (d, C-Ar, JC-F = 3.4), 126.44 (d, CH-Ar, JC-F = 2.3), 129.64 (C-Ar), 129.84 (d, CH-Ar, JC-F = 8.6) 131.53 (2× CH-Ar), 132.32 (2× CH-Ar), 136.56 (C-Ar), 138.44 (d, C-Ar, JC-F = 13.5), 147.97 (C-Ar), 148.71 (C-Ar), 156.71 (C-Ar), 157.81 (dd, 2× C-Ar, JC-F = 261.5, 7.2), 157.93 (d, C-Ar, JC-F = 246.3), 162.34 (t, C-Ar, JC-F = 14.2), 163.43 (C=O), 163.62 (C=O), 164.82 (C=O).



4-((4-(octyloxy)benzoyl)oxy)phenyl (E)-3-((4-((2,6-dichloro-4-(octyloxy)phenyl)diazenyl)benzoyl)oxy)-4-fluorobenzoate (Ib)



According to the general method C, final material Ib was prepared and purified to yield 60 mg (37%) of orange solid. 1H NMR (400 MHz, CDCl3): δ 0.83–0.93 (m, 6H, 2× CH3), 1.23–1.54 (m, 20H, 10× CH2), 1.77–1.86 (m, 4H, 2× CH2), 3.98–4.09 (m, 4H, 2× OCH2), 6.95–7.01 (m, 4H, Ar), 7.27 (s, 4H, Ar), 7.34–7.41 (m, 1H, J = 9.0, Ar), 8.05 (d, 2H, J = 8.2, Ar), 8.12–8.21 (m, 4H, Ar), 8.40 (d, 2H, J = 8.3, Ar). 13C NMR (100 MHz, CDCl3): 14.12 (2× CH3), 22.66 (2× CH2), 25.89 (CH2), 25.99 (CH2), 28.94 (CH2), 29.09 (CH2), 29.21 (CH2), 29.23 (CH2), 29.26 (CH2), 29.33 (CH2), 31.79 (CH2), 31.81 (CH2), 68.35 (OCH2), 69.01 (OCH2), 114.33 (2× CH-Ar), 115.76 (2× CH-Ar) 117.19 (d, CH-Ar, JC-F = 18.8), 121.25 (C-Ar), 122.48 (2× CH-Ar), 122.86 (2× CH-Ar), 122.97 (2× CH-Ar), 126.38 (C-Ar), 126.44 (d, CH-Ar, JC-F = 3.4), 129.49 (C-Ar), 129.93 (d, CH-Ar, JC-F = 8.5), 131.60 (2× CH-Ar), 132.33 (2× CH-Ar), 138.41 (d, C-Ar, JC-F = 13.4), 140.68 (C-Ar), 147.96 (C-Ar), 148.72 (C-Ar), 155.63 (C-Ar), 157.84 (d, C-Ar, JC-F = 258.5), 159.30 (2× C-Ar), 163.34 (C=O), 163.42 (C=O), 163.63 (C-Ar), 164.83 (C=O).



4-((4-(octyloxy)benzoyl)oxy)phenyl (E)-3-((4-((2,6-dibromo-4-(octyloxy)phenyl)diazenyl)benzoyl)oxy)-4-fluorobenzoate (Ic)



According to the general method C, final material Ic was prepared and purified to yield 350 mg (73%) of orange solid. 1H NMR (400 MHz, CDCl3): δ 0.86–0.95 (m, 6H, 2× CH3), 1.22–1.42 (m, 16H, 8× CH2), 1.43–1.52 (m, 4H, 2× CH2), 1.76–1.89 (m, 4H, 2× CH2), 3.98–4.08 (m, 4H, 2× OCH2), 6.60 (m, 2H, Ar), 6.98 (d, 2H, J = 8.3, Ar), 6.99–7.25 (m, 2H, Ar), 7.27 (s, 4H, Ar), 7.38 (m, 1H, Ar), 8.04–8.09 (m, 2H, Ar), 8.11–8.21 (m, 4H, Ar), 8.38–8.42 (m, 2H, Ar). 13C NMR (100 MHz, CDCl3): 14.12 (2× CH3), 22.66 (2× CH2), 25.89 (CH2), 25.99 (CH2), 28.95 (CH2), 29.09 (CH2), 29.21 (CH2), 29.23 (CH2), 29.26 (CH2), 29.33 (CH2), 31.79 (CH2), 31.81 (CH2), 68.34 (OCH2), 69.01 (m, OCH2), 114.32 (2× CH-Ar), 116.12 (d, CH-Ar, J = 73.0), 117.21 (d, CH-Ar, JC-F = 19.5), 118.16 (d, C-Ar, J = 174.4), 119.12 (d, C-Ar, J = 72.9) 121.26 (C-Ar), 122.96 (2× CH-Ar), 123.01 (2× CH-Ar), 123.04 (m, 2× CH-Ar), 126.37 (d, C-Ar, JC-F = 1,8), 126.40 (d, CH-Ar, JC-F = 3.4), 128.77 (d, C-Ar, J = 146.0), 129.93 (d, CH-Ar, JC-F = 8.4), 130.37 (m, C-Ar), 131.61 (2× CH-Ar), 132.32 (2× CH-Ar), 138.41 (d, C-Ar, JC-F = 13.4), 141.59 (m, C-Ar), 147.96 (C-Ar), 148.72 (C-Ar), 155.39 (m, C-Ar), 157.83 (d, C-Ar, JC-F = 258.7), 159.39 (m, 2× C-Ar), 163.34 (d, J = 8.4, C=O), 163.63 (C=O), 164.81 (C=O).



4-((4-(octyloxy)benzoyl)oxy)phenyl (E)-3-((4-((2,6-dimethyl-4-(octyloxy)phenyl)diazenyl)benzoyl)oxy)-4-fluorobenzoate (Id)



According to the general method C, final material Id was prepared and purified to yield 220 mg (87%) of orange solid. 1H NMR (400 MHz, CDCl3): δ 0.85–0.94 (m, 6H, 2× CH3), 1.25–1.41 (m, 16H, 8× CH2), 1.44–1.52 (m, 4H, 2× CH2), 1.76–1.89 (m, 4H, 2× CH2), 2.57 (s, 6H, 2× CH3), 3.98–4.09 (m, 4H, 2× OCH2), 6.69 (s, 2H, Ar), 6.98 (d, 2H, J = 9.0, Ar), 7.27 (s, 4H, Ar), 7.34–7.41 (m, 1H, Ar), 7.95 (d, 2H, J = 8.7, Ar), 8.10–8.21 (m, 4H, Ar), 8.35 (d, 2H, J = 8.7). 13C NMR (100 MHz, CDCl3): 14.12 (2× CH3), 20.95 (2× CH3Ar), 22.66 (CH2), 22.68 (CH2), 25.99 (CH2), 26.02 (CH2), 29.09 (CH2), 29.22 (CH2), 29.23 (CH2), 29.25 (CH2), 29.33 (CH2), 29.35 (CH2), 31.81 (CH2), 31.82 (CH2), 68.09 (OCH2), 68.34 (OCH2), 114.32 (2× CH-Ar), 115.23 (2× CH-Ar), 117.19 (d, CH-Ar, JC-F = 19.6), 121.27 (C-Ar), 122.33 (2× CH-Ar), 122.48 (2× CH-Ar), 122.84 (2× CH-Ar), 126.35 (d, C-Ar, JC-F = 3.3), 126.44 (d, CH-Ar, JC-F = 2.1), 128.69 (C-Ar), 129.82 (d, CH-Ar, JC-F = 8.5) 131.55 (2× CH-Ar), 132.32 (2× CH-Ar), 136.56 (2× C-Ar), 138.51 (d, C-Ar, JC-F = 13.4), 143.90 (C-Ar), 147.98 (C-Ar), 148.71 (C-Ar), 156.62 (C-Ar), 157.91 (d, C-Ar, JC-F = 259.1), 160.34 (2× C-Ar), 163.44 (C=O), 163.60 (C=O), 163.63 (C-Ar), 164.81 (C=O).




2.3. Characterization of Mesomorphic and Photochemical Behavior


The sequence of phases and phase transition temperatures of materials Ia-d were determined by observations of characteristic textures and their changes in a polarizing optical microscope (POM) NIKON Elipse E600Pol (Nikon, Tokyo, Japan) and checked by differential scanning calorimetry (DSC) and a Perkin-Elmer 8000 (Perkin-Elmer, Waltham, MA, USA) calorimeter was utilized on the cooling and heating runs at a rate of 5 K min−1. Temperature and enthalpy change values were calibrated on the temperatures and the enthalpy changes of the melting points of water, indium, and zinc.



Absorption spectra were recorded on a UV-Vis spectrometer (Agilent Cary 8454) in matched 1 cm quartz cells (cells for fluorescence measurements with a screw cap with septa from Hellma) equipped with a stir bar, at ambient temperature (22 ± 1 °C). A solution of the selected compound (Ia-Id, solvent—chloroform, c = 4–8 × 10−5 M, volume—3 mL) was irradiated with a light source of the selected wavelength (λmax = 368 ± 10, 460 ± 15, 550 ± 20 nm, hereafter denoted as 365, 460 and 560 nm, which are the manufacturer specified values) arranged perpendicularly to the spectrometer beam so that the spectra could be recorded during irradiation. The samples were irradiated for at least 30 min, the photostationary state (PSS) was determined when at least 5 absorption spectra recorded in 5 min intervals were identical.



The photoresponses of the materials Ia-d in mesophase were studied by POM, using a Nikon Eclipse E400Pol equipped with a Nikon U2 (CCD 5Mpx camera), UV-Vis Ocean Optics SD2000 miniature fiber optic spectrometer, and a homemade microscopy hot-stage (PID controlled in the range of 20–120 °C). The BCLC materials were cooled down to a desired temperature and illuminated with UV/Vis light (wavelength 365, 460 and 560 nm, intensity 11.3 mW cm−2) using different LED diode sources (Height-Led, Shenzhen, China).



Photostationary states were determined using 1H NMR studies. Solutions of the final materials Ia-d (0.6 × 10−3 mol L−1) in CDCl3 (0.6 mL) were heated to the boiling point in a cuvette and an almost quantitative conversion to the (E) form was observed. Samples were then exposed to irradiation with 365, 460 and 560 nm wavelength in sequence to obtain the PSS. PSS365 was reached after 1500 s, PSS460 after 240 s and PSS560 after 540 s (no significant changes with further irradiation were observed). The 1H NMR spectra were acquired on an Agilent 400-MR DDR2 spectrometer (Agilent Technologies, Santa Clara, CA, USA).





3. Results and Discussion


3.1. Mesomorphic Properties


The mesomorphic properties of the prepared materials were studied using POM and DSC. Results of these measurements are summarized in Table 1. An example of a DSC heating/cooling run for material Id is presented in Figure 3.



In comparison with previously reported SV775, which exhibited one additional smectic mesophase before crystallization [2], the materials prepared here formed a nematic phase only. The introduction of lateral substituents to the photosensitive arm decreased the melting point and transition temperatures from Iso to the nematic mesophase on cooling. For the newly prepared compounds Ia-Id, only a monotropic nematic phase was found on cooling from the isotropic phase. This nematic mesophase was rather unstable, and during POM crystallization appeared (Figure 4). It is assumed that the steric demands of the substitution hindered self-organization into more organized system (e.g., smectic layers) and, therefore, cooling from the nematic phase led directly to crystallization.




3.2. Photosensitivity of the Materials


3.2.1. Photo-Response in Solution


Since all prepared LC materials comprise photosensitive azo (diazenyl) group, their geometry can be easily changed by UV/Vis light irradiation (Figure 5). (E)-(Z) isomerization from the initial state led to the breaking of the supramolecular order, and thus to the phase transition. The most common is the light-induced isothermal transition from mesophase to the isotropic liquid [36]. In some cases, it is possible to observe a transition to a different mesophase [37,38,39].



First, the photo-response of the new BCLCs was studied in solution using UV/Vis measurements at various wavelengths (Figure 6). For all materials, a decrease in the intensity of an absorption band characteristic for the (E)-isomer was observed under ambient light. Therefore, two visible light wavelengths were used to study this feature closer. It is worth noting that the photo-response strongly depended on lateral substitution in the vicinity of the azo group. For the halogenated compounds Ia-c, high-energy visible light (460 nm) had a similar effect as ambient light. On the other hand, low-energy visible light (560 nm) induced the (E)-to-(Z) transition, particularly in the cases of materials Ib and Ic substituted with chlorine and bromine, respectively. This behavior was caused by the shift of the absorption maximum caused by the substituents, which can be observed especially for the (Z)-isomers. For the methyl-substituted compound Id, only a weak effect of visible light was observed.



The (E)-to-(Z) transition induced by the UV-light (365 nm) was the most effective for all compounds. In the case of fluoro-substituted material Ia, the absorption band of the (E)-isomer almost disappeared. In the case of materials Ib and Ic, substituted with chlorines and bromines, respectively, the effectivity of irradiation was lower. The lowest effect of UV light was again observed for the methyl-substituted material Id.



In order to determine the exact (E)/(Z) ratio after irradiation with various light sources, the PSS of reversible photochemical switching between the (E) and (Z) isomers were established with 1H NMR studies (Table 2). In all cases, UV light (365 nm) generated the higher ratio of (Z) isomer in comparison with visible green light (560 nm). The process of inverse isomerization (from (Z) and (E)) is possible upon irradiation with blue visible light (460 nm). The best photo-response and switchability was shown in the fluorinated (Ia) and chlorinated (Ib) derivatives, while the larger excesses of (Z) formed in PSS365 and PSS560. The inverse process of isomerization to the (E) configuration was effective However, the bromo- and methyl-substituted compounds Ic and Id, respectively, exhibited higher (Z)/(E) ratios than Ia and Ib.



The example of the 1H NMR spectra and determination of (E)/(Z) ratio for the material Ia are shown in Figure 7. Signals of aromatic hydrogens neighboring fluorine atoms at 6.60 and 6.36 ppm were well separated for both (E) and (Z) isomer. Intensity changes of signals after irradiation are clearly observable, and indicated photochemical switching. PSSs were established when no significant changes in spectra were observed on further irradiation.




3.2.2. Photo-Response in Mesophase


The effect of irradiation was studied also in mesophase, primarily using a UV light (365 nm). In this case, all newly prepared materials underwent immediate light-induced transition from N to Iso (Figure 8). Photoisomerization from (E) to (Z) can be managed not only by UV (365 nm), but also by visible green light (560 nm). In both cases, the light-induced (Z)-isomer, which is responsible for the transition of the system to the isotropic phase, remained stable for several hours and no thermal back relaxation was observed. Such high stability of the (Z)-isomers during constant heating is remarkable, but it corresponds with the published literature [14,40,41]. However, the main drawback of the reported substances is their monotropic behavior. Due to their monotropic character, the materials did not undergo complete back-relaxation to the nematic phase. Instead, a slow transition to the crystalline state was observed. We assume that higher stability of the nematic phase, i.e., reaching the enantiotropic nematic phase, could be achieved by elongation of the terminal alkyl chains.






4. Conclusions


We report on the synthesis, mesomorphic properties, and photochemical behavior of four novel bent-core liquid crystals. The materials feature a common lateral substituent (fluorine) on the central core, which helps to reduce phase transition temperatures. In addition to that, fluorine was previously identified as a helpful substituent in the formation of a nematic phase, which is particularly interesting for bent-core materials [29]. Further lateral substituents were introduced to the azobenzene wing close to the azo group. These substituents have been shown to influence the spectral properties of the materials, and significantly stabilize photochemically-induced (Z)-isomer of the azo group. The experiments performed in the mesophase confirmed that the materials can be isothermally switched from the condensed phase to isotropic liquid. Moreover, the materials expressed high stability (several hours) in the photochemically induced isotropic liquid before transition to the crystalline state.
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Figure 1. (a) Previously investigated material SV775, [2] and (b) structure of the new material Ia-d. 
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Figure 2. Synthesis of the final materials Ia-d. 
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Figure 3. DSC plot of final material Id (heating—red line, cooling—blue line). The enthalpy change corresponding to the phase transition from the isotropic state to the nematic phase is shown in the inset. 
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Figure 4. Photos of materials Ia and Ic during the cooling and crystallization processes from the nematic mesophase observed in POM. 
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Figure 5. Photochemical isomerization of prepared BCLCs. 
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Figure 6. UV/Vis spectra of the studied materials measured in dark (black), at ambient light (red), UV-light (365 nm, blue) and two visible light wavelengths (460 nm, green) and (560 nm, purple). 
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Figure 7. Determination of the (E)/(Z) ratio from 1H NMR spectrum of the material Ia. Integrals of significant signals at 6.60 and 6.36 ppm correspond with percentage of (E) and (Z) isomers in the solution. 
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Figure 8. Photos of isothermal photo-triggered phase transition of materials Ia and Ic, observed in POM. Complete transition to isotropic liquid was finished within less than 3 s. 
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Table 1. Phase transition temperatures (°C) measured on cooling (5 °C min−1) and melting points, m.p. (°C), measured on heating (5 °C min−1) determined by differential scanning calorimetry (DSC) for the Ia-d materials, Cr—crystalline phase; Tcr—crystallization temperature, °C; M1-M3—formed mesophases on cooling; Ttr—transition temperature, °C; Iso—isotropic liquid state; N—nematic phase; •/- —phase exists/does not exist. The enthalpy changes, ΔH, in kJ mol‒1, are in brackets at the corresponding temperature.
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	Material
	m.p.

ΔH
	Cr
	TCr

ΔH
	M2
	TTr
	M1
	TTr

ΔH
	Iso





	SV775
	124
	•
	105
	SmX
	110
	N
	128
	•



	Ia
	115

+49.8
	•
	92

−70.6
	-
	-
	N
	110

−1.2
	•



	Ib
	100

+36.9
	•
	49

−15.6
	-
	-
	N
	73

−0.6
	•



	Ic
	101

+34.1
	•
	59

−10.2
	-
	-
	N
	80

−0.58
	•



	Id
	119

+46.4
	•
	75

−31.4
	-
	-
	N
	100

−0.25
	•
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Table 2. Ratio of (E) and (Z) isomers in various PSS states in deuterochloroform solution at room temperature.
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(E)/(Z) Ratios




	

	
X

	
PSS365

	
PSS460

	
PSS560






	
Ia

	
F

	
13/87

	
70/30

	
45/55




	
Ib

	
Cl

	
24/76

	
68/32

	
36/64




	
Ic

	
Br

	
52/48

	
84/16

	
64/36




	
Id

	
CH3

	
36/64

	
80/20

	
70/30
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