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ARTICLE DETAILS ABSTRACT

Article History:

Substitutent on the mesogen plays a crucial role in determining the shape and mesogenic properties of liquid

crystals. In order to evaluate the influence of terminal chloro and nitro substitutions on the structural shape
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and mesogenic properties, two azobenzene 1-(4-X-phenyl)-2-(4-(hexayloxy) phenyl) diazene (X is Cl or NO2)
liquid crystals have been synthesized by diazotization followed by etherification with hexyl bromide. The

structural characterizations of the compound have been performed by spectroscopic methods and studied
the mesogenic property by differential scanning calorimetry (DSC) and polarizing optical microscope (POM).
Rod-shaped liquid crystals and mesophase formation were obtained by the terminal chloro and nitro
substituents of the azobenzene. The textures obtained with polarizing optical microscope (POM) analysis
showed enantiotropic smectic A (SmA) mesophase for chloro- and nematic mesophase for nitro substituted
azobenzene. Differential scanning calorimetry confirmed two Cr-SmA and SmA-I phase transitions both on

heating and cooling.

KEYWORDS

Mesomorphic property, Azobenzene liquid crystals, Terminal substituent, Smectic phase, Nematic phase

1. INTRODUCTION

Since their discovery in 1888, liquid crystals (LC) have become useful in a
wide span of applications from biological to optical technology (Carlton et
al,, 2013; Crwaford et al., 2007; Chapoy, 1985; Stephen and Straley, 1974).
Among different shapes of LC molecules, such as rod-, banana- and
discotic-shaped, rod-shaped LCs are important for their use both in
academic and technological applications (Hudson and Maitlis, 1993).
Liquid crystal molecules with rodlike shapes exhibit different
orientational and positional order levels in the crystal, smectic, nematic,
and isotropic phases to increase the temperature with melting and
clearing points (Anna, 2009) (Scheme 1).
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Scheme 1: Different phases of rod-shaped LC
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The nematic phase with rodlike molecules is partially aligned in the
vertical direction. Nematic liquid crystals usually exhibit a unique state for
both liquid and crystalline forms as they show director alignment and can
move owing to the deficiency of positional order (Chandrasekhar, 1992;
Khoo, 2007). Nematic phases are used as electrically controlled light
valves in liquid crystal display (LCD), a typical application of nematic
liquid crystals. Like nematics, smectic molecules also show the alignment
along the axis of a director and form layers (Scheme 1). Compared to the
nematic phase, smectic phases are likely to occur at a lower temperature,
maintaining their flexibility because of the weak positional order. Till now,
it has been identified about nine different smectic phases with defined
features like the amount of positional order within a layer and the
direction of the director axis (Collings, 1990; Gray and Goodby, 1984).

The rod-shaped LC molecule consists of a rigid core, a terminal chain, and
a lateral substituent (Thompson et al,, 2015; Goodby, 2014; Ting et al.,
2020). The core provides the rigidity required for anisotropy, whereas the
terminal chains provide flexibility to stabilize the molecular alignment
within the mesophase. Both nematic and smectic mesophases could be
formed depending on the lateral substituent in the rod-shaped LC
molecule (Kilic and Cinar, 2007).

Internal changes in rod-shaped LC can also be achieved by changing the
polar character in the rodlike molecule (Kapernaum et al, 2012;
Romiszewski et al, 2014; Taveres et al, 2010’ Rampon et al, 2010;
Timmons etal., 2017). In recent decades, azobenzene mesogen-containing
rod-shaped LC system has attracted researchers because the reversible
photo-isomerization process of azobenzene moieties can profoundly
impact the order of mesophase (Zhu and Wang, 2013; Natansohn and
Rochon, 2002). The azobenzene-containing molecules form an anisotropic
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phase in trans-conformation, whereas the ordered molecular
arrangement is disrupted to form an isotropic phase in cis-conformation.
The trans-cis photoisomerization of the azobenzene moiety is promising
for various applications, including holographic media, optical storage,
reversible optical waveguides, photoalignment of LC systems, and drug
delivery (Rochon et al., 1995; Kim et al,, 1995; Haus, 2001; Ho et al., 1995;
Ichimura, 2000).

Different azo functionalized liquid crystals exhibit a wide variety of
mesomorphism and structural phase transitions (Alaasar et al, 2014;
Alaasar, 2016; lamsaard et al, 2016). The terminal substituent of
azobenzene-containing molecules plays a vital role in generating
mesomorphic behavior and properties for special applications. A wide
range of different terminal substituents (e.g. -F, -Cl, -Br, -NO2, -OCH3,
0CzHs-CHs, C2Hs, ) have been incorporated into various liquid crystal
molecules (Guan-Yeow et al,, 2011; Rabiul et al,, 2016; Sourav et al., 2018;
Satish and Patil, 1987; Lohar and Jayrang, 1983; Siti et al., 2021; Magdi et
al,, 2014). The thermal stability and nematic-isotropic phase transition
temperature of liquid crystals are greatly affected by terminal
substituents' size and polarity nature (Chinnaiyan and Palaninathan,
2015). Terminal substituents having higher polarity will have more
thermal attraction resulting in higher nematic-isotropic stability. Thus,
the mesomorphic and physical properties of liquid crystal molecules could
be controlled by tuning the substituents. Recently, we have reported
alkyloxy substituted 4-chloroazobenzene liquid crystals and their
mesomorphic properties (Kamruzzaman et al., 2021). In continuation of
the previous work, an attempt has been made to synthesize two new
calamatics (rodlike) low molecular weight liquid crystal molecules
composed of azobenzene as mesogen with terminal substituents (chlorine
and nitro groups) and oxyhexyl as a flexible chain. Finally, the
mesomorphism properties of azobenzene compounds have been
compared based on the terminal chloro- and nitro substituents.

2. EXPERIMENTAL
2.1 Materials

p-Chloro aniline and p-nitro aniline were purchased from Loba Chemie Pvt
Ltd, India. Sodium nitrite was purchased from Thomas baker (chemicals)
limited, India. Hydrochloric acid and phenol were purchased from Merck,
Germany, and Merck, India, respectively. K2COs and 1-Bromo hexane were
purchased from Eurostar Scientific Ltd. and Fluka, respectively. All
solvents used in this work were purified via distillation followed by
refluxed with Na.

2.2 Synthetic procedure of 4-(4-chlorophenyl) diazenyl)phenol
(CDP)

The compound CDP was synthesized according to Keller's methacrylate
analog (Santos et al.,, 2018; Woo-Keun et al., 2006). A 100 mL mixture of
PEG400/1,4-dioxane /water (60/30/10) was cooled in an ice bath, and to
this mixture, 6.75 mL (78.4 mmol) of concentrated HCl and 5 g (39.2
mmol) of p-chloroaniline were added. A solution of NaNO2 (2.98 g, 43.1
mmol) in water (10 mL) was added drop-wise to the above mixture to
form the diazonium salt. The solution was left stirring at 0-5 °C for 2 hours.
A solution was prepared with phenol (11.07 g, 117.6 mmol) and NaOH
(1.72g, 43.1 mmol) in 100 mL of the mixed solvent PEG400/1, 4-
dioxane/water (60/30/10) in another flask, and it was poured into the
diazonium salt solution. The mixture was stirred for a further 30 min, then
water (200 mL) was added. HCI (about 2.5 mL) was added to make the
mixture acidic (pH= 5). The solid product (red powder) was filtered off,
washed several times with water, and dried in a vacuum. The crude
product was purified using petroleum ether/acetone (95/5) as eluent by
chromatography as silica gel. The product was obtained as a red powder,
yields 5.9 g (65%).

4-(4-chlorophenyl)diazenyl)phenol (CDP): Red powder, yeild: 65%, R¢
value 0.43 in petroleum ether: acetone (9:4). 'H NMR (CDCls, ppm): 6.94
(2H,d), 7.46 (2H, d), 7.83 (2H, d), 7.88 (2H, d), 5.27 (1H, s, Ar-OH) .13C NMR
(CDCls, ppm): 116, 124, 125,129,136, 147,151, 158. IR (KBr, cm1): 3413,
1638,1617, 1589, 1576, 1477, 1225, 1082, 838, 724.

2.3 Synthesis of 1-(4-chlorophenyl)-2-(4-(hexayloxy)phenyl)
diazene (CDP-H)

The hexyl derivative of CDP was synthesized following the procedure [30]
as described below:

A mixture of 0.2 g (0.86 mmol) of CDP and 0.48 g (3.45 mmol) of K2CO3
was added in 20 mL of dry acetone in a 250 mL round-bottomed flask and
stirred for 30 min. Then 1.72 mmol of 1-bromo alkane (1-bromo
hexane/1-bromo octane/1-bromo nonane) was added to the mixture, and

the reaction mixture was refluxed in an oil bath at 65 °C for 24 hours. The
progress of the reaction was monitored by thin-layer chromatography.
After completion of the reaction, the mixture was cooled. The residue
obtained was filtered off, and the filtrate was concentrated in a vacuum.
The solid product obtained was dissolved in 25 mL ether, and this solution
was washed with water, 10% sodium hydroxide, and again with water
several times. Finally, the ethereal solution was dried over MgS0O4. The
solution was concentrated in a vacuum, and the crude product was
purified by recrystallization in petroleum ether. In each case, the pure
product was obtained as orange crystal. The spectroscopic data, i.e,, NMR,
IR and UV of hexyl derivative of CDP (CDP-H), were as follows.

Orange micro crystal, 0.2 g (75%), R value 0.90 in petroleum ether:
acetone (9:2). 'H NMR (CDCls, ppm): 7.88 (2H, d), 7.81 (2H, d), 7.46 (2H.
d), 6.98 (2H, d), 4.03 (2H, t), 1.81 (2H, m), 1.48 (2H, m), 1.34 (4H, m), 0.92
(3H, t). 3C (CDCls, ppm): 14, 23, 26, 29, 32, 68, 115, 124, 125, 129, 136,
147,151, 162. IR (KBr, cm): 2949, 2866, 1637, 1617, 1584, 1501, 1417,
1260, 1138, 1084, 844, 724. UV (nm): 252 (¢ — ¢7), 356 (T = 1"), 448 (n—
).

2.4. Synthetic procedure of 4-(4-nitrophenyl)diazenyl) phenol (NDP)

A 100 mL mixture of PEG400/1,4-dioxane/water (60/30/10) was cooled
in an ice bath, and 6.50 mL (74.8 mmol) of concentrated HCl and 5 g (36.2
mmol) of p-nitroaniline were added to it. A solution of NaNOz (2.75 g, 36.8
mmol, in 10 mL water was added drop-wise to the above mixture to form
the diazonium salt. The solution was left stirring at 0-5 °C for 2 hours. A
solution prepared with phenol (10.23 g, 108.6 mmol) and NaOH (1.74 g,
43.4 mmol) in 90 mL of water was poured into the diazonium salt solution.
The mixture was stirred for 30 min and then added 200 mL of water. The
mixture was acidified (pH= 5) with HCI (about 2.5 mL). The solid product
(red powder) was filtered off, washed several times with water, and dried
over P20s in a vacuum. The crude product was purified by column
chromatography on silica gel using petroleum ether/dichloromethane
(80/20) as eluent. The product was obtained as a red powder (yields 6.15
g, 70%). The spectroscopic data, i.e., NMR and IR of NDP were as follows.

4-(4-nitrophenyl)diazenyl)phenol (NDP): Red powder, yield: 70%, Rr
value 0.74 in petroleum ether: acetone (9:5). 'H NMR (CDCls, ppm): 8.36
(2H,d), 7.98 (2H, d), 7.93 (2H, d), 6.97 (2H, d), 5.26 (1H, s, Ar-OH). IR (KBr,
cm1): 3434,1633,1511, 1346, 1139, 854.

2.5 Synthesis of 1-(4-nitrophenyl)-2-(4-(hexayloxy)phenyl) diazene
(NDP-H)

A mixture of 0.3 g (1.23 mmol) NDP, 0.68 g (4.92 mmol) K2CO3 and 20 mL
of dry acetone was added in a 250 mL round-bottomed flask and stirred
for 30 min. 1-bromo hexane (0.41 g, 2.47 mmol) was then added to the
mixture, and it was refluxed in an oil bath at 65°C for 24 hours. All other
necessary steps taken were similar to what was carried out for compound
CDP-H. The pure product was obtained as orange crystal (yields 0.3 g,
75%). The spectroscopic data, i.e., were as follows.

1-(4-nitrophenyl)-2-(4-(hexyloxy) phenyl)diazene (NDP-H): Orange
micro crystal, yield (75%) R¢ value 0.58 in petroleum ether
dichloromethane (5:2). tH NMR (CDCls, ppm): 8.35 (2H, d), 7.97 (2H, d),
7.95 (2H.d), 7.03 (2H, d), 4.06 (2H, t), 1.83 (2H, m), 1.48 (2H, m), 1.36 (4H,
m), 0.92 (3H, t). 13C (CDCls, ppm): 14, 23, 26, 29, 32,69, 115,123, 125, 126,
147, 148, 156, 163. IR (KBr, cm): 3467, 2921, 1635, 1523, 1453, 1341,
1294, 1250, 1193, 1113, UV (nm): 252 (¢ - ¢°), 364 (7 > 7°), 461 (n—>
").

2.6. Analytical Methods

The structure of the compounds was confirmed by spectroscopic analyses.
H NMR was carried out with BRUKER spectrometer operated at 400 MHz
in pulse Flourier Transform mode using chloroform-d as solvent. The peak
of chloroform-d (7.26 ppm) was used as an internal reference. IR spectra
were recorded using KBr with PerkinElmer spectrum-100 FT-IR
spectrometer. UV-Visible spectra were obtained by using Shimadzu UV-
1650PC spectrometer. The enthalpies of transitions (reported in Jg-!) and
phase transition temperature were determined by using PerkinElmer
DSC-8000. The heating and cooling rate in DSC was 10°C/ min. The
textures of the phase transition of the compounds were obtained using
Olympus BX53 hot-stage polarizing optical microscope.

3. RESULTS AND DISCUSSION
3.1 Synthesis and structure analysis

4-(4-chlorophenyl)diazenyl)phenol ~ (CDP) was synthesized by
diazotization reaction between p-chloroaniline and phenol according to
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the procedure described in the experimental section. The synthetic route
of the reaction is shown in Scheme 2. The pure CDP was obtained as red

powder by chromatographic column separation. The structure of the CDP
was confirmed by 'H and 13C NMR analyses.

O)-on

X=Cl, NO,

HCl1/ NaN02 C6H13Br
LG O s on B Sy o

CDP, X=Cl
NDP, X:N02

CDP-H, X= Cl
NDP-H, X=NO,

Scheme 2: Synthetic route of 4-(4-chlorophenyl)diazenyl)phenol (CDP) and 4-(4-nitrophenyl)diazenyl)phenol (NDP).

In H NMR spectrum of CDP (Figure 1A), the signals that appeared in the
range of 6.94 -7.88 ppm were assigned for aromatic protons, and a singlet
at 5.27 ppm appeared for the Ar-OH proton. In 13C NMR spectrum (Figure
2A) of the compound, four peaks observed in the range of 116 -129 ppm
were assigned for the eight carbons of the aromatic ring, and signals
appeared at 136, and 147 ppm were assigned for HO-C and CI-C,
respectively. The signals those appeared at 151, and 158 ppm were
assigned for two carbons adjacent to the azo group. In the IR spectrum,
absorption peaks for -OH and azo groups were appeared at 3413 and
1589 cm, respectively. All the spectroscopic data supported the structure
of CDP.

The compound CDP-H was synthesized by alkylation of hexyl bromide
according to the procedure described in the experimental section. The
structure of CDP-H was characterized by spectroscopic analyses. In 'H
NMR spectrum (Figure 1B), the signals that appeared in the range of 6.98-
7.88 ppm were assigned for aromatic protons, and a triplet at 4.03 ppm
was appeared for-OCH2 protons. The peaks that were observed at 1.81
(2H, m), 1.48 (2H, m), 1.34 (4H, m), and 0.92 ppm (3H, t) were attributed
for the aliphatic 11 protons of the hexyl group. In the 13C NMR spectrum of
CDP-H (Figure 2B), four peaks appeared in the range of 115-129 ppm
were assigned for the eight carbons of the aromatic ring, and peaks for five
carbons of the hexyl group were in the range of 14 - 32 ppm. The peak at
68 ppm was assigned for the carbon of ~-OCHz group. The peaks observed
at 136 and 147 ppm were assigned for HO-C and CI-C, respectively. The
peaks for two carbons adjacent to the azo group were observed at 151 and
162 ppm. Inthe IR spectrum, absorption peaks that appeared in the range
of 2949-2866 cm! were identified for C-H stretching vibration, and the
signal observed at 1584 cm-! was assigned for the azo group. In the UV
spectrum, a w = 7" transition was observed at 357 nm, which indicated
the presence of the azo group in the compound.
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Figure 1: 'H NMR spectra of (a) 4-(4-chlorophenyl)diazenyl)phenol
(CDP), (b) 4-(4-nitrophenyl)diazenyl)phenol (NDP), (c) hexyl derivative
of CDP (CDP-H) and (d) hexyl derivative of NDP (NDP-H).

4-(4-nitrophenyl)diazenyl)phenol ~ (NDP) was  synthesized by
diazotization reaction between p-nitroaniline and phenol (Scheme-2)as
described in the experimental section. The pure NDP was obtained as red
powder by column chromatographic separation. The structure of NDP was
confirmed by 'H and 3C NMR analyses.

In the H NMR spectrum of NDP (Figure 1C), the signals at 6.97 - 8.36 ppm
were assigned for aromatic protons and a singlet at 5.26 for Ar-OH proton.
Similar to compound CDP peaks were observed in the 13C NMR spectrum
of NDP (Figure 2C) at 116-129, 136, 147, 151, 158 ppm for eight carbons
of the aromatic ring, HO-C, CI-C, and two carbons adjacent to the azo group,
respectively. In the IR spectrum, absorption peaks at 3434 and 1633 cm!

were appeared for -OH and azo groups, respectively. The spectroscopic
analyses confirmed the structure of NDP.

Similar to the CDP-H, 1-(4-nitrophenyl)-2-(4-(hexyloxy)phenyl)diazene
(NDP-H) was synthesized by alkylation of hexyl bromide. Spectroscopic
data also supported the structure of NDP-H. Similar spectral peaks have
appeared in the 'H and 13C NMR, and UV spectra of NDP-H (Figure 1D), as
were observed for the compound CHP-HThe peak for O:N-C was observed
at 148 ppm in 13C NMR spectrum of NDP-H.
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Figure 2: 13C NMR spectra of (a) 4-(4-chlorophenyl) diazenyl)phenol
(CDP), (b) 4-(4-nitrophenyl)diazenyl)phenol (NDP), (c) hexyl derivative
of CDP (CDP-H) and (d) hexyl derivative of NDP (NDP-H).

3.2 Analysis of mesomorphic behavior

The mesomorphic behavior of the compounds was analyzed by
differential scanning calorimetry (DSC) and optical polarizing microscope
(POM). The phase transition temperatures associated with transition
enthalpies were determined by DSC. 27 heating and 15t cooling scanning
data of CDP-H and NDP-H are summarized in Table 1. The DSC curve of
CDP-H is depicted in Figure 3A. Two transitions were observed in both the
heating and cooling scan as a result of the enantiotropic phase transition.
On the heating scan, the Cr-SmA and SmA-I transitions were observed at
87.66 and 93.26 °C, and on the cooling scan, the I-SmA and SmA-Cr
transitions were observed at 89.98 and 62.54 °C.

Similar phase transitions Cr-SmA (at 101°C) and SmA-I (at 168°C), and I-
Sm (at 165°C) and SmA-Cr (at 80°C) were observed for N,N'-di-(4'-
pentyloxybenzoate)salicylidene-1,3-diaminopropane during heating and
cooling, respectively. Rod-shaped azobenzene liquid crystal 1-
methoxyalkyloxy-4'-(4-phynylazo)acetophenone also exhibited Cr-SmA-I
phase transitions as reported by Salisu et al. (Al-Barody and Ahmad, 2015;
Salisu et al,, 2009).

Table 1: Phase transition temperatures obtained through DSC
scanning on heating and cooling.

Transition temperature °C association with
Compounds transition enthalpy (J/g)
2rd Heating 1t Cooling
CDP-H Cr 87.66 (90.21) SmA 189.98 (15.72) SmA
93.26 (8.51) 1 62.54 (83.68) Cr
196.31 (1.11) N 86.87
NDP-H Cr99.07 (125.78) 1 (117.99) Cr

Cr = Crystal, SmA = Smectic A, I = Isotropic, N = Nematic
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Figure 3: DSC curves obtained on 2m heating and 15t cooling at 10
°C/min-, (a) 1-(4-chlorophenyl)-2-(4-(hexyloxy)phenyl)diazene (CDP-H)
and (b) 1-(4-nitrophenyl)-2-(4-(hexyloxy)phenyl)diazene (NDP-H).

The DSC curve of the compound NDP-H was depicted in Figure 3B. This
compound showed only one phase transition both on heating scan. On the
heating scan, the Cr-I transition was observed at 99.07 °C and no liquid
crystal was found. On the other hand, the monotropic phase transition was
observed on the cooling scan. On cooling scan, the liquid crystal was found
at 96.31 °C as nematic mesophase which was disappeared in the
crystalization point at 86.87 °C.

The phase textures of CDP-H and NDP-H were studied using a polarizing
optical microscope (POM) with a hot stage to identify the mesomorphic
phase (Figure 4). The CDP-H was stable during repeated heating and
cooling. The DSC and POM data showed a good agreement with each other.
For compound CDP-H purely smectogenic, smectic A (SmA) mesophase
textures appeared during heating and cooling. This was characterized by
battonetes formation on cooling and focal conic fan-shaped structure.

= (0

No phase texture

Figure 4: Polarizing optical microscope texture. (a) Smectic A phase to
isotropic liquid on heating for CDP-H,(b) Smectic A phase from isotropic
liquid on cooling for CDP-H, (c) No phase texture was observed on
heating to isotropic liquid for NDP-H and (d) Nematic (N) phase on
cooling from isotropic liquid for NDP-H (Cross polarizer magnification x
50).

The Schlieren texture was appeared on the cooling scan, which confirmed
the presence of Nematic (N) phase for the compound NDP-H.

3.3 Comparison between CDP-H and NDP-H

CDP-H compound showed enantiotropic liquid crystal with Smectic A
(SmA) on both the heating and cooling scan, but NDP-H showed
monotropic liquid crystal with Nematic (N) phase on cooling scan. The
liquid crystal property shows variation in polarity, polarizability and
magnitude of anisotropic intermolecular force of attraction which
determines the presence or absence of mesomorphism. In CDP-H, the
chloro group is more polarizable and larger in size, which is more
favorable for the space-filling concept giving rise to the lamellar packing
arrangement, the driving force for forming the smectic phase (Yeap et al,,
2009; Imrie and Taylor, 1989). In NDP-H, the bulky nitro group increases
the breadth of the terminal benzene ring. The increasing breadth of a
molecule increases intermolecular distance and hence decreases
intermolecular attraction.

On the other hand, it also increases molecular polarizability, which
increases intermolecular attraction. Two opposing effects are operating,
while Gray has explained that an increase in the breadth of a molecule
decreases both smectic and nematic mesophase stability (Gray, 1958).
Therefore, it was assumed that the nitro group not only increases the
breadth of the molecule but also increases the acoplanarity in the molecule
due to steric interactions. A combination of both breadth and steric effect
significantly affects the thermal stability of the ordered arrangement of
NDP-H, which results in nematic liquid crystal phase in the only cooling
scan.

4., CONCLUSION

In this work, two low molecular weight azobenzene liquid crystals with
chloro and nitro as terminal substituents and hexyloxy flexible units were
synthesized. The structures of the compounds were confirmed by
spectroscopic analyses. Chloro substituted azobenzene showed
enantiotropic Smectic A (SmA) liquid crystal both on heating and cooling
scans. On the other hand, nitro substituted azobenzene showed nematic
liquid crystal only on cooling scan.
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