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Chiral unsymmetrical dimeric liquid crystals consisting of a cholesterol moiety as chiral entity and a substituted
salicylidene imine core (with the substituent being butyl or fluoro or chloro group) interconnected through an
even methylene spacer have been synthesised and their mesomorphic properties are characterised. All the dimers
exhibit enantiotropic mesophases. The butyl homologue exhibited N∗ phase only, the fluoro- and chloro-substi-
tuted compound exhibited frustrated blue phases (BPs), N∗ phase and SmC∗ or twisted grain boundary (TGB)
phases. The occurrence of a fluid frustrated phase, the BP, in particular, observed in compounds with a polar
moiety and bent optimised conformation by density functional theory (DFT) study, indicates the importance of
polar structures and bent shape of the compounds. Theoretical calculation was performed in order to study the
optimised conformation, polarity and electron density distribution of the synthesised cholesterol derivatives using
DFT. Time-dependent density functional theory (TD-DFT) calculation also had been carried out to investigate
the absorption spectra and HOMO–LUMO energies. The experimental and theoretical absorption spectra are also
presented.

Keywords: cholesterol; blue phase; TGB phase; frustrated phase; DFT study

1. Introduction

Since the discovery of the fourth state of matter,
namely mesomorphic phase of self-organising helical
superstructures in cholesteryl benzoate [1,2] chirality
in ordered fluids has become one of the most fas-
cinating field of current research in liquid crystals
to develop devices such as fast-response display and
tunable photonic crystals and laser emitting devices
[3,4].

Two kinds of frustrated mesomorphic phases, that
is, the blue phases (BPs) and the twisted grain bound-
ary (TGB) phases are generated from helical super-
structures. BPs with a lattice of defects made up
of double-twist cylinders [5–15], which are normally
observed as thermodynamically stable mesophases
over a narrow temperature range between the isotropic
(Iso) and chiral nematic (N∗) phases [16,17] and TGB
phases manifested by incompatible helical-lamellar
smectic structures [2,18–22], have been of great inter-
est in chiral liquid crystal systems in the last two
decades. Three types of BPs are known: body-centred
cubic (BPI), a simple cubic (BPII) and amorphous
phases (BPIII) [23–27]. BPs have been observed only
in chiral liquid crystal systems. Chirality can be intro-
duced by the following ways: direct incorporation of
chiral centres through synthetic efforts, addition of
chiral dopants in achiral LC hosts and through inter-
molecular hydrogen bonds [28]. Extensive efforts to

*Corresponding author. Email: nandirajuv@gmail.com

realise these frustrated phases revealed the impor-
tance of large helical twisting power (high chirality),
optical purity of the molecules and molecular inter-
actions based on compatibility between different seg-
ments of the molecules. Excellent reviews on dimers
and higher oligomers appeared recently discussing the
molecular structure–liquid crystalline property rela-
tionship [29,30]. Unsymmetrical dimesogenic com-
pounds [31–38] consisting of cholesteryl ester unit
as a chiral moiety covalently bonded to different
promesogenic units, namely Schiff base, azobenzene,
stilbene, ester, biphenyl fragments or functional moi-
eties, and so on, through a polymethylene unit have
been extensively studied due to their importance in
basic research of structure–property relationship as
well as in device applications. Hardouin et al. reported
[39–42] the uncommon incommensurate fluid smec-
tic phases and short thermal range TGB, N∗ and
BPs in nonconventional mesogens formed by choles-
terol and Schiff base linked by an alkanoic acid
spacer (KI-4, KI-5]. Dimesogenic compounds based
on cholesterol and N-(n-alkyl) salicylideneimines sep-
arated by a flexible spacer of varying length of
n-alkanoicacid (−(CH2)nCOO−; n = 3, 4, 5 and 7)
[43], the homologues with an odd parity spacer were
found to exhibit SmC∗–SmA∗–TGB-N∗ phase vari-
ant in cooling cycle, while the even parity homologue
(n = 4) exhibited only monotropic N∗ phase. The
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2 D.D. Sarkar et al.

lanthanide complexes exhibited only SmA∗ phase. The
complexes of the dimesogenic compounds with an
even parity methylene spacer (n = 4) were found to
be crystalline in nature and the crystalline behaviour
had been attributed to the pronounced bent molecular
conformation of the constituent compounds [43,44].
The metal (Cu(II) or Pd(II)) complexes [44] of the
above compounds are found to exhibit monotropic
N∗ or SmA∗ phase. However, with a spacer (n = 5)
and replacing the N-alkyl moiety by N-aryl moi-
ety, the compound KI-5(OH) [45] exhibited N∗-TGB
(transient)–SmA∗ phase variant, while its complexes
exhibited only SmA phase. Further, the occurrence of
fluid frustrated phase, in particular, the BP reflecting
the ultra short pitch with highly twisted conformation
in dimesogens with a bent chalcone moiety at one end,
is attributed due to bent–core chalcone entity in the
dimer structure [13].

Hence, we are particularly interested in investi-
gating the influence of polar substituent as well as
non-polar butyl group on the possible existence of
blue and TGB phases in these dimesogenic compounds
synthesised using cholesterol and N-(4-substituted)
salicylideneimines separated by a flexible even parity
methylene spacer of fixed length. Here we report the
synthesis and characterisation of unsymmetrical dime-
sogens 1-Bu, 1-F and 1-Cl consisting of a cholesteryl
ester and a promesogenic Schiff’s base moiety with dif-
ferent substituents, (butyl, fluoro and chloro groups)
separated by an even parity alkylene central spacer.
A comparison of the mesomorphism with similar
molecular structures reported earlier shall also be
presented. Quantum chemical calculations based on
density functional theory (DFT) study has been per-
formed to give more insight into the molecular con-
formation, isoelectron density surface with electro-
static potential distribution and static polarisability.
An accurate HOMO and LUMO description, namely
atomic orbital composition, absolute energy and rel-
ative energy gap, provides the important information
related to photo-physical properties which helps for
the design of new molecules and their tuning of dis-
tinct desired properties of the compounds.

2. Experimental

All the chemicals are procured from M/S Aldrich
chemicals, Alfa Aesar, Tokyo Kasei Co. Ltd., Combi
Blocks. The solvents and reagents are of AR grade,
and were distilled and dried prior to use. The 1H
nuclear magnetic resonance spectra were recorded
either on JEOL FX-90Q (500 MHz) multinuclear
spectrometer (chemical shift in δ) solution with TMS
as internal standard. Microanalysis of C, H and
N elements were determined on a Carlo-Erba 1106

elemental analyser. IR spectra were recorded on a
Shimadzu IR Prestige-21, (νmax in cm−1) on KBr disks.
A differential scanning calorimeter (DSC) (Perkin-
Elmer DSC Pyris1 system) using indium as standard
was used to measure the phase transition tempera-
tures of materials and the corresponding transition
enthalpies. The optical textures were observed through
a polarising microscope (Nikon optiphot-2-pol and
Eclipse LV-100POL) equipped with a hot- and cold-
stage HCS302, with STC200 temperature controller
configured for HCS302 and Instec HS-ii hot stage
from Instec Inc., USA. The textures were recorded
using Nikon NIS elements attached with the polarising
microscope.

3. Results and discussion

3.1. Mesomorphism
The unsymmetrical dimesogens 1-Bu (can also be
abbreviated as KI-4(OH) as in reference 40, 45),
1-F and 1-Cl were obtained by condensing N-[4-
(5-cholesteryloxycarbonyl)-butyloxy)-salicylaldehyde
and 4-substituted anilines. The introduction of
ortho hydroxyl group in benzylidene moiety not
only enhances the stability of the imines through
intramolecular H-bonding to overcome the hydrolytic
instability of the molecules towards moisture but also
enhances the transverse dipole moment. Hence, the
salicylidene aniline core present in these compounds
promotes thermal stability which is confirmed by
FTIR. In calamitic ferroelectric liquid crystals derived
from achiral molecules, the resorcylidene aniline core
actually found to be rather superior to the benzylidene
aniline core with respect to mesogenicity and is more
stable towards hydrolysis [46–50].

The salicylaldehyde derivative 3 for the synthesis
of our target material 1-Bu, 1-F and 1-Cl was obtained
starting from cholesterol ω-bromopentanoate 2 which
had been prepared by the esterification reaction
of cholesterol 1 with 5-bromopentanoyl chloride in
dichloromethane at room temperature in the pres-
ence of triethylamine as base. The synthetic details
are furnished in the experimental section as detailed
in Scheme 1. The molecular structures of interme-
diates and unsymmetrical dimesogens were authen-
ticated by spectroscopic analysis. The phase tran-
sition temperatures and mesomorphic properties of
the dimesogens 1-Bu, 1-F and 1-Cl were examined
by DSC and polarising optical microscopy (POM).
All the compounds exhibit two mesophase transi-
tions in heating and as well as cooling cycles as
evidenced from DSC experiments during second heat-
ing and cooling cycles at 5◦C/min and are in agree-
ment with optically measured temperatures. All the
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Scheme 1. Procedure for the preparation of compounds 1-Bu, 1-F and 1-Cl: (i) DCM, TEA, RT, stirring 24 h; (ii) KHCO3,
acetone, KI, reflux 18 h; (iii) EtOH, AcOH, reflux 4 h.

phase transitions are enantiotropic in nature. The
crystal to mesophase transition is associated with
large enthalpy change, whereas the other phase tran-
sition exhibits small enthalpy and entropy changes.
Transition enthalpies were obtained from the DSC
traces. The phase transformations at BPIII-cubic BP
(cubic BP: BPI or BPII [24–26]-N∗-TGB/SmC∗ phases
were observed in optical textures under POM with-
out a signature in DSC spectra. Optical observations
were made with untreated clean glass plates and cover
slips or commercial cells treated for homogeneous or
homeotropic alignments. The results are presented in
Table 1.

Figures 1–3 illustrate the typical POM textures
exhibited by pure compounds (1-Bu, 1-F and 1-Cl).
Compound 1-Bu exhibited only fan-shaped highly
twisted texture resembling the N∗ phase (Figure 1).
However, the replacement of methyl moiety by a polar
fluoro substituent the mesomorphic behaviour had
changed to SmC∗-N∗-cubic BP-BPIII phase variant.
For chloro substituent, the phase variant was TGBA-
N∗-cubic BP-BPIII. On slow cooling (0.01◦C/min)
of 1-F, the isotropic liquid changed to a foggy blue
coloured phase (Figure 2a) with fluidity without the
appearance of platelets resembling the characteristic

textures observed for BPIII phase. BPIII is identified
by the grazed platelet texture with a thermal range of
∼0.6◦C. Further cooling displayed a mosaic of colours
and different coloured platelets within the mosaic
which correspond to randomly oriented domains of
crystalline BP orderingm suggesting the phase as cubic
BP. On further cooling, the texture transformed into
focal conic texture of N∗ phase with the absence of
fingerprint striated texture. The focal conic texture is
a signature of highly screwed chiral nematic liquid
crystal with short helical pitch of nano-order. The dis-
tance between the finger print striae in this system
is too small to be detected in polarising microscope
with a resolution limit of ca. 1 µm. On further cool-
ing a phase transition occurred at 94.5◦C, showing the
chiral lines running across the tiny focal conic pattern a
diagnostic feature for the SmC∗ phase which continued
till 45.0◦C.

The observation of two different types of optical
textures, namely helical texture characteristic of
cholesteric organisation and CC domain texture with
radial streaks and broken shape can be considered
as the signature of the TGB phase in the compound
1-Cl. The optical textures characteristic of BPIII and
cubic BP are also exhibited by 1-Cl. Further, 1-Cl
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4 D.D. Sarkar et al.

Table 1. Phase transition temperatures (◦C) of the compounds 1-Bu, 1-F and 1-Cl recorded for second heating
(first row) and second cooling (second row) cycles at 5◦C/min from DSC and confirmed by polarised optical
microscopy. The enthalpies (�H in kJ/mol) are presented in parentheses.

1-Bu Cr 113.1
(7.31)

N∗ 161.3
(0.56)

I

Cr 73.3
(7.46)

N∗ 160.9
(0.64)

I

1-F Cr 129.6
(38.1)

N∗ 159.8◦C
(0.57)

I

Cr 45◦C TGB 94.5◦C
(4.90)

N∗ 158.0◦C Cubic
BP

158.6◦C BPIII 159.1◦C
(0.63)

I

1-Cl Cr 115.5
(31.6)

N∗ 177.9◦C
(0.55)

I

Cr 80.2◦C TGB∗ 74.1◦C†

(22.6)
N∗ 175.9 Cubic

BP
176.5 BPIII 177.3◦C

(0.74)
I

Note: DSC runs are carried out at a rate of 5◦C/minute in the second heating and cooling cycles only. Values in parentheses
represent enthalpy in kJ/mol. All the transitions are not detected by DSC. The observed transition temperatures in POM
studies in cooling cycle are recorded.
†Monotropic transition observed by POM studies.
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O N

O

O
O N

C4H9

C4H9

C4H9

O H

KI-5(OH)

KI-4: Cr 85 SmC∗ 134 SmC∗ 141 TGB 142 N∗ 153.8 BPI 154.8 BPII 155.6 I [40].
KI-5(OH): Cr 130.1 SmA 174 (TGB transient) N∗ 203 I [45,53].
KI-5: Cr 85 SmAinc 144.5 SmC∗ 149 SmAinc 151.5 SmC∗ 165 TGB 168 N∗ 191 BP 192 I [39,40,] [SmAinc = incommensurate
SmA].
KI-5: Cr 85 SČ 97 Sq3 141 Sic 146 SmC∗LT 152 SmC∗HT 164 TGB 168 N∗ 192 I [41].
SČ = ribbon phase and closely resemble real Sic, Sic = incommensurate fluid smectic phase, Sq3 is a two dimensional modu-
lated smectic phase and exhibits two incommensurate lengths reflecting long range layer structure (q3) and the other reflecting
short range order resulting in incommensurate fluctuations.

a b

Figure 1. Optical polarising microscope photographs of 1-Bu: (a) at 140◦C in N∗ phase; (b) during phase transition at 50◦C.
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Liquid Crystals 5

a b

c d

Figure 2. Optical polarising microscope photographs of 1-F: (a) grazed platelet texture at 158.8◦C of BPIII phase; (b) texture
at 158.2◦C of cubic BP phase; (c) highly twisted texture with fan-like appearance without any striae of the N∗ phase at 140.0◦C;
(d) chiral lines across the tiny focal-conic texture characteristic of SmC∗ phase below 94.0◦C till 45◦C.

also exhibited planar fingerprint texture of the N∗
phase, followed by sudden appearance of focal conic
texture with helical axes distributed in all directions
[51] as well as cylindrical or marginally cone-like (CC)
domain texture [52] with radial streaks inside domains
at low temperature and broken shape of the TGBA
phase in cooling cycle. The observed CC domain
textures may be seen as classical distinct focal conics
or as developable domain texture confirm the TGBA
phase [52].

The shortening of the central spacer to four
methylene units promoted the appearance of twisted
nematic phases in lieu of smectic polymorphism and
disappearance of in-commensurate smectic phases
[40]. The butyl homologue with benzylidene linkage
(without the ortho hydroxyl group) KI-4 (Table 1)
exhibited two BPs over a temperature range of 1.8◦C,
in addition to TGB phase (1◦C) and SmC∗ phases
(56◦C). When the central spacer is increased to five
methylene units, the benzylidene homologue KI-5
exhibited almost similar phase sequence. However, the
salicylidene homologue KI-5(OH) exhibited N∗ and
SmA phases with the occurrence of transient TGB
phase and extinction of BP [45,53]. In the present
work with the four methylene spacer, the salicylidene
homologue 1-Bu (equivalent terminology KI-4(OH))
exhibited only N∗ phase, whereas the introduction of

polar substituent replacing the butyl moiety promoted
the blue and TGB phases. The TGB phase consists
of a helical stack of blocks of smectic liquid crystal
separated by grain boundaries made up of an array
of screw dislocations. In the Schiff base homologous
series, it is reported that the smectic packing depends
on the terminal substituent. Further, the unusual
mesogenic moiety constituted by cholesteryl part the
non-aromatic nature connected with its planar shape
and its strong activity to interact favourably with the
aliphatic chains probably allows a peculiar arrange-
ment which supports the coexistence of varying
periodicities of incommensurate fluid smectic phases.

In unsubstituted cholesteryl-4-n-alkoxybenzoates,
the N∗AC∗ phase variant is reported [54].
Further, the compounds, cholesteryl-2-fluoro-4-n-
alkoxybenzoates, possessing strong lateral dipole
moment exhibited enantiotropic BP, N∗, TGB and
smectic C∗ phases [55]. Thus, the occurrence of
TGB phase has been attributed to the lateral dipole
moment, since this substituent increases the transverse
polarity of the system and stabilises titled molecular
arrangement in smectic phase. It should be pointed
out that the occurrence of TGB phase also depends
on the length of alkoxy chain [56–62]. However,
in cholesteryl-4-polyfluoroalkoxy-3-nitrobenzoate,
possessing strong lateral dipole moment and rigid
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6 D.D. Sarkar et al.

a b

c d

e f

Figure 3. Optical polarising microscope photographs of 1-Cl: (a) Foggy platelet texture at 177.1◦C of BPIII phase; (b) texture
at 176.1◦C of cubic BP phase; (c) planar fingerprint texture of N∗ phase at 74.1◦C; (d) TGBA phase with focal conic texture just
below the transition to TGB phase at 74◦C; (e) cylindrical or marginally cone-like (CC) domain textures with radial streaks and
broken shape observed at T = 40◦C of TGB phase. In the centre of the photograph one can observe that the ‘two eyes’ are very
close to each other; (f) oily streak texture at room temperature.

perfluoroalkyl end chain, only N∗ and/or SmA
phases are reported [63]. The unsubstituted analogues,
cholesteryl-4-polyfluoroalkoxybenzoates, exhibited
SmA and SmE phases [63–66].

3.1.1. Influence of polar fluoro substituent

The substitution of hydrogen by fluorine has become
a widespread principle in drug design, materials
chemistry and the molecular design of liquid crys-
tals. Fluoro substituents have been successfully and
usefully incorporated into liquid crystal molecules
because of the combination of small size and high
polarity [67–69]. The fluoro substituent in organic
compounds is interesting because of the combination
of polar and steric effects, and the strength of the C–F
bond contributes to the stability of fluoro-substituted

compounds. The highest electro-negativity of fluorine
among all the elements (3.98) is responsible for a large
polarisation of the C–F bond and hence as a sub-
stituent confers a large dipole moment on the C–F
bond. In an aliphatic or alicyclic environment, the
dipole moment is relatively large, for example, 1.85 D
in fluoromethane, but in an aromatic environment, the
mesomeric effect causes a reduction in electron den-
sity of aromatic system and hence dipole moment, for
example, 1.50 D for fluorobenzene. The large polari-
sation of the C–F bond exhibits strong influence on
the intermolecular dispersion interactions. It reflects in
the induction of strong local dipole moments, electron
density of the phenyl ring system and influences the
π–π stacking of phenyl rings, π–H–C electrostatic
interactions between phenyl rings, polarisation and
polarisability of the molecular conjugated systems.
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Liquid Crystals 7

The relatively small size of a fluoro substituent does
not unduly alter the molecular structure and helps
to maintain the existing liquid crystalline nature of
the compound. The fluoro substituent is the small-
est (1.47Å), after hydrogen (1.2Å), of all possible
substituents, and like hydrogen it is monoatomic.
Although a fluoro substituent obviously causes a steric
effect, the size influence is not too drastic, which
enables it to be incorporated into parent molecules
for beneficial modification of functional properties.
Lateral substituents, particularly fluoro, are frequently
employed in liquid crystal molecular structures to
modify melting point, mesomorphic transition tem-
peratures, phase morphology and the physical prop-
erties such as dielectric properties, viscosity of liquid
crystals for their possible applications.

Hence, the pronounced bent molecular confor-
mation of the constituent compounds, subtle changes
in the substitution pattern, the length of the spacer
and nature of end substituents have strong influence
on the occurrence of BPs as well as different phase
variants. The biaxial shape of the molecule due to bent
molecular conformations augmented by molecular
interactions may have promoted the observation of
BPIII in these polar compounds.

3.2. Theoretical calculation using DFT method on
cholesterol derivatives
DFT study has been performed to give more
insight into the molecular conformation, electrostatic
potential distribution and molecular polarisability
of the cholesterol derivatives 1-Bu, 1-F and 1-Cl
(Figure 4a–c). Full geometry optimisations have been
carried out without imposing any constraint using
Gaussian 09 program package [70]. Spin-restricted

DFT calculations were carried out in the framework of
the generalised gradient approximation (GGA) using
Becke3–Lee–Yang–Parr hybrid functional (B3LYP)
exchange–correlation functional and the 6-31G (d, p)
basis set [71,72]. We have used the B3LYP functional
with the standard basis set 6-31 G due to its success-
ful application for larger organic molecules as well as
hydrogen bond systems in past [73–75].

An accurate HOMO and LUMO description,
namely atomic orbital composition, absolute energy
and relative energy gap, provides the important infor-
mation related to photo-physical properties which
helps for the design of new molecules and their tun-
ing of distinct desired properties of the compounds.
The HOMO and LUMO energies are calculated and
presented in Table 2. The 3D iso-surface plots of
the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the
compounds are shown in Figure 5a–f. The HOMO–
LUMO energy separation can be used as a measure
of kinetic stability of the molecule and could indicate
the reactivity pattern [76,77]. A large HOMO–LUMO
gap implies a high kinetic stability and low chemi-
cal reactivity, because it is energetically unfavourable
to add electrons to a high-lying LUMO or to extract
electrons from a low-lying HOMO [77]. The HOMO–
LUMO energy gaps for 1-Bu, 1-F and 1-Cl are found
to be 4.08, 4.09 and 4.05 eV, respectively, and sug-
gests that the compounds are fairly stable. Further,
the electron density of the molecular orbitals, that is,
HOMO and LUMO of all the compounds are mainly
concentrated in the aromatic region of the molecules.
Dipole moment for all the compounds has been cal-
culated along the three Cartesian directions. Dipole
moment along the molecular long axis, that is, X -axis
is much larger than the dipole moment component

a

b

c

Figure 4. DFT optimised structrures of (a) 1-Bu, (b) 1-F and (c) 1-Cl.
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8 D.D. Sarkar et al.

Table 2. DFT calculated HOMO, LUMO, energy gap, dipole moment components
μx, μy, μz and modulus (μ) for compounds 1-Bu, 1-F and 1-Cl.

Energy (eV) Dipole moment (μ in Debye)
Cholesterol
derivatives HOMO LUMO �E (eV) μx μy μz μtotal

1-Bu −5.50 −1.42 4.08 −2.5161 1.4156 −0.4638 2.9240
1-F −5.63 −1.54 4.09 4.4498 0.7616 0.4907 4.5411
1-Cl −5.72 −1.67 4.05 5.3712 0.5425 0.4667 5.4186

f LUMO 

b LUMO

e HOMO 

c HOMO

a HOMO 

d LUMO 

Figure 5. HOMO and LUMO surfaces of (a, b) 1-Bu, (c, d) 1-F and (e,f) 1-Cl.

along the transverse axes. The dipole moments of the
studied compounds are fairly larger than the dipole
moment of cholesterol moiety reported earlier (1.59 D)
[78]. Amongst the three cholesterol derivatives, polar

compounds 1-Cl and 1-F have fairly larger dipole
moment than 1-Bu.

The electronic transitions in the UV-visible
range of synthesised cholesterol derivatives (1-Bu,
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Figure 6. UV-visible absorption spectrum of 1-Cl black line
theoretical and blue line experimental.

1-F 1-Cl) have been studied. The UV-visible spec-
tra of cholesterol derivatives have been simulated
using the time-dependent density functional theory
(TD-DFT) Becke3–Lee–Yang–Parr hybrid functional-
6-31G (d, p) method. The experimental and theoretical
absorbance as a function of wavelength is plotted in
Figure 6. The experimental λmax (331 nm) in solution,
reflecting the π–π∗ transition in the aromatic region,
is in reasonable agreement with the theoretical value
(344 nm) calculated in gaseous state.

Polarisabilities are crucial for an understanding
of molecular properties in molecular optics and
spectroscopy. Generally, molecular polarisability may
strongly vary with molecular conformation, as has
been shown, in particular for polypeptides and liquid
crystals [79,80]. Electrostatic intermolecular interac-
tion energy is related to polarisability, in particular
for systems without a permanent dipole moment [81].
The polarisability α is largest along the molecular long
X -axis (Table 3). The analysis revealed that the bend
angle is approximately 163◦ (162–165◦). However, due
to the flexible nature of the central spacer, the calcu-
lated bending angle may not reflect the realistic con-
formation for each compound in a liquid crystalline
phase. Hence, the asymmetry parameter (η) which is

dependent on bend angle [68], as a possible indica-
tion is given by η = [(αYY − αZZ)/(αXX − αiso)], where
αXX, αYY and αZZ are the principle components of the
molecular polarisability tensor and αiso is the isotropic
molecular polarisability with αiso = (αXX + αYY +
αZZ)/3). DFT calculated principal polarisability com-
ponents (αXX, αYY, αZZ), isotropic polarisability com-
ponent αiso, polarisability anisotropy �α = [αXX −
(αYY + αZZ)/2] and asymmetry parameter, η = [(αYY

− αZZ)/(αXX − αiso)], parameters relative to the molec-
ular polarisability tensor, α, in the Cartesian reference
frame are displayed in Figure 7. All polarisability com-
ponents and the anisotropy parameter are expressed
in Bohrˆ3 (with 1 Bohr = 0.52917Å). The asymmetry
parameter for 1-Bu, 1-F and 1-Cl are 0.18, 0.17 and
0.19, respectively, and is found to be rather small. For
smaller values of η, mesomorphism not only stabilised
but also thermal range is increased.

Nakata et al. reported [82] that an addition of a
small amount of bent-core compound to the chiral
nematic host can promote the emergence of BPs with
wide thermal range, which had been recently con-
firmed by others [11,13,14,83] Further, these com-
pounds with a bent angle of ∼165◦ the BPs appeared in
compounds with a polar group in the lateral direction.

Liquid crystals elements are involved in active
matrix display (AMD) for which high voltage hold-
ing capability is needed for better contrast and flicker
of display. The voltage holding ratio (VHR) is defined
as the ratio of the voltages at a pixel at the end and
the beginning of the frame time [84]. The VHR val-
ues can be correlated with electrostatic potentials [85].
The molecular shape of optimised 1-Bu and 1-F is
sterically bulky. In addition, there are negative electro-
static potential (ESP) on the oxygen atoms (indicated
by red contour) of the compound particularly on the
ester carbonyl oxygen and phenolic oxygen atom as
shown by colour variations, sky-blue represents a pos-
itive electrostatic potential (indicated by sky-blue con-
tour) (Figure 8). The strong electrostatic centres favour
strong interactions with positively charged cations.
Hence, the absence of red centres in the majority

Table 3. DFT calculated principal polarisability components (αXX, αYY, αZZ),
isotropic component αiso = (αXX, + αYY + αZZ)/3, polarisability anisotropy �α =
[αXX − (αYY + αZZ)/2] and asymmetry parameter ηα = (αYY − αZZ)/(αXX, − αiso)],
relative to the molecular polarisability tensor, α, and bend angle in the Cartesian
reference frame presented in Figures 4 and 7.

Compound αXX αYY αZZ αiso �α ηα Bending angle (◦)

1-Bu 927 455 390 590 505 0.19 162
1-F 839 411 355 535 456 0.18 165
1-Cl 881 417 359 552 493 0.17 164

Note: All principal polarisability components and the polarisability anisotropy parameter are
expressed in Bohrˆ3 (Bohr = 0.52917Å).
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Figure 7. Distribution of static polarisability components in X, Y and Z directions and direction of resultant dipole moment
of 1-Cl.

a

b

Figure 8. Isoelectron density surface with electrostatic potential of 1-Bu and 1-F. Red and sky-blue surfaces indicate negative
and positive electrostatic potential, respectively.

surface area of the molecule denotes a relatively high
VHR value for this compound. Hence, homogenous
distribution of partial charges lowers the ability to
form cationic complexes by local electrostatic interac-
tions and correlates reasonably well with high VHR of
material. From the total ESP surface, it is clear that
electron density is almost homogeneously distributed
along the synthesised 1-Bu and 1-F molecules which
indicates the applicability of this type of molecules in
mixtures and also gives an indication in the design of
molecules.

4. Conclusion

The dimesogens consisting of promesogenic
cholesteryl moiety and Schiff base with an end
alkyl or polar fluoro or chloro groups linked through

an even parity alkylene spacer are synthesised and
characterised. All the compounds found to possess
bend shape with a bent angle ∼160◦ from the DFT
study. The bent angle may not exactly reflect actual
bent angle in a condensed phase due to the flexible
nature of the spacer but still it can be approximated
as a guide to visualise the shape of the molecules.
In general, in unsymmetrical dimers, trimers [86]
and tetramers [87] intercalated smectic phases have
been reported and the driving force for the formation
of such intercalated smectic phases is derived from
specific interactions, namely the nature of the link-
ing group between the spacer and mesogenic units,
interactions between the incompatible molecular
subunits in the molecule, and so on. In the present
work, we did not observe such intercalated smectic
phases, instead frustrated phases are observed. The
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Liquid Crystals 11

polar fluoro and chloro compounds found to exhibit
frustrated BPs with a small thermal range. The
fluoro homologue exhibited SmC∗ phase while chloro
homologue exhibited TGB phase for a reasonably
long thermal range. Further work is in progress to
investigate the bent shape influence on enhancement
of BP thermal range in mixtures. DFT study indicated
the presence of homogeneously distributed electron
density and negligible negative electrostatic potential
in these molecules.

5. Synthesis

5.1. Cholesteryl 5-bromopentanoate, 2
5-Bromovaleric acid (1.81 g, 10 mmol) was treated
with SOCl2 (3 ml) to get the corresponding acid
chloride. Ester derivative was prepared by the ester-
ification reaction of cholesterol (3.86 g, 10 mmol)
with 5-bromovaleric acid chloride (1.99 g, 10 mmol)
in tetrahydrofuran at room temperature in the pres-
ence of few drops of pyridine as base. The product
was then purified by column chromatography using sil-
ica gel (60 mesh) with hexane as eluent. The product
was obtained as white solid. Yield = 3.95 g (72.4%).
IR (KBr, cm−1): νmax: 2956 and 2850 (C–H stretch-
ing), 1732 (C=O stretching), 1598 and 1566 (C=C
stretching), 1250 and 1172 (C–O stretching).

5.2. Cholesteryl 5-(3-hydroxy-4-formylphenoxy)
pentanoate, 3
A mixture of cholesteryl 5-bromopentanoate (2.2 g,
4 mmol), 2,4-dihydroxybenzaldehyde (0.55 g, 4 mmol),
potassium hydrogen carbonate (2.0 g, 20 mmol) and
KI (catalytic amount) were dissolved in dry acetone
and then the mixture was refluxed for 24 h. It was
then filtered hot to remove the insoluble solid. The sol-
vent was evaporated to get the solid. Then the solid
was purified by column chromatography using silica
gel (60–120 mesh) with hexane:chloroform (9:1) as elu-
ent. The product was recrystallised from a mixture
of DCM–ethanol and pure product was obtained as
off-white solid. Yield = 1.4 g (60%).

Elemental analysis calculated for C39H58O5, C
77.19, H 9.63; found C 77.01, H 9.51%.

General synthetic procedure for the preparation of
dimesogenic compounds 1-Bu, 1-F and 1-Cl.

A mixture of cholesteryl 5-(3-hydroxy-4-
formylphenoxy)pentanoate 3 (0.6 g, 1 mmol) was
dissolved in absolute ethanol and heated to reflux
along with few drops of glacial acetic acid. To this
solution, ethanolic solution of 4-n-butylaniline (0.15 g,
1 mmol) (or 4-fluoroaniline/4-chloroaniline 1 mmol)
was added drop wise and further refluxed for 2 h. The

yellow precipitate was filtered, dried and recrystallised
several times from ethanol to yield pure product. All
the products were obtained in quantitative yield.

5.3. N-[4-(5-cholesteryloxycarbonyl)-butyloxy)-
salicylidene]-4-n-butylaniline, 1-Bu
White solid; FTIR (KBr, cm−1): νmax: 3429 (O–H, H
bonding), 2951 and 2868 (C–H stretching), 1732 (ester
C=O stretching), 1618 (C=N stretching), 1598 and
1566 (Ar C=C stretching), 1250 and 1172 (ester C–O
stretching), 1159 (ester C–O–C stretching. Elemental
analysis: Calculated for C49H71NO4, C 79.74, H 9.70;
found C 79.57, H 9.61%.

1H NMR (500 MHz, CDCl3): δ13.92, (s, 1H, OH),
8.52 (s, 1H, CH=N), 7.24 (d, J = 6.9 Hz 1H, Ar),
7.20 (d, J = 6.9 Hz, 4H, ArH), 6.47 (d, J = 2.4 Hz,
1H, Ar), 6.45 (dd, J = 2.3, 7.6 Hz, 1H, Ar), 5.37 (br,
1H, olefinic), 4.62 (m, 1H, OCH), 4.01 (t, J = 5.7, 2H,
OCH2), 2.62 (t, J = 7.65, 2H, ArCH2), 2.37 (m, 4H,
2 × allylic methylene), 2.02–0.90 (m, 43H, 6 × CH,
14 × CH2, 3 × CH3), 0.86 (d, J = 2.30, 3H, CH3),
0.85 (d, J = 2.30, 3H, CH3) and 0.67 (s, 3H, CH3).

5.4. N-[4-(5-cholesteryloxycarbonyl)-butyloxy)-
salicylidene]-4-fluoroaniline, 1-F
Yield: 70%, white solid; FTIR (KBr, cm−1): νmax:
3427, 2956 and 2850 (C–H stretching), 1728 (C=O
stretching), 1614 (C=N stretching), 1598 and 1566
(C=C stretching), 1250 and 1172 (C–O stretching).
Elemental analysis: Calculated for C45H62FNO4, C
77.21, H 8.93 Found C 77.03, H 8.74%

1H NMR (500 MHz, CDCl3): δ13.60, (s, 1H, OH),
8.49 (s, 1H, CH=N), 7.28–7.11 (m, 5H, Ar), 6.49 (d,
J = 7.6 Hz, 1H, Ar), 6.49 (d, J = 2.4 Hz, 1H, Ar),
5.37 (br, 1H, olefinic), 4.64 (b, 1H, OCH), 4.02 (t, 2H,
OCH2), 2.37 (m, 4H, 2 × allylic methylene), 2.02–0.90
(m, 36H, 6 × CH, 12 × CH2 2 × CH3), 0.87 (d, J =
2.30, 6H, 2 × CH3) and 0.67 (s, 3H, CH3).

5.5. N-[4-(5-cholesteryloxycarbonyl)-butyloxy)-
salicylidene]-4-chloroaniline, 1-Cl
Yield: 72%, white solid; FTIR (KBr, cm−1): νmax:
3427, 2956 and 2850 (C–H stretching), 1728 (C=O
stretching), 1633 (C=N stretching), 1598 and 1566
(C=C stretching), 1250 and 1172 (C–O stretching).
Elemental analysis: Calculated for C45H62ClNO4, C
75.44, H 8.72 Found C 75.34, H 8.65%.

1H NMR (500 MHz, CDCl3): δ13.5, (s, 1H, OH),
8.51 (s, 1H, CH = N), 7.37 (d, J = 6.4 Hz 1H, Ar), 7.28
(d, J = 5.6 Hz, 2H, Ar), 7.21 (d, J = 6.8 Hz, 2H, ArH),
6.50 (dd, J = 2.8, 7.6 Hz, 1H, Ar), 6.49 (d, J = 2.4 Hz,
1H, Ar), 5.38 (brd, 1H, olefinic), 4.62 (m, 1H, OCH),
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12 D.D. Sarkar et al.

4.03 (t, J = 6.0 Hz, 2H, OCH2), 2.38-2.32 (m, 4H, 2 ×
allylic methylene), 2.02–0.90 (m, 36H, 6 × CH, 12 ×
CH2, 2 × CH3), 0.86 (d, J = 2.30, 3H, CH3), 0.85 (d,
J = 2.30, 3H, CH3) and 0.67 (s, 3H, CH3).
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