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Abstract

Azobenzene-based bent-core liquid crystals demonstrate a variety of mesomorphic
behaviours and photochromic properties which are desirable for optical switching. In this study, a
novel compound 4¢ was synthesised by adding azo functional groups and chlorine substituent to
the central bent-core. The structure, mesogenic properties, and photosensitivity of 4¢ was
characterised by fourier-transform infrared spectroscopy (FTIR), 'H and '*C nuclear magnetic
resonance (NMR), mass spectrometry (MS), differential scanning calorimetry (DSC), polarised
optical microscopy (POM), and ultraviolet—visible spectroscopy (UV-Vis). The experimental
results show that 4¢ exhibited a broad temperature window of nematic phase (63.8 °C), rapid trans
— cis photoisomerisation in seconds, and high cis fraction of 0.81. At room temperature, 4¢
dissolved in ethyl acetate can reach photostationary state in 10 seconds. At 95 °C, nematic 4¢
became isotropic under UV irradiation in 3 seconds and can be restored to be nematic under natural
visible light in 5 seconds. Quantum mechanics calculations confirm that using azos instead of
esters as the central linkages can effectively reduce the molecular dipole moment and enhance the
overall molecular polarisabilities, which promotes favourable mesogenic and photonic behaviours.
This study provides novel synthesis route and synergistic approach to advance the design of

azobenzene bent-core liquid crystals.
Keywords:

bent-core liquid crystal; 4-chloro-1,3-diazobenzene; synthesis; nematic phase; photoisomerisation;

quantum mechanics calculation;
1. Introduction

Photosensitive liquid crystals, especially azobenzene-based bent-core liquid crystals
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(ABLCs), are promising materials for optical switching."* ABLC compounds can be highly
photochromic and mesogenic due to the reversible trans-cis photoisomerisation of azo group (—

t.>% These characteristics also

N=N-) induced by proper irradiation of ultraviolet or visible ligh
give rise to a myriad of potential applications of ABLC in areas such as elastomer, holographic

imaging, optical data storage, and nanomachines.”!!

To date, the majority of ABLC compounds implemented at least one ester as the direct
linkage of the central bent-core and or deployed azo groups in the distant side arms,>!>"!7 which
usually exhibited high temperatures of phase transition, far above room temperature 25 °C, and
narrow temperature ranges of nematic phases. To lower the phase transition temperature and
broaden the temperature range of nematic phases, recent studies emphasised on structural

12,13,18

alterations such as introducing different lateral substitutions on the bending core, adjusting

14,19-21

the number of aromatic units, modifying the type, number, and position of linkage

14,22-25

groups, and changing the type and length of the terminal chains.'*!>?>-27 Yet, the mesogenic

phase behaviours of current ABLCs are still unfavourable for practical applications.

We hypothesised that the linking groups adjacent to the central bent-core play a vital role
in determining the mesogenic properties of ABLCs. The ester groups commonly used on the
central bent-cores as the linking units can induce strong electrostatic forces that contribute to the
intermolecular interactions of ABLCs, leading to high phase transition temperatures and narrow
nematic phases. Previous studies suggest that the location of azo linkage does not exert significant
influence on the mesogenic behaviour; if azo bond is close to central ring, it can even inhibit the
formation of mesogenic phases.'**? However, their conclusions were based on compounds with a
single azo linkage. This study proposed an alternative approach to improve the design of ABLC

by using two azo bonds instead of esters as the central linkages connecting the central bent-core,
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which intends to weaken the intermolecular interactions and therefore to enhance the overall
performance of ABLC. ABLC compound synthesised in this study was derived from 4-chloro-1,3-
diazobenzene. It has two azo linkages and one chlorine substituent in the 1,3-position and 4-

position, respectively, at the central aromatic ring and terminal alkyl chains.
2. Materials and methods

2.1 Materials

Anhydrous aluminum trichloride (chemically pure), N, N'-dicyclohexylcarbodiimide
(DCC), and 4-dimethylaminopyridine (DMAP) were obtained from Tianjin Fuchen Chemical
Reagent (China), Nanjing Chemical Reagent (China), and Xiya Reagent (China), respectively. All
chemicals used in this study are of analytical grade, unless otherwise stated. 4-n-hexylbenzoic acid,
4-n-heptylbenzoic acid, 4-n-octylbenzoic acid, 4-n-decylbenzoic acid, and 4-n-decylbenzoic acid
were synthesised in our laboratory. Reaction products were purified by silica gel column

chromatography and recrystallised three times from ethanol — dichloromethane 1:1 mixture.
2.2 Characterisation

Reactions required low temperature were conducted in Zhengzhou Greatwall DHJF-8002
low temperature constant temperature stirring reaction bath. Infrared spectroscopy was performed
by a Thermo Nicolet Avatar 330 FTIR. 'H NMR spectra were obtained from a Varian INOVA 400
spectrometer (400 MHz) using tetramethylsilane (TMS) as the reference standard. Differential
scanning calorimetry (DSC) experiments were conducted on a TA Instruments DSC Q-20 with a
scanning rate of 5 °C/ min and natural cooling. Phase transition and optical textures of liquid
crystal compounds were characterised by a polarising optical microscope (POM) XPN-100E from

Shanghai Changfang Optical Instrument.
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UV-Visible absorption spectroscopy was collected by a UV-8000S spectrophotometer from
Shanghai Metash Instrument. UV-Vis experiments were conducted using a wavelength range from
200 nm to 550 nm and a scan rate of 1 nm/s. UV-Vis spectral data were used i. to measure the
isomer fraction by dissolving sample in dilute solution of ethyl acetate (2.5%10”° mol/L) at room
temperature and ii. to characterise the UV-induced photoisomerisation of mesogenic phases at 95
— 100 °C. The data collection of UV-Vis spectroscopy was started when the absorbance value of

the two consecutive measurements were identical.
2.3 Synthesis

Target compounds 4¢ was synthesised according to Figure 1, of which the steps are

described below.

2.3.1 Synthesis of 4-chloro-1,3-dinitrobenzene (I)*®

Chlorobenzene (40 ml) was added in a 500 ml three-neck flask with magnetic stir bar. The
temperature was maintained at 95 °C. Concentrated nitric acid (117.6 ml) and concentrated sulfuric
acid (123.6 ml) were added in the flask. The solution mixture was stirred for 5 hours, in which the
reaction was monitored by thin layer chromatography (TLC). The reaction product was washed
with hot water to reach pH neutral, vacuum-filtered, and air-dried. This step produced yellow

crystals.

Yield: 55.07 g, 85.2%, melting point (m.p.) 48 °C. FTIR (KBr, Vmax, cm™): 3082.32 (Ar—

H), 1618.15, 1528.35 (Ar), 1474.40, 1352.32, 1306.78, 1202.84, 1102.45.
2.3.2. Synthesis of 4-chlorom-1,3-diaminobenzene (I)*

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

were added in a 250 mL three-necked flask. Once the solution was heated to 70 ~ 80 °C, compound
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(I) (20.2 g, 0.1 mol) was added. The reaction was carried out for 4h, which was monitored by TLC
to ensure the completion. The product mixture was filtered and washed with hot water two times
to remove the nonpolar impurities. The pH of the filtrate was adjusted to pH 10.0 with saturated
Na>COs solution. The organic phase was extracted with 30 mL ethyl acetate repeated for three
times and then was dried with anhydrous K>CO3, yielding a crude black product. The product was
purified by silica gel column chromatography. This step produced a needle-shaped brown solid of

compound (II).

Yield: 10.5 g, 74.2%, m.p. 86-88 °C. FTIR (KBr, Vmax, cm™): 3343.37, 3405.11, 3315.06
(N-H), 3211.17 (Ar-H), 1615.53, 1577.97, 1496.67, 1451.98 (Ar), 1333.37, 1274.30, 1208.48,

1147.56, 1106.67, 1044.15, 845.96.
2.3.3 Synthesis of 4-chloro-1,3-bis (4-hydroxyphenyl)azobenzene (111)*°

Chilled concentrated hydrochloric acid (40 mL, 0.5mol) was added in a three-necked flask.
The temperature was maintained below —25 °C. A solution prepared from sodium nitrite (12.5 g,
0.18 mol) and 19 mL deionised water was added dropwise while stirring slowly. Then, a solution
prepared from compound (II) (7.15g, 0.05mol) and concentrated hydrochloric acid (25mL) was
added in multiple steps while gradually increasing the stirring speed. The reaction was lasted for
0.5 hour, generating a yellow transparent liquid. Urea pellets (4.8 g, 0.08mol) were added into the

liquid dropwise while stirring to yield a diazonium salt.

The diazonium salt was added slowly to a three-necked flask containing a solution of
phenol (11.3g, 0.12mol), sodium carbonate (31.8g, 0.3mol) and water (200ml). The mixture in the
flask was stirred for 3h in a cold-water bath, of which the reaction was monitored by the TLC.

Once the reaction was completed, the mixture was filtered. The resultant filter cake was
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recrystallised from ethanol. 10.96g of yellow crystals of compound (III) was obtained. Yield:
62.3%. m.p. 164 ~ 166 °C. FTIR (KBr, vmax, cm™): 3333.1 (-OH), 1702.11, 1583.27, 1502.13,
1473.53 (Ar), 1256.44, 1223.10, 1192.22, 1069.13, 1028.42, 853.33; "H NMR (400 MHz, CDCl3,
d, ppm): 8.31 (s, 1H), 7.95 ~7.97 (d, ] = 8 Hz, 1H), 7.67 ~ 7.77 (m, 5H), 7.18 ~7.21 (t, ] = 6 Hz,
4H), 5.08 (s, 2H); '*C NMR (100 MHz, CDCls): 161.118, 152.732, 149.855, 130.145, 129.282,
124.259, 120.387, 118.365, 115.927. MS m/z (%): 353.65 (65.5, M+1), 231.67 (19.5), 111.67

(13.1).
2.3.4 Synthesis of ABLC compound 4¢>!

Compound (IT) (1.66 g, Smmol), 4-alkylbenzoic acid (10mmol), DCC (12 mmol), DMAP
(1.2 mmol) and CH2Cl> (50mL) were added in a 100 mL three-necked flask. The mixture was
stirred at room temperature for 24 hours, in which this reaction was monitored by TLC. Upon the
completion of the reaction, the mixture was filtered and washed with CH>Cl,. The solute was
extracted by evaporating the solvent under reduced pressure and then purified by silica gel column

chromatography.

4-Chloro-1,3-bis(4-((4-heptylphenyl)acyloxy)-1-(E)-azophenyl)benzene 4c: 2.48g yellow
needle crystal, yield: 71.5%, m.p. 84 ~ 85.5 °C. FTIR (KB, Vmax, cm™): 2918.17, 2849.16 (-CH2),
1169.63, 1645.76, 1613.79, 1542.68, 1507.81, 1450.59 (Ar), 1355.50, 1339.12, 1296.69, 1233.43,
1125.32, 841.01. '"H NMR (400 MHz, CDCl3) § (ppm): 8.32 (s, 1H), 8.09 ~ 8.11 ( d, J = 6.5 Hz,
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),
7.07 ~7.09 (d,J =6.0 Hz, 4H), 2.60 ~ 2.63 (t, ] =6 Hz, 4H), 1.63 ~ 1.66 (m, 4H), 1.31 ~ 1.36 (m,
16H), 0.89 ~ 0.92 (t, J = 6 Hz, 6H). '*C NMR (100 MHz, CDCls) & (ppm): 164.819, 152.378,
152.352, 150.212,149.701, 130.321, 129.732, 128.715, 126.590, 125.356, 124.289, 122.425,

116.423, 36.222, 31.852, 31.225, 30.285, 29.285, 22.589, 14.152. MS m/z (%): 757.59 (71.10,
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M+1), 587.70 (16.5), 295.58 (28.1).
2.3.4 Computational Simulations

To validate the hypothesis based on experimental data, computational simulations were
performed to study the molecular geometry and molecular dipole moments at the ground states.
Compound 4c¢ contains 104 atoms and 10 rotatable bonds, which generates approximate 60,000
conformers. Apparently, searching conformers of global energy minimum is not viable for
computationally demanding simulations especially for those based on quantum mechanics.
Therefore, this study first applied molecular mechanics methods to search conformers of global
energy minimum. After the screening, molecular properties of the selected conformers were

calculated by quantum mechanics techniques.

Initial geometry optimization and conformer search were based on molecular dynamics
simulations, which were conducted by Avogadro 1.2.0, a free cross-platform programme. General
Amber force field was used due to its specific parameterisation for organic molecules.?>=*
Geometry optimization was performed using steepest descent algorithm with a convergence
energy of 107 kcal/mol. Input structural parameters of azobenzene moiety were adopted from

previous density functional theory calculation and X-ray diffraction data.***” To find the candidate

conformers of the global energy minimum, systematic rotor search was carried out.

Final geometry optimizations were performed by MOPAC (Molecular Orbital PACkage,
2016 version), a general-purpose semi-empirical molecular orbital package free for academic and
not-for-profit use, using PM7 Hamiltonian and Baker's EigenFollowing method.*®* To obtain
molecular properties such as molecular dipole moment, density functional theory (DFT)

calculations were computed through GAMESS (General Atomic and Molecular Electronic
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Structure System, US), a general ab-initio quantum chemistry package,***! of which the site
licence is free for both academic and industrial users. Specifically, all DFT calculations applied
restricted orbitals, 6-31G* basis set,*>* and B3LYP functional ***> SCF convergence criteria is set
to 10 of the density matrix. Molecular dipole moments were obtained by single-point energy
calculations. Time-dependent density functional theory computations were carried out to simulate
the excited states for UV-Vis, of which the spectra were convoluted using Gaussian profiles
provided by cclib library.*® The simulated UV-Vis spectra are comparable to the experimental
results as shown in Figure S1, which confirms that the frans and cis configurations of 4c¢ are
reasonably represented in our study. Static polarisability and dynamic polarisabilities were
obtained to elucidate photonic behaviours,*” which were calculated by MOPAC using PM7
Hamiltonian.*® Specifically, static polarisability was measured based on the response of the heat
of formation and the dipole to an applied uniform electric field. Polarisabilities calculated from the
response of both attributes were consistent given that the numerical difference is within 0.2%.
Frequency-dependent dynamic polarisabilities were calculated by time-dependent Hartree-Fock
theory, yielding first, second, and third-order polarisabilities.*® Due to the complexity to express
polarisabilities, here we only compare measurements at zero frequency including the isotropic
average of first-order polarisabilities (o) and compare the average second harmonic generation
(SHG) of the second-order polarisabilities (f) and the mean value of third polarisability (y). A
detailed list of polarisability values at different frequencies is summarised in Table S1. Notably,
the isotropic averages of first-order polarisabilities (o) at zero frequency are identical to the

average values of static polarisability, as posited by the theory.*’
3. Results and discussion

In this study, an ABLC compound 4c comprises a 4-Cl-1,3-m-phenylene rings as the central
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bent cores, two azo bonds as the linkages of the central core, two ester groups as lateral arm bridges,
and linear alkyl groups as the terminal chains, as shown in Figure 1 and Figure 5. This compound
was characterised by FTIR, 'H NMR, '*C NMR, and mass spectrometry. Its mesogenic properties
were examined by DSC and POM. Photoisomerisation phenomena were characterised by UV-Vis
spectroscopy. The experimental results show that (1) the structure of compound 4c is consistent
with our design and (2) 4¢ exhibited low melting point and wide temperature window of nematic

phase. The effects of azo groups on the phase behaviours are also discussed.
3.1 Phases transition temperatures and enthalpies of compounds 4c

DSC analysis in Figure 2 shows that while increasing temperature compound 4¢ displayed
the following phases: crystalline solid (Cr), smectic (Sm), nematic (N), and isotropic liquid (Iso).
The temperatures of phase transitions are 84.52 °C for Cr — Sm, 91.36 °C for Sm — N, and
155.20 °C for N — Iso. Additionally, the enthalpies for Cr — Sm, Sm — N, and N — Iso transitions
are 33.7 kJ/mol, 7.4 kJ/mol, and 2.95 klJ/mol, respectively. Notably, 4¢ displayed a wide
temperature window 70.68 °C for mesogenic phase and 63.84 °C for nematic phase. The polarised
micrograms of different phases of 4¢ on heating are listed in Figure 3. Specifically, 4¢ displayed i.
a typical columnar texture in smectic phase at 88 °C (Figure 3.1), ii. a schlieren texture in nematic

phase at 120 °C (Figure 3.2), and iii. isotropic liquid phase at 155 °C (Figure 3.3).
3.2 Photosensitivity of 4¢

Photosensitivity was measured by UV-Vis spectroscopy. As shown in Figure 4, a series of
UV-Vis spectra of 4¢ (dissolved in ethyl acetate, room temperature) was collected under the UV
irradiation (365 nm, 1 mW/cm?) for 2's, 5 s, 10 s, and 30 s. All these spectra exhibited a similar

pattern: a strong band and a weak band in the regions of 330 — 340 nm and 430 — 450 nm,
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respectively. The strong band is attributed by the n—n* transition of the azo unit, which indicates
the presence of trans isomer, while the weak band is ascribed to the cis n—n* transition in cis
isomer.’ As the UV irradiation time prolonged, the intensity of the strong band decreased rapidly,
whereas the signal of the weak band gradually increased. This pattern indicates the occurrence of
trans — cis photoisomerisation.’ Interestingly, dissolved 4¢ reached photostationary state in 10
seconds, significantly faster than reported response rates of similar ABLCs, which are in minutes

and even hours, |1:13:14,16-18,22,24,49-52

Compound 4c¢ can turn from crystalline solid into nematic phase (Figure S2.1) by heating
the pure sample to 95 °C. Under the UV irradiation (365 nm, 1 nW/cm?), nematic 4¢ became
isotropic liquid in 3 seconds (Figure S2.2). Without the UV irradiation, 4¢ restored to nematic
phase within 5 seconds under indoor natural visible light (Figure S2.1). These phenomena indicate
the presence of reversible trans — cis photoisomerisation. The UV-induced cis isomers destabilised
the orderly arrangement of frans isomers in nematic phase and possibly reduced the phase
transition temperatures.'* Under visible light, the backward trans < cis photoisomerisation

started and restored the nematic phase of 4c.
The ratio of the isomer concentrations can be estimated by the following equation:
[ClS]t / [ll”al’ls]o = (1 _At /AO) / (1 — Ecis / Strans)53’54

where [cis]; is the concentration of cis isomer at time ¢, [trans]o the initial concentration of trans
isomer, Ao and A, are the absorbances at the wavelength of the same chromophore of sample
compound, in which all sample compounds in solution are either trans or cis isomers, €cis and €sans
the molar attenuation coefficients (also known as molar extinction coefficient and molar absorption

coefficient) of the cis and trans isomers at a given wavelength of light, respectively.>*
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Previous studies on similar azobenzene-based compounds report €cis / €rans ratios of 0.050,
0.053,0.055, 0.056, and 0.05, corresponding to UV wavelengths of 320 nm,>* 325 nm,** 355 nm,*
369.5 nm,* and 370 nm,>’ respectively. Therefore, we selected 0.05 as the € cis / € ans ratio to
estimate the isomer fraction under the irradiation of 365 nm UV. The strong absorption band at
334 nm collected from the 30-second UV irradiation test generated a A;/ Ao ratio of 0.2348, giving
a [cis]; / [trans]o ratio of 0.81. This ratio indicates that 81% of nematic 4¢ had converted from
trans to cis isomers, which is one of the highest among the reported ratios of similar azobenzene-

based compounds.*> ¢!

3.3 Effect of changing azo position

ABLC compounds are unsuitable for practical applications due to one or more of the
following traits: (1) narrow temperature windows of nematic phases, (2) high phase transition
temperature, and (3) long period of light stimulation to reach photostationary state.> Typical ABLC
compounds utilised ester and azo groups as bridging units, in which the azo and ester groups are
implemented as side-arms and direct linkages of the central bent core, respectively. We postulated
that one major contributor is the strong intermolecular forces of ABLCs and proposed to use two
azo bonds as the linkages to the central bent-core in order to reduce the intermolecular interactions.
Previous studies suggest that changing the position of azo groups does not improve the mesogenic
properties of ABLC.'*?? However, their investigation focused on the effect of swapping one azo
group with ester linkage and did not consider the scenario of linking two azo groups directly to the

central bent-core.

To examining our hypothesis, molecular properties of 4c and its counterpart 4¢-c¢ using two
esters as central linkages were calculated and compared as shown in Figure 5. The comparison

shows that the dipole moments of trans 4¢ (3.36 Debye) is significantly smaller than that of 4¢-c
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(6.56 Debye). Interestingly, the dipole moment of cis 4¢ (3.69 Debye) is slightly larger than that
of 4c-¢ (3.50 Debye). Small dipole moment indicates weak electrostatic interactions, which could
promote the low melting point and wide temperature windows of nematic phase of trans 4c¢. In
addition, the molecular structures of 4¢ isomers prone to form an orderly geometry likely due to
the small molecular structures attaching to the rotatable ester bonds. Therefore, applying azo group
as the central linkage to the bent core can lower the melting point and broaden the temperature

windows of mesogenic phases.

Moreover, the overall polarisabilities of frans and cis of 4¢ are substantially higher than
those of 4c-c, which corroborates the experimental observations that 4c is superior to its
counterpart 4c-c in terms of frans — cis photoisomerisation rates. At zero frequency, the isotropic
averages of first polarisability of trans and cis isomers of 4¢ (632.7 and 612.5 au®) are noticeably
higher than that of 4¢-¢ (621.5 and 601.2 au®), respectively. Interestingly, the average SHG values
of 4¢ isomers (1900 and 220 au’) are smaller than those of 4c-¢ (2063 and 542 au’), whereas the
third polarisability mean values of 4¢ (5.92x10° and 2.04x10° au) are nearly two times of those of
4c-¢ (3.39x10° and 1.16x10° au). Additional research is necessary to determine the relationship

between the molecular properties and bulk performance of this type of material.
4. Conclusion

To date, this is the first study using two azo bonds as direct linkages of the central bent-
core to synthesize azobenzene-based bent-core liquid crystal. This compound exhibited a broad
temperature window of nematic phase and rapid trans — cis photoisomerisation in seconds.
Quantum mechanics calculations suggest that when two azo bonds instead of esters serve as the
linkage on the central bent-core, the electrostatic interactions are substantially weakened and

molecular polarisabilities are enhanced. This finding indicates using azo bonds as central linkages
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can promote favourable phase behaviours and optical properties. In summary, this study proposed
a novel method to synthesise photosensitive liquid crystal compound and deployed synergistic
approach to mechanistically elucidate material properties. Such efforts are imperative for

advancing future design of azobenzene-based bent-core liquid crystals.
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487 Figure 1. Synthesis of 4-chloro-1,3-diazobenzene bent-core liquid crystal.
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489 Figure 2. DSC heating and cooling traces of compound 4c.



491 Figure 3. Polarised optical micrograms of compound 4¢ under various conditions: (1) smectic

492 textures at 88 °C, (2) nematic textures at 120 °C, and (3) isotropic liquid phase at 155 °C.
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494  Figure 4. UV-Vis spectra of dissolved compound 4¢ under 365 nm UV irradiation for0s,2 s, 5 s,
495 10 s, and 30 s.
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496

497 Figure 5. Molecular structures and dipole moments of isomers of compound 4¢ and its

498 counterpart 4¢-¢ at the ground states. Red arrows represent the direction of dipole moment.



