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Influence of the chloro substituent on the
mesomorphism of unsymmetrical achiral four-ring bent-
core compounds: 2D polarization modulated banana
phases†

Rahul Kanti Nath,a Rahul Deb,a Nirmalangshu Chakraborty,a Golam Mohiuddin,a

Doddamane S. Shankar Raob and Nandiraju V. S. Rao*a

The synthesis and characterization of stable achiral unsymmetrical four-ring banana-shaped molecules

consisting of a laterally chloro substituted 3,40-disubstituted biphenyl unit with an ester linkage

between the phenyl rings as the central unit in 4-(N-40-n-tetradecyloxysalicylidene)aminophenyl [2-

chloro-5-(N-40-n-tetradecyloxysalicylidene) aminobenzoate] and 4-(N-40-n-alkyloxysalicylidene)
aminophenyl [4-chloro-5-(N-40-n-alkyloxysalicylidene) aminobenzoate] are presented. These compounds

are thermally and hydrolytically stable due to intramolecular hydrogen bonding and exhibit polarization

splay modulated and layer undulated (PMLU) B7/B1Rev/Tilted (2D-polarization modulated layer undulated

smectic phase, B1RevTilt phase) phase variants. The phase transitions have been confirmed by differential

scanning calorimetry and the phases are characterized by polarized optical microscopy. Two

representative examples have been characterized by X-ray diffraction studies. DFT calculations of the

bending angle, dipole moments, molecular polarizabilities and voltage holding ratio are also presented.
1 Introduction

Discovery of mesogenic properties in banana or bent-shaped
liquid crystals (LCs)1,2 followed by their electrical and optical
properties opened a new era in the eld of shape dependent
LCs.3,4 Since then, many banana-shaped molecules have been
synthesized and several reviews5–10 have focused on the impor-
tance of thesematerials in applications. Themajority of the bent-
coremesogens reported in the literature containve, six or seven
phenyl rings. The variation in the number of aromatic units, the
central bent core, lateral substituents and terminal groups in the
molecule, with varying molecular interactions contribute to a
signicant modication in phase structure, as well as meso-
morphism. The reduction of the number of phenyl rings to four
can lower the transition temperatures, but the realization of
mesophases in such four-ring compounds, in particular banana
mesomorphism,11–18 is elusive. However, recently a few reports
have appeared in literature relating to four-ring systems exhib-
iting classical, as well banana mesomorphism.19–22 Hird et al.
reported13 uoro substituted bent-core compounds with chiral
substituents exhibiting a monotropic nematic phase with chiral
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domains. They also reported14,15 conventional calamitic phases.
Matharu et al. reported16 the synthesis of thiophene derivatives
with a chiral centre in the end alkyl chain exhibiting chiral
smectic phases. Aziz et al. reported17 non-mesogenic dopants of
banana-shaped meta substituted quaterphenyls consisting of
three phenyl rings possessing an alkyl moiety at one end in a
linear conguration with the fourth phenyl ring (possessing
polar or alkyl substituents) substituted in the meta-position to
enhance exoelectric polarization. Weissog et al. recently
reported18 asymmetric achiral four-ring bent-core mesogens
derived from N-benzoylpiperazine and only a few of them were
found to exhibit only calamitic phases. The introduction of a
substituent in the side wings of the molecules also does not
promote the mesomorphism. They reported polar structures
under the inuence of an electric eld in these four-ring bent-
core compounds exhibiting calamitic type smectic phases.
Moreover they also exhibited a switchable smectic I phase, the
rst example of a non-chiral ferroelectric SmI phase (SmIPF),
which is attributed to the bent shape of the molecules. None of
these four-ring compounds are found to spontaneously exhibit
typical banana phases (SmAP, SmCP) because of weak steric
interactions between the aromatic cores. Kang et al. reported19

oxadiazole derivatives exhibiting a nematic-Bx phase variant.
The typical banana (Bx) phase is uniaxial and found to exhibit a
helical structure and chiral domains with weak birefringence.
The chiral domains are randomly distributed domains of
opposite handedness, andunder the inuence of an electriceld
J. Mater. Chem. C, 2013, 1, 663–670 | 663
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Scheme 1 (i) SOCl2, DCM; (ii) 4 nitrophenol, DCM, K2CO3, TBAB, (iii) Pd/C (10%),
H2, ethylacetate (iv) acetone (dry), NaHCO3, CnH2n+1Br, KI, D, 48 h, n ¼ 10, 12, 14,
16 (v) AcOH, D, 3 h.
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transformed to a homochiral SmCAPF phase with anti-ferro-
electric response. However novel asymmetric uorescent four-
ring bent-core compounds20,21 exhibiting banana meso-
morphism viz., 2D-polarization modulated layer undulated
smectic phases (B7/B1RevTilt phases) have been reported. Fluoro
substituted four-ring bent-core compounds22 are found to
exhibit columnar phases.

The four ring molecule possesses two OH groups in two
wings, located in unsymmetrical positions, which deviates
signicantly from the typical symmetrical and/or V-shape of
other bent core molecules. The modication of the angular 3,40-
disubstituted biphenyl unit with the introduction of an ester
linkage, that is to say a COO moiety between the two phenyl
units, leads to structural variation of the polar groups in bent
core molecules and hence can promote a broad range of inter-
esting variations in their mesogenic properties. Any substituent
in the ortho position to an ester or imine linkage separating the
two phenyl rings may substantially change the conformation of
the molecule depending on the size, polarity and direction of
the substituents. As a part of our work on four ring bent core
systems we modied the central core with a substituent in the
ortho position to the ester/imine moiety and introduced a bulky
chloro substituent in the lateral position of the central bent
core. Further the four ring molecule possesses an unequal
distribution of aromatic rings in the two wings which manifests
the unsymmetrical bent shaped molecule and hence can be
regarded as true hockey stick molecules bordering the bent core
and calamitic molecules.

Chloro substitution has been less studied,23–25 compared to
uoro substitution. The chloro substituent (van der Waals
radius ¼ 1.75 Å) is larger than the uoro (1.47 Å) or hydrogen
(1.20 Å), and like hydrogen it is monoatomic. Because of the
larger atomic size of the chloro substituent than the hydrogen
and uorine substituents it exerts a steric effect, as well as
inuencing the molecular interactions which is reected in the
organization of the molecular structures and in turn leads to
interesting mesomorphic characteristics, that is to say a
nematic phase with chiral domains and an optically isotropic
banana phase. In this article we present the synthesis, meso-
morphic behaviour, structural characterization and molecular
characteristics using DFT study of a series of strongly
nonsymmetrical hockey-stick-like mesogens with an ester
linkage at the molecular bend and with a chloro substituent at
two different positions of the central phenyl ring. The new
compounds possess four aromatic rings, connected via ester
and imine linkages. All the synthesized compounds (nR-4Cl, n
¼ 10, 12, 14, 16; nR-2Cl, n ¼ 14; Scheme 1) exhibit typical
banana phases which are described in section 3. Density func-
tional theory (DFT) calculations26 of minimized energies of the
optimized conformation of the molecules, dipole moments,
bend angles and molecular polarizabilities are presented in
Section 3.3.
2 Experimental

All the chemicals were procured from M/s Alfa Aesar, Aldrich or
Tokyo Kasei Kogyo Co. Ltd. The solvents and reagents were of
664 | J. Mater. Chem. C, 2013, 1, 663–670
AR grade and were distilled and dried before use. Micro analysis
of C and H elements were determined on a Carlo-Erba 1106
elemental analyzer. IR spectra were recorded on a Perkin-Elmer
L 120-000A spectrometer and Shimadzu IR Prestige-21, FTIR-
8400S (nmax in cm�1) on KBr disks. The 1H nuclear magnetic
resonance spectra were recorded either on a JEOL FX-90Q
(500 MHz) multinuclear spectrometer or Bruker DPX-400 spec-
trometer in CDCl3 (chemical shi d in parts per million) solu-
tion with TMS as the internal standard. UV visible absorption
spectra of the compounds in CHCl3 at different concentrations
were recorded on a Shimadzu UV-1601PC spectrophotometer
(lmax in nm). Fluorescence spectra of the compounds in chlo-
roform were recorded with a Shimadzu RF-5301PC Spectro-
ouorometer with a 150W xenon lamp as the excitation source.
The liquid crystalline properties of the compounds were char-
acterized using a polarizing microscope (Nikon optiphot-2-pol
attached with hot and cold stage HCS302, with a STC200
temperature controller congured for HCS302 from INSTEC
Inc. USA). The phase transition temperatures and associated
enthalpies were recorded by differential scanning calorimetry
(Perkin-Elmer Pyris-1 system) with a heating/cooling rate of 5�C
min�1. The details of the X-ray diffraction (XRD) studies carried
out are given in ref. 27. The apparatus essentially involves a
high-resolution X-ray powder diffractometer (PANalytical X'Pert
PRO) equipped with a high-resolution fast detector PIXCEL.
2.1 Synthesis

The synthesis of the chloro substituted compounds is described
in Scheme 1. The central bent core moieties 4-aminophenyl
5-amino-2-chlorobenzoate (4a) and 4-aminophenyl 3-amino-4-
chlorobenzoate (4b) were prepared as follows. 2-chloro 5-nitro-
benzoic acid (1a) or 4-chloro-3-nitrobenzoic acid was converted
into its acyl chloride (2a and 2b) followed by condensation with
4-nitrophenol using a phase transfer reaction. The resultant
4-nitrophenyl 2-chloro-5-nitrobenzoate (3a) or 4-nitrophenyl 4-
chloro-3-nitrobenzoate (3b) were subjected to a 10% Pd–C cat-
alysed reduction to get the desired bent-core diamine (4a and
4b). 4-n-alkyloxysalicylaldehyde was prepared by Williamson
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Transition temperatures (�C), enthalpies (kJ mol�1) and entropies (J
mol�1 K�1) of 14R-2Cl and other homologues of nR-4Cl (n ¼ 10, 12, 14, 16) (the
first row indicates the second heating cycle and the second row indicates the
second cooling cycle)

Compound Cr
Heating
Cooling B1/B7a

Heating
Cooling I

14R-2Cl � 130.7 [35.9, 88.2] � 134.7 [7.1, 17.4] �
� 109.6 [40.7, 106.3] � 133.6 [12.7, 42.3] �

10R-4Cl � 126.9 [21.4, 53.6] � 127.5a �
� 83.4[24.3, 68.1] � 127.2 [8.1, 20.2] �

12R-4Cl � 133.2 [37.1, 91.4] � 134.8 [0.2, 0.5] �
� 110.6 [34.7, 90.3] � 132.9 [6.3, 15.6] �

14R-4Cl � 131.3 [47.8, 118.2] � 137.4 [17.0, 41.5] �
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etherication of 2,4-dihydroxybenzaldehyde (5) with the
appropriate n-alkyl bromide. The condensation of 4-n-alkyloxy
salicylaldehyde (6) with 4-aminophenyl 5-amino-2-chlor-
obenzoate in the presence of a few drops of glacial acetic acid
yielded the target bent shaped compounds 4-(N-40-n-alkyloxy-
salicylidene)aminophenyl [4-chloro-3-(N-40-n-alkyloxy-
salicylidene)aminobenzoate] (nR-4Cl, n ¼ 10, 12, 14, 16) and 4-
(N-40-n-alkyloxysalicylidene)aminophenyl [2-chloro-5-(N-40-n-
alkyloxysalicylidene)aminobenzoate] (nR-2Cl, n ¼ 14). To avoid
the formation of side products, the precipitated compounds
were ltered when the solution was hot to yield the pure
compounds. The compounds were further recrystallized
repeatedly to get the pure samples. The formation of all of the
compounds was conrmed by 1H NMR and IR spectroscopy and
the composition of the compounds purity was established by
elemental analysis. The details of the experimental procedures
along with the spectroscopic data for all the compounds are
presented in the ESI.† The liquid-crystalline behaviour of the
synthesised compounds were investigated by polarizing optical
microscopy (POM), differential scanning calorimetry (DSC) and
X-ray studies.
� 111.8 [42.8, 111.3] � 136.7 [16.5, 40.3] �
16R-4Cl � 130.0 [41.2, 102.2] � 132.4 [1.4, 3.5] �

� 108.7 [54.2, 141.9] � 131.3 [6.9, 17.2] �
a The compounds 10R-4Cl and 12R-4Cl exhibit the B1Revtilted mesophase
whereas 14R-4Cl, 16R-4Cl and 14R-2Cl exhibit the B7 mesophase.

Fig. 1 Photomicrographs of the compound 14R-2Cl in a 3.5 mm homogenous
cell. (a) Helical spiral formation from the isotropic phase to the mesomorphic
phase at 133.6 �C, (b) dendritic growth at 133.6 �C, (c) fully developed columnar
texture, (d) and (e) at 125.0 �C after 5 and 10 minutes and (f) with a change in
colour at 124 �C.
3 Results and discussion
3.1 Mesomorphic properties

The transition temperatures, enthalpies and entropies associ-
ated with the phase transitions of the compounds 14R-2Cl and
of the homologous series nR-4Cl (n ¼ 10, 12, 14, 16) which were
obtained from DSC at a scan rate of 5 �C min�1 in the second
heating and cooling scans are presented in Table 1. All the
compounds of the homologous series (nR-4Cl) show enantio-
tropic mesomorphic behaviour for a moderate temperature
range. The lower homologues of the series (10R-4Cl and 12R-
4Cl) show characteristic textures of the B1 mesophase whereas
higher homologues (14R-4Cl and 16R-4Cl) exhibit optical
textures resembling the B7 phase.

14R-2CL. On slow cooling from the isotropic phase of the
compound, the growth of themesophase is reected in the form
of telephone-wire structures resembling the B7 phase which are
shown in Fig. 1a followed by dendritic growth (Fig. 1b). Further
cooling of the sample revealed a fully grown structured
columnar fan like texture under the polarization microscope. It
exhibits pseudo-broken fans or circular domains with extinc-
tion brushes directed along polarizer directions (Fig. 1c). With
decreasing temperature low birefringent stripes appeared
across the blades of the columnar fan (Fig. 1d and e) and nally
became uniform (Fig. 1f) without any changes in the columnar
texture before it crystallizes. The transient transition bars of
arcs across the fans at 125.0 �C as a function of time gave an
impression of a phase transition, but no such phenomenon was
conrmed by other methods.

16R-4CL AND 10R-CL. Upon very slow cooling the isotropic
liquid, the mesophase defect textures exhibited by 16R-4Cl
(Fig. 2a–g) resembled the B7 phase28–31 texture of fascinating
long spiral domains. If the isotropic liquid is cooled down very
fast, the B7 phase appears as a cluster of thin thread-like or
straight lancet-like nuclei (Fig. 2g) which coalesce to an
This journal is ª The Royal Society of Chemistry 2013 J. Mater. Chem. C, 2013, 1, 663–670 | 665
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Fig. 3 Polarising optical photographs of 14R-4Cl on a HTAB treated cell at (a)
133.2 �C, (b) 124.8 �C, (c) nylon 6,6 treated cell at 131 �C, and (d) Different
location of HTAB treated cell at 124.8 �C.
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unspecic texture. On slow cooling (0.01 �C min�1), varieties of
textures are obtained, but these mostly occur simultaneously
within the same preparation. Also, on slow cooling of the
isotropic liquid, the B7 phase frequently forms elongated germs
such as straight lancet-like or irregular thread-like germs. But
frequently these germs clearly have a spiral or double-spiral
character. Fig. 2g shows the growth of a spiral germ. The
handedness of the screw-like nuclei could be determined by
adjusting the focus of the microscope. The B7 phase frequently
grows as oval or sometimes as circular domains. Such domains
(shown in Fig. 2a, b and f) exhibit equidistant stripes. The
compound 10R-4Cl exhibited a columnar fan like or a telephone
like texture connecting the focal conic domains (Fig. 3a–d).
Hence the lower homologues are exhibiting a B1Revtilted phase
while the higher homologues are exhibiting B7 like phases.

3.2 X-ray studies

14R-2CL. To get information on the structural aspects, XRD
measurements were carried out on the B7 mesophase for the
compound 14R-2Cl. Representative diffractograms (intensity
versus 2q prole) in the mesophase at 130 �C are shown in Fig. 4.
The broad diffuse peak in the high angle region (inset (b)), cor-
responding to a spacing of 4.61 Å, together with the sharp intense
reections in the low angle region, establishes the layering order
of the mesophase. There are four sharp peaks in the low angle
region. The spacing obtained from the prole tting procedure is
tabulated in Table 2. The low angle intense sharp peak with
spacing 47.32 Å corresponds to layer periodicity. This spacing is
lower than the calculated molecular length of 56.7 Å in the most
extended conformation in the gaseous phase (see Fig. 4d)
although it is likely that the somewhatmore bent conformation is
adopted in the condensed phases. The difference in the spacings
(measured layer spacing and calculated molecular length)
suggests that themolecules are tilted in the layer with the amount
of tilt angle being33deg in themesophase.All lowangle peakscan
Fig. 2 Polarising optical microphotographs of various features of B7 textures of com
4Cl in a 5 mm cell at 132 �C. (i) Texture of 10R-4Cl at 134.2 �C.

666 | J. Mater. Chem. C, 2013, 1, 663–670
be indexed to a rectangular lattice which indicates that the
molecules are arranged in a two-dimensional (2D) lattice within
the layer. Inset (c) shows thermal variation of the layer spacing (d)
for the compound 14R-2Cl. The spacing d increases with
decreasing temperature in theB7phasewithextracted slopedd/dT
values being ¼ �4.8 � 10�2 Å K�1. The negative thermal expan-
sion is due to the stretching of the alkyl chains with a decrease in
temperature. Another reection in the low angle region (not
marked in the gure at 2q � 1.26�) indicative of in-plane modu-
lation of the smectic layers of wavelength l � 70.1 Å associated
with the 2D polarization splay modulated layer undulated struc-
ture, a structural feature associated with the B7/B1RevTilted phases
with a 2D lattice. The quantum mechanical calculations (to be
described later) were performed with density functional theory
(DFT),26 by employing the combination of B3LYP functional
and 6–31 g(d,p) basis set using the Gaussian 09 package.
pounds 16R-4Cl sandwiched between a glass plate and cover slip (a–g). (h) 16R-

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 (a) Intensity versus 2q profile in the low angle region for the compound
14R-2Cl at T¼ 130 �C in the B7mesophase. Inset (b) shows the diffuse peak in the
high angle region reflecting the liquid-like ordering of the layers. Inset (c) shows
the thermal variation of layer spacing d in the mesophase. The solid line serves as
a guide for the eye. (d) A space filling model of the energy minimised molecular
structure of the molecule 14R-2Cl with a fully extended chain in trans confor-
mation (56.7 Å).

Table 2 XRD data of the two compounds studied. For both the compounds the
columnar axis is taken as the c-axis and ab the lattice plane (hk values index the
reflecting planes)

14R-2Cl T ¼ 130 �C

dmeas (Å) dcalc (Å) (hk)

1 47.32 47.32 (10)
2 40.39 40.39 (01)
3 32.80 30.72 (11)
4 24.41 23.66 (20)
5 4.61
a ¼ 47.32 Å; b ¼ 40.39 Å;
c ¼ 4.61 Å; V ¼ 8816.4 Å3

10R-4Cl T ¼ 120 �C
1 44.86 44.86 (10)
2 41.67 41.67 (01)
3 22.67 22.43 (20)
4 4.41
a ¼ 44.86 Å; b ¼ 41.67 Å; c ¼ 4.41 Å; V ¼ 8238.7 Å3

Fig. 5 (a) Intensity versus 2q profile in the low angle region for the compound
10R-4Cl at T ¼ 120 �C. Inset (b) shows a diffuse peak in the high angle region
reflecting the liquid-like ordering of the layers. Inset (c) shows thermal variation of
layer spacing d in the mesophase. The solid line serves as a guide for the eye. (d)
Fully extended all trans conformation of 10R-4Cl.

Paper Journal of Materials Chemistry C

D
ow

nl
oa

de
d 

by
 A

ss
am

 U
ni

ve
rs

ity
 o

n 
22

 D
ec

em
be

r 
20

12
Pu

bl
is

he
d 

on
 3

0 
O

ct
ob

er
 2

01
2 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
2T

C
00

21
9A

View Article Online
10R-4CL. XRD measurements were also carried out on
another compound 10R-4Cl which shows B1 mesophase. Fig. 5
shows the intensity versus 2q prole taken at 120 �C. It shows
three sharp peaks in the low angle region (inset (a)) with a broad
diffuse peak in the high angle region (inset (b)) corresponding
to a spacing of 4.41 Å. The broad diffuse peak in the wide angle
region reected the lateral spacing between the molecules and
corresponded to the short-range order of molten aliphatic
chains indicative of a liquid like in-plane order of the uid
phase (Fig. 5b). The sharp intense peak in the low angle region
along with the diffuse wide angle peak establishes the layering
order of the B1 phase. The spacings of the three sharp peaks in
This journal is ª The Royal Society of Chemistry 2013
the low angle regions are tabulated in Table 2. The intense low
angle peak with a spacing of 44.86 Å corresponds to the layer
periodicity (d). This spacing is lower compared to the calculated
molecular length of 47.43 in the all trans conformation (see
Fig. 5d). This suggests that the molecules were tilted within a
layer with the tilt angle being 19�. All the low angle peaks are
indexed to a primitive rectangular lattice (see Table 2). The XRD
measurements conrm that the molecules are packed in a
columnar arrangement with a 2D rectangular lattice within the
layer. Inset (c) of Fig. 5 shows the thermal variation of layer
spacing for the compound 10R-4Cl in the B1 mesophase. The
spacing d increases with decreasing temperature with the slope
equal to dd/dT ¼ �3.14 � 10�2 Å K�1. As explained earlier the
negative thermal expansion is due to the stretching of alkyl
chains with a decrease in temperature.

The formation of stripes on focal conic textures, the multiple
peak reections at low angles and the tilt in molecular layering
and non-switchable phase structure are indicative of a
B1RevTilted phase structure and suggest that the phase represents
the 2D polarization splay modulated layer undulated molecular
structure of the SmCPU family.32–34

3.3 DFT calculations

DFT computational studies based on quantum mechanical
calculations were performed to obtain the information related
to molecular conformation, bend angle, dipole moment,
molecular polarizability and electrostatic potential distribution
of the selected molecules 14R-2Cl and 14R-4Cl. Full geometry
optimizations have been carried out without imposing any
constraints using the Gaussian 09 program package.25 Spin-
restricted DFT calculations were carried out in the framework of
the generalized gradient approximation (GGA) using Becke3–
Lee–Yang–Parr hybrid functional (B3LYP) exchange-correlation
J. Mater. Chem. C, 2013, 1, 663–670 | 667
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Table 4 DFTcalculated principal polarizability components (aXX, aYY, aZZ), isotropic
component aiso ¼ (aXX + aYY + aZZ)/3, anisotropy Da ¼ [aXX � (aYY + aZZ)/2] and
asymmetry, h ¼ [(aYY � aZZ)/(aXX � aiso)]a

Compound aXX aYY aZZ aiso Da ha

14R-2Cl 1275 609 433 772 754 0.349
14R-4Cl 1220 604 440 755 698 0.352

a All polarizability components and the anisotropy parameter are
expressed in Bohr3 (with 1 Bohr ¼ 0.52917 Å).
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functional and the 6-31G (d, p) basis set.35,36 B3LYP functional
with the standard basis set 6-31G have been used due to its
successful application for larger organic molecules, as well as
hydrogen bonded systems in the past,37–39 and bent core mole-
cules40–43 recently.

Thedifference inbond lengths (56.74 Å and56.96 Å) andbend
angles (131� and 134�) among the two studied compounds 14R-
2Cl and 14R-4Cl (Table 3) is not signicant. But the variation in
dipole moment is signicant. The dipole moment of 14R-2Cl is
5.07Dwhereas 14R-4Cl it is 3.65D. Themajor contribution of the
dipole moment comes from the X and Z components of 14R-2Cl
whereas in the case of 14R-4Cl the major role in the dipole
moment is played by the Z component. Polarizabilities are
crucial for an understanding of the molecular properties in
molecular optics and spectroscopy. Electrostatic intermolecular
interaction energy is related to this quantity, in particular for
systems without a permanent dipole moment.44

DFT calculated principal polarizability components (aXX,
aYY, aZZ), isotropic polarizability component aiso, polarizability
anisotropy Da¼ [aXX� (aYY + aZZ)/2] and asymmetry parameter,
h ¼ [(aYY � aZZ)/(aXX � aiso)], parameters relative to the
molecular polarizability tensor, a, in the Cartesian reference
frame are displayed in Table 4. The molecular polarizability
component aXX is comparatively larger along the molecular
longitudinal X-axis (Fig. 6) for both the molecules (14R-2Cl and
14R-4Cl) than the other two directions. The asymmetry
parameter h ¼ [(aYY � aZZ)/(aXX � aiso)], which is dependent on
the bending angle �138�, is found to be same for both the
molecules (0.349 and 0.352 respectively for the molecules 14R-
2Cl and 14R-4Cl). The principle components of the polariz-
ability tensor (aXX, aYY, aZZ) and aiso ¼ (aXX + aYY + aZZ)/3 is
rather small. Although the molecular formula and number of
electrons of the two studied molecules are the same, the main
component of static polarizability along the molecular long X-
axis differs signicantly due to the different position of the
chlorine atom in the central ring and also magnitude of the
dipole moment.

In active matrix displays (AMD) the high voltage holding
capability of the liquid crystalline materials in matrix elements
is required for better contrast and ickering. In TFT-LCD
applications, the voltage holding ratio (VHR) is dened as the
ratio of the voltages at a pixel at the end and the beginning of
the frame time45,46 which is a crucial requirement in order to
avoid image sticking.47 The VHR values can be correlated with
electrostatic potentials (ESP) and an even charge distribution
correlates reasonably well with the high voltage holding ratio of
the material. Fig. 7a and b display the isoelectron density
Table 3 DFT calculated minimized energy, dipole moment components (mX, mY, mZ

Compound Energy (a.u.)

Dipole moment (Debye)

mx my mz

14R-2Cl �3162.252 3.26 2.69 6.26
14R-4Cl �3162.258 0.56 2.06 6.22
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surface of 14R-2Cl and 14R-4Cl respectively. In both the mole-
cules, the positive electrostatic potential is homogenously
distributed except the three negative ESP centers48 (light red
colour contours) favoring weak interactions with cations. The
absence of a red coloration in the ESP contour in the majority
surface area of the molecule denotes a relatively high VHR
value. Hence homogenous distribution of partial charges lowers
the ability to form cationic complexes by local electrostatic
interactions and correlates reasonably well with the high VHR
of the material. From the total ESP surface it is clear that the
electron density is almost homogeneously distributed in
molecules which indicate the applicability of this type of
molecule in mixtures and also gives an indication to the design
of the molecules.
3.4 UV-visible and uorescence studies

The emission properties of organic LCs are currently an active
area of research due to their potential applications in opto-
electronics. Emissive liquid crystals are intriguing systems for
materials research because they couple molecular self-assembly
with intrinsic light generation capability. The substituent on
the central core plays an important role in the modication of
the electronic characteristics of the molecules. Hence the
absorption and emission properties of the compounds were
studied and the results are presented below.

The UV-visible absorption and uorescence spectroscopic
properties of the two representative compounds 14R-2Cl and
14R-4Cl in chloroform (conc. 1.0 � 10�5 M) were studied in
solution at different concentrations in a range of solvents, to
obtain information regarding absorption and emission
maxima and the Stokes shi of uorescence. The UV-visible
spectra in these homologous compounds exhibited strong
absorption peaks at �346 nm with a large molar extinction
coefficient (Fig. 8, 3.58 eV for 14R-2Cl, 3 � 216 000 L mol�1

cm�1 and 3.58 eV for 14R-4Cl, 3 � 140 000 L mol�1 cm�1
), modulus (m), bend angle (q) and molecular length of the two molecules

Bend angle
(degree)

Molecular length
(Å)

mresultant ¼
(mx

2 + my
2 + mz

2)1/2

7.55 131.7 56.74
6.58 134.5 56.96

This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 Molecular polarizability ellipsoid and direction of the resultant dipole
moment of (a) 14R-2Cl and (b) 14R-4Cl.

Fig. 7 Isoelectron density surface with electrostatic potential of (a) 14R-2Cl (b)
14R-4Cl Red and sky-blue surfaces indicate negative and positive electrostatic
potential respectively.

Fig. 8 UV-visible and fluorescent spectra of 14R-2Cl and 14R-4Cl in chloroform
(C ¼ 10�5).
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concentration ¼ 10�5 M solution in CHCl3). The strong
absorption band reects the p–p* transition of the highly p-
conjugated system having the substituted phenyl benzoate unit
as the core. Both the compounds were found to exhibit a large
Stokes shi (�100 nm), which reects the structural relaxation
of the excited molecule, and is signicantly larger than that
reported in push–pull systems exhibiting liquid crystal behav-
iour,49–53 reecting changes in the molecular conformation
upon excitation. These results are in good agreement with the
reported results of molecular J-aggregates54 in which the
This journal is ª The Royal Society of Chemistry 2013
excitonic energy is delocalized as a result of intermolecular
coupling within the head-to-tail arrangement of the molecules
in the solution.

4 Conclusions

Summarizing the results, the four ring compounds under
discussion resemble typical hockey-stick shapes and were
found to exhibit typical banana phases, that is to say layer
undulated non-switchable B7/B1Rev Tilted phases. These bent
shapes possessed a bend angle of 130–135� from DFT study and
still exhibit banana mesomorphism. The present work
demonstrated that banana mesomorphism can be realized in
four-ring banana shaped compounds which are at the interface
between the calamitic and banana-shaped liquid crystals.
Hence the induction of such mesomorphic characteristics are
dependent on several factors, including linking groups, the
length of the end alkyl chains, the nature and position of
substituents, steric interactions etc. DFT study indicated the
presence of homogeneously distributed electron density and
the negligible negative electrostatic potential in these
molecules.
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