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Abstract 14 

Azobenzene-based bent-core liquid crystals demonstrate a variety of mesomorphic 15 

behaviors and photochromic properties which are desirable for optical switching. In this study, a 16 

series of novel compounds were synthesized by adding azo functional groups and chlorine 17 

substituent to the central bent-cores to form a 4-chloro-1,3-dizaophenylene bent-core. Fourier-18 

transform infrared spectroscopy (FTIR), 1H and 13C nuclear magnetic resonance (NMR), mass 19 

spectrometry (MS), differential scanning calorimetry (DSC), polarized optical microscopy (POM), 20 

and ultraviolet–visible spectroscopy (UV-Vis) were performed to evaluate the structure, mesogenic 21 

properties, and photosensitivity of these synthesized compounds. The experimental results show 22 

that these compounds exhibit a broad temperature window up to 63.8 °C for nematic phase. In 23 

addition, the enhancement of photonic properties of these compounds was exemplified by the high 24 

conversion ratio and the rapid rate of trans – cis photoisomerization of compound 4c. The cis 25 

fraction of 4c can reach 0.81. At 95 °C, 4c in nematic phase became isotropic liquid under UV-26 

irradiation in 3 seconds and can be restored to nematic under natural visible light in 5 seconds. At 27 

room temperature, 4c when dissolved in ethyl acetate solution can reach photostationary state in 28 

10 seconds. Quantum mechanics calculation confirms that using azos instead of esters as the 29 

central linkages can effectively reduce the molecular dipole moment, which appears to promote 30 

favorable mesogenic and photonic characteristics. Moreover, varying the carbon number in the 31 

terminal alkyl chains can alter molecular polarity and polarizability, especially the dipole moment 32 

and polarizability anisotropy, of which the variations are strongly correlated with the phase 33 

transition temperature and temperature range of nematic phase. These findings suggest that 1) 34 

changing azo group position can effectively alter the intermolecular interactions by varying 35 

molecular polarity and polarizability; 2) reducing long-range electrostatic interactions can promote 36 



favorable mesogenic and possibly photonic properties of azobenzene bent-core liquid crystal. This 37 

study linking the mechanistic details with phase behaviors provides a novel approach to improve 38 

the material design for photonic technology. 39 
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1. Introduction 43 

Signal switch is vital to the data transmission in communication and information 44 

technology. Photonic technology such as optical fiber has tremendous bandwidth compared to 45 

electrical technology because of the significantly weaker interactions between photons than that 46 

of electrons.1 However, current design of optical switch still requires electrical control due to the 47 

limitation of materials, which hinders the deployment of photonic technology to a larger scale. 48 

Therefore, discovering new phototunable materials is critical to the future design of optical 49 

switch.1–3 50 

Photosensitive liquid crystals, especially azobenzene-based bent-core liquid crystals 51 

(ABLCs), are promising materials for optical switching.4–7 ABLC compounds can be highly 52 

photochromic and mesogenic due to the reversible trans-cis photoisomerization of azo group (–53 

N=N–) induced by proper irradiation of ultraviolet or visible light.8,9 These characteristics also 54 

give rise to a myriad of potential applications of ABLC in areas such as elastomer, holographic 55 

imaging, optical data storage, and nanomachines.10–14 56 

To date, the majority of ABLC compounds implemented at least one ester as the direct 57 

linkage of the central bent-core and or deployed azo groups in the distant side arms,8,15–20 which 58 



usually exhibited high temperatures of phase transition, far above room temperature 25 °C, and 59 

narrow temperature ranges of nematic phases. To lower the phase transition temperature and 60 

broaden the temperature range of nematic phases, recent studies emphasized on structural 61 

alterations such as introducing different lateral substitutions on the bending core,15,16,21 varying the 62 

number of aromatic units,17,22–24 modifying the type, number, and position of linkage groups,17,25–63 

29 and changing the type and length of the terminal chains.17,18,28–31 Yet, the mesogenic phase 64 

behaviors of current ABLCs are still unfavorable for practical applications.  65 

We hypothesized that the linking groups adjacent to the central bent-core play a vital role 66 

in determining the mesogenic properties of ABLCs. The ester groups commonly used on the 67 

central bent-cores as the linking units can induce strong electrostatic forces that contribute to the 68 

intermolecular interactions of ABLCs, leading to high phase transition temperatures and narrow 69 

nematic phases. Previous studies suggest that the location of azo linkage does not exert significant 70 

influence on the mesogenic behavior; if azo bond is close to central ring, it can even inhibit the 71 

formation of mesogenic phases.17,25 However, their conclusions were based on compounds with a 72 

single azo linkage. This study proposed an alternative approach to improve the design of ABLC 73 

by using two azo bonds instead of esters as the central linkages that connect the central bent-core, 74 

which would weaken the intermolecular interactions and therefore enhance the overall 75 

performance of ABLC. ABLC compounds synthesized in this study were derived from 4-chloro-76 

1,3-diazobenzene. Each of them possesses two azo linkages and one chlorine substituent in the 77 

1,3-position and 4-position, respectively, at the central aromatic ring and terminal alkyl chains. 78 

2. Materials and methods 79 

2.1 Materials 80 



Anhydrous aluminum trichloride (chemically pure), N, N'-dicyclohexylcarbodiimide 81 

(DCC), and 4-dimethylaminopyridine (DMAP) were obtained from Tianjin Fuchen Chemical 82 

Reagent (China), Nanjing Chemical Reagent (China), and Xiya Reagent (China), respectively. All 83 

chemicals used in this study are of analytical grade, unless otherwise stated. 4-n-hexylbenzoic acid, 84 

4-n-heptylbenzoic acid, 4-n-octylbenzoic acid, 4-n-decylbenzoic acid, and 4-n-decylbenzoic acid 85 

were synthesized in our laboratory. Reaction products were purified by silica gel column 86 

chromatography and recrystallized three times from ethanol – dichloromethane 1:1 mixture. 87 

2.2 Characterization 88 

Reactions required low temperature were conducted in Zhengzhou Greatwall DHJF-8002 89 

low temperature constant temperature stirring reaction bath. Infrared spectroscopy was performed 90 

by a Thermo Nicolet Avatar 330 FTIR. 1H NMR spectra were obtained from a Varian INOVA 400 91 

spectrometer (400 MHz) using tetramethylsilane (TMS) as the reference standard. Differential 92 

scanning calorimetry (DSC) experiments were conducted on a TA Instruments DSC Q-20 with a 93 

scanning rate of 5 °C/ min and natural cooling. Phase transition and optical textures of liquid 94 

crystal compounds were characterized by a polarizing optical microscope (POM) XPN-100E from 95 

Shanghai Changfang Optical Instrument.  96 

UV-Visible absorption spectroscopy was collected by a UV-8000S spectrophotometer from 97 

Shanghai Metash Instrument. UV-Vis experiments were conducted using a wavelength range from 98 

200 nm to 550 nm and a scan rate of 1 nm/s. UV-Vis spectral data were used i. to measure the 99 

isomer fraction by dissolving sample in dilute solution of ethyl acetate (2.5×10-5 mol/L) at room 100 

temperature and ii. to characterize the UV-induced photoisomerization of mesogenic phases at 95 101 

– 100 °C. The data collection of UV-Vis spectroscopy started when the absorbance value of the 102 

two consecutive measurements were identical.  103 



2.3 Synthesis 104 

 Compound 4a–4g were synthesized according to Figure 1, of which the steps are described 105 

below. 106 

2.3.1 Synthesis of 4-chloro-1,3-dinitrobenzene (I)32  107 

Chlorobenzene (40 ml) was added into a 500 ml three-neck flask with magnetic stir bar. 108 

The temperature was maintained at 95 °C. Concentrated nitric acid (117.6 ml) and concentrated 109 

sulfuric acid (123.6 ml) were added in the flask. The solution mixture was stirred for 5 hours, in 110 

which the reaction was monitored by thin layer chromatography (TLC). The reaction product was 111 

washed with hot water to reach pH neutral, vacuum-filtered, and air-dried. This step produced 112 

yellow crystals.  113 

Yield: 55.07 g, 85.2%, melting point (m.p.) 48 °C. FTIR (KBr, νmax, cm-1): 3082.32 (Ar–114 

H), 1618.15, 1528.35 (Ar), 1474.40, 1352.32, 1306.78, 1202.84, 1102.45. 115 

2.3.2. Synthesis of 4-chlorom-1,3-diaminobenzene (II)33 116 

pure iron powder (28 g, 0.5 mol), glacial acetic acid (45 g), and 100 mL deionized water 117 

were added into a 250 mL three-necked flask. Once the solution was heated to 70 ~ 80 °C, 118 

compound (I) (20.2 g, 0.1 mol) was added. The reaction was carried out for 4h, which was 119 

monitored by TLC to ensure completion. The product mixture was filtered and washed with hot 120 

water twice to remove nonpolar impurities. The pH of the filtrate was adjusted to pH 10.0 with 121 

saturated Na2CO3 solution. The organic phase was extracted with 30 mL ethyl acetate repeated for 122 

thrice and then dried with anhydrous K2CO3, yielding a crude black product. The product was 123 

purified by silica gel column chromatography. This step produced a needle-shaped brown solid of 124 

compound (II).  125 



Yield: 10.5 g, 74.2%, m.p. 86-88 °C. FTIR (KBr, νmax, cm-1): 3343.37, 3405.11, 3315.06 126 

(N–H), 3211.17 (Ar–H), 1615.53, 1577.97, 1496.67, 1451.98 (Ar), 1333.37, 1274.30, 1208.48, 127 

1147.56, 1106.67, 1044.15, 845.96. 128 

2.3.3 Synthesis of 4-chloro-1,3-bis (4-hydroxyphenyl)azobenzene (III)34 129 

Chilled concentrated hydrochloric acid (40 mL, 0.5mol) was added in a three-necked flask. 130 

The temperature was maintained at below –25 °C. A solution prepared from sodium nitrite (12.5 131 

g, 0.18 mol) and 19 mL deionized water was added dropwise while stirring slowly. Then, a solution 132 

prepared from compound (II) (7.15g, 0.05mol) and concentrated hydrochloric acid (25mL) was 133 

added in multiple steps while gradually increasing the stirring speed. The reaction lasted for 0.5 134 

hour, generating a yellow transparent liquid. Urea pellets (4.8 g, 0.08mol) were added into the 135 

liquid dropwise while stirring to yield a diazonium salt. 136 

The diazonium salt was added slowly to a three-necked flask containing a solution of 137 

phenol (11.3g, 0.12mol), sodium carbonate (31.8g, 0.3mol) and water (200ml). The mixture in the 138 

flask was stirred for 3h in a cold-water bath, of which the reaction was monitored by the TLC. 139 

Once the reaction was completed, the mixture was filtered. The resultant filter cake was 140 

recrystallized from ethanol. 10.96g of yellow crystals of compound (III) was obtained. Yield: 141 

62.3%. m.p. 164 ~ 166 °C. FTIR (KBr, νmax, cm-1): 3333.1 (–OH), 1702.11, 1583.27, 1502.13, 142 

1473.53 (Ar), 1256.44, 1223.10, 1192.22, 1069.13, 1028.42, 853.33; 1H NMR (400 MHz, CDCl3, 143 

δ, ppm): 8.31 (s, 1H), 7.95 ~ 7.97 (d, J = 8 Hz, 1H), 7.67 ~ 7.77 (m, 5H), 7.18 ~ 7.21 (t, J = 6 Hz, 144 

4H), 5.08 (s, 2H); 13C NMR (100 MHz, CDCl3): 161.118, 152.732, 149.855, 130.145, 129.282, 145 

124.259, 120.387, 118.365, 115.927. MS m/z (%): 353.65 (65.5, M+1), 231.67 (19.5), 111.67 146 

(13.1). 147 



2.3.4 Synthesis of ABLC compound 4a–4g 35 148 

Compound (II) (1.66 g, 5mmol), 4-alkylbenzoic acid (10mmol), DCC (12 mmol), DMAP 149 

(1.2 mmol) and CH2Cl2 (50mL) were added into a 100 mL three-necked flask. The mixture was 150 

stirred at room temperature for 24 hours, and the reaction was monitored by TLC. Upon 151 

completion, the mixture was filtered and washed with CH2Cl2.  The solute was extracted by 152 

evaporating the solvent under reduced pressure and then purified by silica gel column 153 

chromatography. 154 

4-Chloro-1,3-bis(4-((4-pentylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4a: 2.52g yellow 155 

solid flakes, yield: 75.8%. m.p: 103 ~ 104 °C. FTIR (KBr, νmax, cm-1): 2930.13, 2851.70 (-CH2-), 156 

1680.54, 1643.95, 1613.23, 1546.77, 1507.93, 1447.28 (Ar), 1354.67, 1337.28, 1276.20, 1236.88, 157 

1128.86, 1078.87. 1H NMR (400 MHz, CDCl3): δ (ppm): 8.46 (s, 1H), 8.13 ~ 8.15 (d, J = 6 Hz, 158 

4H), 8.05 ~ 8.07 (d, J = 9 Hz, 4H), 7.66 ~ 7.68 (t, J = 7.8 Hz, 1H), 7.39 ~ 7.41 (d, J = 6.5 Hz, 4H), 159 

7.31 ~ 7.33 (d, J = 6.5 Hz, 4H), 2.68 ~ 2.70 (t, J = 4 Hz, 4H), 1.54 ~ 1.64 (m, 4H), 1.30 ~ 1.36 (m, 160 

8H), 0.875 ~ 0.89 (t, J = 6 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 164.929, 153.388, 161 

153.342,150.142, 149.719, 130.365, 129.702, 128.773, 126.640, 125.442, 124.367, 122.531, 162 

116.501, 36.149, 31.935, 31.172, 22.726, 14.171. MS m/z (%): 701.64 (72.5, M+1), 497.62 (13.6), 163 

351.57 (22.3). 164 

4-Chloro-1,3-bis(4-((4-hexylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4b: 2.45g yellow 165 

solid flakes, yield: 7.23g, m.p. 92 ~ 93 °C. FTIR (KBr, νmax, cm-1): 2952.11 (–CH2), 2441.50, 166 

1675.36, 1623.45, 1623.13, 1556.78, 1517.83, 1457.24 (Ar), 1356.69, 1327.18, 1256.10, 1246.82, 167 

1158.86, 998.87. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.55 (s, 1H), 8.21 ~ 8.23 (d, J = 6.5 Hz, 168 

4H),  8.125 ~ 8.15 (d, J = 9 Hz, 4H), 7.84 ~ 7.86 (t, J = 6.5 Hz, 1H), 7.41 ~ 7.43 (d, J = 7.8 Hz, 169 

4H), 7.32 ~ 7.34 (d, J = 6.5 Hz, 4H), 2.70 ~ 2.72 (t, J = 5Hz, 4H), 1.62 ~ 1.65 (m, 4H), 1.31 ~ 1.38 170 



(m, 12H), 0.90 ~ 0.92 (t, J = 6Hz, 6H);  13C NMR (100 MHz, CDCl3) δ (ppm): 164.929, 153.388, 171 

153.342, 150.142, 149.719, 130.365, 129.702, 128.773, 126.640, 125.442, 124.367, 122.531, 172 

116.501, 36.149, 31.935, 31.172, 29.325, 22.726, 14.171. MS m/z (%): 729.53 (55.25, M+1), 173 

587.62 (15.4), 351.54 (20.3). 174 

4-Chloro-1,3-bis(4-((4-heptylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4c: 2.48g yellow 175 

needle crystal, yield: 71.5%, m.p. 84 ~ 85.5 °C. FTIR (KBr, νmax, cm-1): 2918.17, 2849.16 (–CH2), 176 

1169.63, 1645.76, 1613.79, 1542.68, 1507.81, 1450.59 (Ar), 1355.50, 1339.12, 1296.69, 1233.43, 177 

1125.32, 841.01. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.32 (s, 1H), 8.09 ~ 8.11 ( d, J = 6.5 Hz, 178 

4H), 7.99 ~ 8.01 (d, J = 8 Hz, 4H), 7.53 ~ 7.55 (t,  J = 6.5 Hz, 1H), 7.18 ~ 7.20 (d, J = 8 Hz, 4H), 179 

7.07 ~ 7.09 (d, J = 6.0 Hz, 4H), 2.60 ~ 2.63 (t, J = 6 Hz, 4H), 1.63 ~ 1.66 (m, 4H), 1.31 ~ 1.36 (m, 180 

16H), 0.89 ~ 0.92 (t, J = 6 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 164.819, 152.378, 181 

152.352, 150.212,149.701, 130.321, 129.732, 128.715, 126.590, 125.356, 124.289, 122.425, 182 

116.423, 36.222, 31.852, 31.225, 30.285, 29.285, 22.589, 14.152. MS m/z (%): 757.59 (71.10，183 

M+1), 587.70 (16.5), 295.58 (28.1). 184 

4-Chloro-1,3-bis(4-((4-n-octylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4d: 2.66g 185 

yellow needle crystal, yield: 75.2%, m.p. 76 ~ 77 °C. FTIR (KBr, νmax, cm-1): 2928.13 (–CH2), 186 

2441.70, 1166.54, 1632.95, 1615.23, 1532.77, 1511.93, 1454.28 (Ar), 1348.67, 1342.28, 1286.20, 187 

1228.88, 1138.86, 886.25. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.43 (s, 1H), 8.17 ~ 8.19 (d, J = 188 

6.5 Hz, 4H), 8.03 ~ 8.05 (d, J = 8.8 Hz, 4H), 7.66 ~ 7.68 (t, J = 6.0 Hz, 1H), 7.36 ~ 7.38 (d, J = 5 189 

Hz, 4H), 7.29 ~ 7.31 (d, J = 6 Hz, 4H), 2.68 ~ 2.71 (t, J = 6Hz, 4H), 1.65 ~ 1.68 (m, 4H), 1.32 ~ 190 

1.37 (m, 20H), 0.89 ~ 0.92 (t, J = 6 Hz, 6H). 13C NMR (100MHz, CDCl3) δ (ppm): 164.759, 191 

153.258, 153.452, 150.322, 149.899, 130.425, 129.882, 128.123, 126.540, 125.112, 124.337, 192 

122.441, 116.551, 36.229, 31.985, 31.122, 30.255, 29.852, 29.285, 22.526, 14.151. MS m/z (%): 193 



785.72 (50.45, M+1), 351.60 (11.7), 295.68 (27.4). 194 

4-Chloro-1,3-bis(4-((4-n-nonylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4e: 2.55 g 195 

yellow flake solid,  yield: 70.8%, m.p. 73 ~ 74 °C. FTIR (KBr, νmax, cm-1): 2920.13, 2861.70 (–196 

CH2), 1166.54, 1164.97, 1622.32, 1536.67, 1517.83, 1457.32 (Ar), 1344.57, 1347.18, 1266.10, 197 

1246.78, 1340.46, 959.21. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.36 (s, 1H), 8.24 ~ 8.26 (d, J = 198 

6.5 Hz, 4H), 8.08 ~ 8.10 (d, J = 8 Hz, 4H), 7.58 ~ 7.60 (t,  J = 4 Hz, 1H), 7.38 ~ 7.40 (d, J = 6.5 199 

Hz, 4H) 7.31 ~ 7.33 (d, J = 6.5 Hz, 4H), 2.77 ~ 2.80 (t, J = 6 Hz, 4H), 1.70 ~ 1.74 (m, 4H), 1.35 ~ 200 

1.41 (m, 24H), 0.88 ~ 0.91 (t, J = 6 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 164.829, 201 

153.348, 153.522, 150.322, 149.889, 130.325, 129.652, 128.553, 126.650, 125.322, 124.427, 202 

122.551, 116.441, 36.259, 31.335, 31.152, 30.255, 30.145, 30.025, 29.255, 22.746, 14.131. MS 203 

m/z (%): 813.65 (55.5, M+1), 351.71 (17.6). 203.31 (15.5). 204 

4-Chloro-1,3-bis(4-((4-n-decylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4f: 2.57g 205 

yellow needle crystal, yield: 69.8%. m.p: 65 ~ 66 °C. FTIR (KBr, νmax, cm-1): 2920.01, 2850.68 (–206 

CH2), 1728.64, 1608.83, 15993.34, 1496.65, 1466.78, 1416.72 (Ar), 1266.35, 1209.43, 1174.94, 207 

1145.96, 1066.17, 1017.92. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.46 (s, 1H), 8.14 ~ 8.16 (d, J = 208 

6.4 Hz, 4H), 8.06 ~ 8.08 (d, J = 8 Hz, 4H), 7.68 ~ 7.69 (t, J = 4 Hz, 1H), 7.38 ~ 7.40 (d, J = 8 Hz, 209 

4H), 7.33 ~ 7.34 (d, J = 6 Hz, 4H), 2.70 ~ 2.73 (t, J = 6 Hz, 4H), 1.65 ~ 1.68 (m, 4H), 1.31 ~ 1.35 210 

(m, 28H), 0.90 ~ 0.93 (t, J = 6 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 164.939, 153.378, 211 

153.332, 150.132, 149.729, 130.315, 129.722, 128.783, 126.650, 125.421, 124.363, 122.542, 212 

116.456, 36.222, 31.895, 31.212, 30.225, 30.112, 30.005, 29.855, 29.255, 22.756, 14.161. MS m/z 213 

(%): 841.46 (75.10, M+1), 351.66 (22.7), 231.05 (16.8). 214 

4-Chloro-1,3-bis(4-((4-n-dodecylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4g: 2.72g 215 

yellow crystal, yield: 71.2%, m.p. 70.5 ~ 71.5 °C. FTIR (KBr, νmax, cm-1): 2912.13, 2821.70 (–216 



CH2), 1750.54, 1523.95, 1655.23, 1506.77, 1544.93, 1420.28 (Ar), 1254.67, 1237.28, 1176.20, 217 

1136.88, 1028.86, 1001.87. 1H NMR (400 MHz, CDCl3) δ (ppm): 8.46 (s, 1H), 8.13 ~ 8.15 (d, J = 218 

6 Hz, 4H), 8.05 ~ 8.08 (d, J = 8.5 Hz, 4H), 7.67 ~ 7.69 (t, J = 4.5 Hz, 1H), 7.39 ~ 7.41 (d, J = 6.5 219 

Hz, 4H), 7.32 ~ 7.34 (d, J = 6 Hz, 4H), 2.69 ~ 2.72 (t, J = 6Hz, 4H), 1.64 ~ 1.67 (m, 4H), 1.30 ~ 220 

1.40 (m, 36H), 0.89 ~ 0.91 (t, J = 6 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ (ppm): 164.929, 221 

153.388, 153.342, 150.142, 149.719, 130.365, 129.702, 128.773, 126.640, 125.442, 124.367, 222 

122.531, 116.501, 36.149, 31.935, 31.172, 30.855, 30.255, 30.155, 30.022, 29.875, 29.657, 29,285, 223 

22.726, 14.171. MS m/z (%): 897.54 (60.5, M+1), 245.31 (23.8), 351.62 (28.3). 224 

2.3.5 Computational Simulations 225 

At the molecular scale, phase transition is the rearrangement of molecules. Phase 226 

transitions of nematic liquid crystals are intrinsically associated with the intermolecular 227 

interactions especially the long-range non-bonded electrostatic interactions.36–41 Therefore, it is 228 

necessary to examine the molecular polarity that determine the intermolecular electrostatic 229 

interactions.38,42,43 The degree of molecular polarity can be assessed by measuring molecular 230 

dipole moment and molecular polarizability.38,42,43 In this study, computational simulations were 231 

performed to determine the molecular properties. 232 

Before characterizing the molecular properties, the optimal molecular geometry of each 233 

compound needs to be identified at the ground state. Each compound exhibit numerous conformers. 234 

For example, compound 4c contains 104 atoms and 10 rotatable bonds, which generates 235 

approximate 60,000 conformers. Apparently, searching conformers of global energy minimum is 236 

not viable for computationally demanding simulations especially for those based on quantum 237 

mechanics. Therefore, molecular dynamic simulation was applied to screen candidate conformers 238 

of global energy minimum. After the screening, quantum mechanics techniques were carried out 239 



on the selected conformers to finalize the geometry optimization. All molecular properties were 240 

obtained based on the optimized molecular geometry. 241 

Specifically, molecular dynamics (MD) simulations were conducted by Avogadro 1.2.0, a 242 

free cross-platform program. General Amber force field was used due to its specific 243 

parameterization for organic molecules.44–47 Geometry optimization was performed using steepest 244 

descent algorithm with a convergence energy of 10-7 kcal/mol. Input structural parameters of 245 

azobenzene moiety were adopted from previous density functional theory calculation and X-ray 246 

diffraction data.48,49 To find the candidate conformers of the global energy minimum, systematic 247 

rotor search was carried out. Semi-empirical (SE) quantum chemistry calculations were performed 248 

by MOPAC (Molecular Orbital PACkage, 2016), a general-purpose semi-empirical molecular 249 

orbital package free for academic and not-for-profit use, using PM7 Hamiltonian and Baker's 250 

EigenFollowing method.50,51  251 

To elucidate the dynamics of intermolecular interactions, molecular dipole moment and 252 

molecular polarizability were calculated.52,53 Frequency-dependent dynamic polarizabilities were 253 

calculated by time-dependent Hartree-Fock theory.54 Due to the complexity to express 254 

polarizability, here we only compared measurements of polarizability at zero frequency (0 eV) 255 

including polarizability isotropic average (αiso) and polarizability anisotropy (∆α). They can be 256 

derived by  257 

𝛼𝑖𝑠𝑜 =
𝛼𝑥𝑥 + 𝛼𝑦𝑦 + 𝛼𝑧𝑧

3
 258 

and 259 

∆𝛼 = √
(𝛼𝑥𝑥 − 𝛼𝑦𝑦)2 + (𝛼𝑦𝑦 − 𝛼𝑧𝑧)2 + (𝛼𝑧𝑧 − 𝛼𝑥𝑥)2

2
 260 



where 𝛼𝑖𝑖 is the principal component of polarizability along the ith axis.53,55,56 The components of 261 

dipole moment and polarizability are listed in Table S1 and S2, respectively. In addition, density 262 

functional theory (DFT) calculations were deployed to demonstrate that its results are comparable 263 

to those of SE (technical details in supplement text). The molecular dipole moments of compounds 264 

4a-4g calculated by MD, SE, and DFT are compared in Figure S1 and Table S1.  Moreover, to 265 

compare the experimental results, simulated UV-Vis spectra of 4c trans and cis were obtained by 266 

DFT as shown in Figure S2, which indicates that the trans and cis configurations of 4c are 267 

reasonably modelled in our study. 268 

3. Results  269 

3.1 Phases transition temperatures and enthalpies of compounds 4a–4g 270 

The phases, transition temperatures, and transition enthalpies of compounds 4a–4g are 271 

listed in Figure 2 – 3 and Table 1. DSC analysis in Figure 2 shows that while increasing temperature 272 

all compounds 4a–4g displayed an array of phases, including crystalline solid (Cr), smectic (Sm), 273 

nematic (N), and isotropic liquid (Iso). The temperatures for Cr – Sm phase transition are ranging 274 

from 65.92 °C to 103.37 °C,  for Sm – N from 91.36 °C to 124.36 °C, and for N – Iso from 275 

131.26 °C to 162.36 °C. Figure 3 shows that the enthalpies for Cr – Sm, Sm – N, and N – Iso 276 

transitions are ranging from 30.3 kJ/mol to 52.3 kJ/mol, 7.4 kJ/mol to 19 kJ/mol, and 2.6 kJ/mol 277 

to 4.7 kJ/mol, respectively.  278 

The terminal chain length (carbon number, n) demonstrates a pronounced and systematic 279 

effect on the phase transition of 4a–4g. Overall, as the carbon number (n) in the terminal alkyl 280 

chains increases, the phase transition temperatures decrease except for the Sm – N transition and 281 

transition enthalpies increases except for the N – Iso transition. However, the temperatures of Sm 282 



– N transition initially decreased and then increased as the carbon number increased. The impact 283 

from carbon number to the N – Iso transition enthalpies was insubstantial.  284 

Figure 2 shows that generally the phase transition temperatures decrease over the increment 285 

of carbon number (n) in the terminal alkyl chains. Notably, the phase transition temperatures of N 286 

– Iso exhibited a linear relationship with respect to the carbon number, giving a linear fitting with 287 

a R2 (the coefficient of determination) of 0.96. A similar trend was also found for the phase 288 

transition of Cr – Sm, which gives a R2 of 0.96 if treating the data of compound 4g as an outlier. 289 

However, the linear relationship between the Sm – N transition temperatures and the carbon 290 

number is insubstantial with a R2 of 0.01, which indicates the phase behaviors in Sm – N transition 291 

are inconsistent with those in the other phase transitions. The only structural difference between 292 

compounds 4a–4g is the length of terminal alkyl chain. Therefore, the inconsistent changes in 293 

phase behavior during Sm – N transition could be attributed to the structural difference associated 294 

with the terminal chains of compound 4a–4g during this phase transition. 295 

Additionally, as shown in Figure 2 and Table 1, the liquid crystal phases transition 296 

temperature of compound 4a–4g generally exhibited wide temperature windows of both 297 

mesogenic phases ranging from 58.99 °C to 70.68 °C and nematic phases ranging from 19.89 °C 298 

to 63.84 °C. In particular, the widest temperature window of mesogenic phase (70.68 °C) and 299 

nematic phase (63.84 °C) were both exhibited by compound 4c, which possessed a moderate length 300 

of terminal chains (n = 7). The narrowest temperature window for nematic phase (19.8 °C) was 301 

exhibited by compound 4f, which also exhibited the lowest melting point 65.9 °C.  302 

A previous study showed that the liquid crystal compounds can exhibit a systematic odd-303 

even periodic pattern on phase transition properties according to the carbon number in the terminal 304 

alkyl chains.57–61 Through closer examinations, we noticed that the changes in melting points, 305 



clearing points, and enthalpies exhibit similar odd-even pattern as shown in Figure 2 and 3. 306 

3.2 Molecular dipole moments and polarizability of 4a–4g 307 

The optimized geometries of 4a–4g are illustrated in Figure 4, together with their dipole 308 

moments. Table 2 list dipole moments (μ), polarizability isotropic average (αiso), and polarizability 309 

anisotropies (∆α) of isomers of 4a–4g. The μ ranges from 3.7 to 6.1 Debye for trans and 4.4 to 9.1 310 

Debye for cis isomers, respectively. The αiso ranges from 86.8 to 111.4 Å3 for trans and 82.9 to 311 

108.4 Å3 for cis, respectively. The ∆α ranges from 20.6 to 31.0 Å3 for trans isomers and 9.8 to 312 

18.7 Å3 for cis isomers, respectively. Figure 5 plots the μ, αiso, and ∆α against the carbon number 313 

(n) of the terminal chains, which shows clear trends: i) the variances in molecular dipole between 314 

trans and cis isomers: minimal when n = 7 and maximum when n = 12; ii) increasing carbon 315 

number n can linearly increase the αiso for both trans and cis with the same rate; iii) for trans, the 316 

increment in n initially reduces the ∆α when n in the range of 5 to 7 and then gradually increases 317 

the ∆α in the n range of 8 to 12., whereas the cis isomers show no clear trend of ∆α. 318 

3.3 Photosensitivity measurement, using 4c as an example 319 

 Photosensitivity was measured by UV-Vis spectroscopy. As shown in Figure 6, a series of 320 

UV-Vis spectra of 4c (dissolved in ethyl acetate, room temperature) was collected under the UV 321 

irradiation (365 nm, 1 mW/cm2) for 2 s, 5 s, 10 s, and 30 s. All these spectra exhibited a similar 322 

pattern: a strong band and a weak band in the regions of 330 – 340 nm and 430 – 450 nm, 323 

respectively. The strong band is attributed by the π–π* transition of the azo unit, which indicates 324 

the presence of trans isomer, while the weak band is ascribed to the cis n–π* transition in cis 325 

isomer.8 As the UV irradiation time prolonged, the intensity of the strong band decreased rapidly, 326 

whereas the signal of the weak band gradually increased. This pattern indicates the occurrence of 327 



trans → cis photoisomerization.8 Interestingly, dissolved 4c reached photostationary state in 10 328 

seconds, significantly faster than reported response rates of similar ABLCs, which are in minutes 329 

and even hours.14,16,17,19–21,25,27,62–65 330 

As shown in Figure 6 (bottom 3 insets), compound 4c can turn from crystalline solid into 331 

nematic phase by heating the pure sample to 95 °C. Under the UV irradiation (365 nm, 1 nW/cm2), 332 

nematic 4c became isotropic liquid in 3 seconds. Without the UV irradiation, 4c restored to nematic 333 

phase within 5 seconds under indoor natural visible light. These phenomena indicate the presence 334 

of reversible trans – cis photoisomerization. The UV-induced cis isomers destabilized the orderly 335 

arrangement of trans isomers in nematic phase and possibly reduced the phase transition 336 

temperatures.4,27 Under visible light, the backward trans ← cis photoisomerization started and 337 

restored the nematic phase of 4c. A video of the phase transitions under POM is available in 338 

supplement (POM_UV.mp4).   339 

 The ratio of the isomer concentrations can be estimated by the following equation:66,67 340 

[cis]t / [trans]0 = (1 – At / A0) / (1 – εcis / εtrans)  341 

where [cis]t is the concentration of cis isomer at time t, [trans]0 the initial concentration of trans 342 

isomer, A0 and At are the absorbances at the wavelength of the same chromophore of sample 343 

compound, in which all sample compounds in solution are either trans or cis isomers, εcis and εtrans 344 

the molar attenuation coefficients (also known as molar extinction coefficient and molar absorption 345 

coefficient) of the cis and trans isomers at a given wavelength of light, respectively.67  346 

Previous studies on similar azobenzene-based compounds report εcis / εtrans ratios of 0.050, 347 

0.053, 0.055, 0.056, and 0.05, corresponding to the UV wavelengths of 320 nm,67 325 nm,67 355 348 

nm,68 369.5 nm,69 and 370 nm,70 respectively. Therefore, we selected 0.05 as the ε cis / ε trans ratio 349 



to estimate the isomer fraction under the irradiation of 365 nm UV. The strong absorption band at 350 

334 nm collected from the 30-second UV irradiation test generated a At / A0 ratio of 0.2348, giving 351 

a [cis]t / [trans]0 ratio of 0.81. This ratio indicates that 81% of nematic 4c had converted from trans 352 

to cis isomers, which is one of the highest among the reported ratios of similar azobenzene-based 353 

compounds.3,68–73 354 

4. Discussion 355 

4.1 Effect of azo position 356 

To examining the effect of azo position on ABLC, molecular properties of 4c and its 357 

counterpart 4c-c using two esters as central linkages were calculated and compared as shown in 358 

Figure 7 and Table 3. The comparison shows that the dipole moments of trans 4c (3.85 D) is 359 

significantly smaller than that of 4c-c (6.95 D). The dipole moment of cis 4c (4.11 D) is also 360 

noticeably smaller than that of 4c-c (5.04 D). Interestingly, the DFT calculation shows a larger 361 

dipole moment of cis 4c than that of cis 4c-c. Nevertheless, small dipole moment indicates weak 362 

electrostatic interactions. Although 4c-c was not experimentally measured in this study, many 363 

ABLC compounds that are structurally similar to 4c-c were reported in previous studies.8,17,21,25 364 

These compounds typically exhibited: i) a high temperature threshold to enter nematic phase 365 

transition, over 100 °C; 2) a narrow temperature range of nematic phase, usually no more than 366 

20 °C; 3) slow trans – cis photoisomerization, which can typically take from a few minutes to even 367 

a few hours. Due to the structural resemblance, 4c-c also likely exhibits these unfavorable traits. 368 

Compared to 4c-c, 4c gained significant improvement on these properties: Sm – N phase transition 369 

temperature of 91.4 °C, temperature range of nematic phase  70.7 °C, and rapid photoisomerization 370 

within 5 sec. It appears that it is the small dipole moment of  4c leads to the low phase transition 371 

temperature and the wide temperature windows of nematic phase. In addition, the molecular 372 



structures of 4c isomers prone to form an orderly geometry due to the short terminal chains 373 

attaching to the rotatable ester bonds. Therefore, applying azo group as the central linkage to the 374 

bent core can lower the phase transition temperature and broaden the temperature windows of 375 

mesogenic phases.  376 

Moreover, the polarizabilities of trans and cis of 4c are noticeably higher than those of 4c-377 

c, which corroborates the experimental observations that 4c is superior to its counterpart 4c-c in 378 

terms of trans – cis photoisomerization rates as shown in Table 3. At zero frequency (0 eV), both 379 

the αiso and ∆α of  trans 4c (93.6 Å3 and 20.7 Å3) are larger than 92.0 Å3 and 16.5 Å3 of trans 4c-380 

c, respectively. Since the polarizability α is the first-order response coefficient of molecular 381 

polarizability, higher α value typically leads to faster molecular polarization under external electric 382 

field.52 Molecular polarization can drive molecules or molecular groups into favorable orientations, 383 

promoting the formation of new phase.41 The difference in α may also be reflected in phase 384 

transition rate. Thus, it is possible that the high polarizability can lead to a rapid phase transition 385 

as well as a high trans – cis photoisomerization rate as demonstrated by compound 4c. Further 386 

investigation is required to quantify the impact of molecular polarizability on the photosensitivity 387 

of this type of compound. 388 

4.2 Effect of molecular polarity and polarizability on phase transition behaviors 389 

Figure 5 (bottom right inset) compares Sm – N transition temperatures and temperature 390 

ranges of nematic phase of 4a–4g compounds with their corresponding dipole moments and 391 

polarizability anisotropies. This comparison shows that the impact from terminal chain length to 392 

the μ and ∆α remarkably resembles that of the phase transition temperatures of Sm – N, whereas 393 

the effect of terminal chains on the temperature ranges of nematic phase appears to be the opposite. 394 

Notably, among these compounds, 4c with n = 7 exhibits extreme values: smallest dipole moment, 395 



the second smallest polarizability anisotropy (20.7 Å3 of 20.6 – 31.0 Å3), the lowest temperature 396 

of Sm – N phase transition, and yet the widest temperature range of nematic phase. These patterns 397 

show that both molecular polarity and polarizability can indicate the degree of intermolecular 398 

interactions in nematic phase, which implies that the nematic phase is the domain of the long-range 399 

electrostatic interactions. In addition, an apparent odd-even periodic pattern of dipole moments 400 

with respect to the carbon number was observed, which is consistent with our measurements of 401 

the phase transition properties. 402 

Figure 4 shows that varying the length of terminal alkyl chains has no apparent impact on 403 

the structure of central units with five aromatic rings but causes substantial changes to the 404 

structures of terminal alkyl chains. As the carbon number increases, the terminal chains become 405 

curly and formed a ‘U’ shape when the terminal chain has more than nine carbon atoms. This 406 

observation suggests that increasing the carbon number can promote the structural disorder of 407 

terminal alkyl chains and therefore enhance the molecular dipole moment. Combining the 408 

information of μ, ∆α , and the molecular geometry (Figure 4 and 5), it appears that effect of 409 

terminal alkyl chain is biphasic. Elongating the alkyl chains can reduce both μ and ∆α and improve 410 

the flexibility of terminal chain structures. However, when the terminal chains were long enough 411 

(n > 7) that can induce structural disorder, μ and ∆α would cease to decrease and may even increase 412 

as the result of enhanced molecular asymmetry. Therefore, terminal alkyl chain can either enhance 413 

or reduce the μ and ∆α of ABLCs depending on the number of carbon atom, leading to a biphasic 414 

effect on the behaviors of nematic phases. 415 

5. Conclusion 416 

To date, this is the first study to synthesize azobenzene-based bent-core liquid crystals 417 

(ABLC) using two azo bonds as direct linkages of the central bent-core. A series of 4-chloro-1,3-418 



diazobenzene bent-core liquid crystal 4a–4g were synthesized with different length of terminal 419 

alkyl chains. These compounds compound exhibited broad temperature windows of nematic phase. 420 

In addition, compound 4c exhibited rapid trans – cis photoisomerization in few seconds. 421 

Theoretical calculations, such as molecular dynamics (MD) and quantum mechanics (QM) 422 

confirmed that when using two azo bonds as the linkage instead of two esters on the central bent-423 

core, the electrostatic interactions are substantially weakened and molecular polarizabilities are 424 

enhanced. This finding indicates using azo bonds as central linkages can promote favorable phase 425 

behaviors and optical properties. Molecular dipole moments calculated by both MD and QM are 426 

strongly correlated with the phase transition behavior such as temperatures of Sm – N phase 427 

transition and temperature windows of nematic phase. This correlation suggests that electrostatic 428 

interactions are the main contributor of intermolecular interactions, especially in nematic phases. 429 

According to the simulation results, the terminal alkyl chains demonstrate a diphasic effect on the 430 

molecular dipole due to the structural disorder of overextended alkyl chain, which is consistent 431 

with the nematic phase behavior of ABLC.  432 

In summary, this study proposed a novel method to synthesize photosensitive liquid crystal 433 

compound and deployed synergistic approach to elucidate material properties. Such efforts are 434 

imperative for advancing future design of azobenzene-based bent-core liquid crystals:  435 

1. Using 1,3-diazobenzene as the bent-core can reduce the temperature threshold to 436 

enter nematic phase and increase the photoisomerization rate (trans – cis 437 

photoisomerization in seconds with 80% conversion) 438 

2. Changing carbon number of alkyl chain exerts a biphasic effect on the molecular 439 

polarization and phase behavior. 440 

3. Molecular dipole and polarizability anisotropy appear to be strongly correlated with 441 



phase behavior properties. Altering molecular polarization through carbon number 442 

of terminal chains is a promising approach to design novel ABLC compounds. 443 

 444 
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 670 

Figure 1. Synthesis of 4-chloro-1,3-diazobenzene bent-core liquid crystals 4a–4g. “n” denotes 671 

the number of carbon atoms in the terminal alkyl chains.  672 



 673 

Figure 2. Phase transition temperatures of compounds 4a–4g. Yellow, pink, cyan, and grey blocks represent 674 
crystalline (Cr) solid, smectic (Sm) phase, nematic (N) phase, and isotropic (Iso) phase, respectively.  675 



676 
Figure 3. Enthalpies for the phase transitions of compounds 4a–4g.  677 



 678 

Figure 4. Molecular structures and dipole orientations of trans and cis isomers of 4a–4g in the 679 

ground states. The orientations of dipole moment for each type of isomers are generally 680 

consistent. The main structural variation within each isomer group is the spatial arrangement of 681 

terminal chain. Please note that N/A refers to the compound with n = 11, which is not 682 

synthesized in this study. The molecular dipoles were calculated by MOPAC (D: Debye).683 



 684 

Figure 5. Molecular properties of 4a–4g and their correlation with the Sm – N transition 685 

temperature of 4a–4g. Top left: molecular dipole moments; top right: polarizability; bottom left: 686 

polarizability anisotropies; bottom right: comparison between the Sm – N phase transition 687 

temperatures, temperature window of nematic phase, polarizability anisotropies, and dipole 688 

moments of trans isomers of 4a–4g. 689 

  690 



 691 

692 

 693 

Figure 6. Top left: DSC heating and cooling traces of compound 4c. Top right: UV-Vis spectra of 694 

dissolved compound 4c under 365 nm UV irradiation for 0 s, 2 s, 5 s, 10 s, and 30 s. Bottom 3 695 

insets: polarized optical micrograms of compound 4c under various conditions: (1) smectic 696 

textures at 88 °C, (2) nematic textures at 120 °C, and (3) isotropic liquid phase at 155 °C. 697 

  698 



 699 

Figure 7. Top four insets: molecular structures and dipole moments of isomers of compound 4c 700 

and its counterpart 4c-c at the ground states. Red arrows represent the direction of dipole moment. 701 

Bottom two insets: chemical structures of compound 4c and 4c-c.  702 

703 



Table 1. Phase transition temperatures of compound 4a–4g. “n” denotes the carbon number in the 704 

terminal alkyl chain; “Cr” the crystalline phase; “Sm” the smectic phase; “N” the nematic phase; 705 

“I” the isotropic liquid; “T” the phase transition temperature in °C; “△H” the reaction enthalpy in 706 

kJ/mol; “ΔTLC” the temperature window of liquid crystal phase in °C; “ΔTN” the temperature 707 

window of nematic phase in °C (ΔTN = TN–I – TSm–N ). 708 

 709 

710 

Compound n Phase transition in ℃ [△H, kJ/mol] ∆TLC (°C) ∆TN (°C) 

4a 5 Cr 103.37 [30.3] Sm 124.36 [8.05] N 162.36 [ 4.7 ] I 58.99 38.00 

4b 6 Cr   92.38 [34.1] Sm 110.36 [ 8.9 ] N 158.36 [ 2.6 ] I 65.98 48.00 

4c 7 Cr   84.52 [33.7] Sm   91.36 [ 7.4 ] N 155.20 [2.95] I 70.68 63.84 

4d 8 Cr   76.56 [37.9] Sm   92.35 [ 7.6 ] N 146.23 [ 3.8 ] I 69.67 53.88 

4e 9 Cr   72.35 [41.3] Sm 113.65 [ 8.9 ] N 140.62 [ 2.8 ] I 68.27 26.97 

4f 10 Cr   65.92 [38.8] Sm 115.46 [12.7] N 135.26 [ 3.2 ] I 69.34 19.80 

4g 12 Cr   71.20 [52.3] Sm 108.36 [19.0] N 131.26 [ 4.5 ] I 60.06 22.90 



Table 2. Molecular dipole moments (μ), polarizabilities (α), and polarizability anisotropies (∆α) of 711 

compound 4a–4g calculated by MOPAC. “n” denotes the number of carbon atoms in each terminal 712 

alkyl chain.  713 

Compound n  
trans 

 
cis 

μ (D) α (Å3) ∆α (Å3) μ (D) α (Å3) ∆α (Å3) 

4a 5  5.689 86.8 31.0  8.424 82.9 10.9 

4b 6  6.419 89.4 21.9  8.938 86.9 11.3 

4c 7  3.854 93.6 20.7  4.107 90.7 18.7 

4d 8  5.010 96.8 20.6  8.937 94.0 10.5 

4e 9  4.498 101.2 22.0  8.618 97.4 10.4 

4f 10  5.795 104.3 24.7  7.119 101.4 12.3 

N/A 11  3.964 108.3 22.3  8.905 104.8 10.8 

4g 12  6.700 111.4 29.2  9.472 108.4 9.8 

  714 



Table 3. Comparison of molecular properties between 4c and its diester counterpart 4c-c. 715 

 μ (Debye) α (Å3) ∆α (Å3) μ (Debye, DFT) 
trans 4c 3.854 93.6 20.7 3.733155 

trans 4c-c 6.951 92.0 16.5 6.562452 

cis 4c 4.107 90.7 18.7 4.028691 

cis 4c-c 5.038 89.0 7.5 3.499278 

 716 

 717 


