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INTRODUCTION

Liquid crystalline materials are potential for present day
technologies due to their extraordinary structural and physical
properties [1,2]. Structural properties depend on control and
tuning of organic compound with either liquid crystalline or
non-liquid crystalline material leading to discernable change
in phase transition and consequently to new phases [3-5]. Charge
transfer mechanism is of vital importance due to strong inter-
molecular interactions that arise due to stiochiometric ratios of
mixing between the electron donor and electron acceptor with
substantial deviation in respective energies responsible for
phase transition, which are thermally stable with induced phases.
Studies of liquid crystals [6,7] with mesogenic molecules such
as calamatic [8,9], discotic [7,10], banana [11,12], etc. Numerous
studies associated with mesophases of nematics has its origin
from bent core molecules [13,14], banana shaped molecules [15]
change in symmetry due to nanoparticles [16], smectics from
binary mixtures [17], bent core mesogens [18] and cholesteric
phases [19] arising due to self assembly. Reported induced
nematic phase [20-23], smectics [24-26] and cholesteric phases
[27,28], discotic [26,29,30] and columnar phases [30-32]
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provides insights to fundamental problems such as phase transi-
tions, defects, growth phenomena, elasticity and optics.

 In present day scenario, computational studies concen-
trated on materials including liquid crystals for its structure
and dynamics responsible for self assembly leading to supra-
molecular structures. Computational studies performed for
these liquid crystalline materials hydrogen bonded liquid crystals
[33,34], bent core liquid crystals [35], discotic liquid crystals
[36], room temperature liquid crystals [37], synthesized liquid
crystals [38,39] with spectroscopic properties and induced liquid
crystal phases [40,41]. The present focus of work attributes
induced phases with synthesized compounds formed from
compounds p-anisaldehyde and p-chloroaniline. Experimental
studies confirmed bonding between compounds with infrared
spectra, transition temperature and induced phase. Studies
responsible for induced phase depend on its structure and asso-
ciated dynamics were analyzed with quantum mechanical
descriptors using DFT method with 6-311++(d,p) basis set.

EXPERIMENTAL

Experimental studies: These studies involve synthesis
mechanism, Fourier transform infrared spectroscopy (FTIR),
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phase transition studies with differential scanning calorimeter
and liquid crystal texture observation using polarizing optical
microscope for the non-mesogenic p-anisaldehyde (R-2),
p-chloroaniline (A-2) and synthesized compound (RA-4). The
individual compounds were 99% purity obtained form Sigma
Aldrich and used as such without further purification.

Synthesis: Green synthesis (ultrasonic assisted synthesis,
US) was employed in present study. p-Anisaldehyde (R-2,
5 mmol) was dissolved in 10 mL of ethanol and mixed with p-
chloroaniline (A-2, 5 mmol) also dissolved in 10 mL of ethanol.
The solution was sonicated in a probe sonicator (120 mm) with
an ultrasonic processor (250 W) operating at a fixed frequency
of 50 Hz with speed 238 rpm for 25 min/ 40 min to obtain
synthesized compound RA-4 (Scheme-I). The reaction content
was poured in crushed ice then kept for overnight. The white
solid obtained was vacuum filtered and dried to get synthesized
compounds with yield of 98%.

Infrared studies: These studies infer changes in wave-
numbers in assigned regions of respective characteristic and
fingerprint regions analyzed form recorded spectra using FTIR.
Infrared spectra was recorded using Thermo Nicolet 6700
spectrophotometer using KBr palette in range 4000-400 cm-1

with resolution of 2 cm-1. Interpretation of compounds [42-45]
allows necessary changes in respective wavenumbers on abscissa
and %transmittance on ordinate. These regions change accor-
dance with molecule as reported in literature [42-45] of spectra
with range of wavenumbers in functional and finger print
regions for aldehydes and anilines. Range of wavenumbers for
aldehydes with assigned stretching modes of C-H (3050-3010);
C=C (1600-1475 cm-1), functional group -CHO involves
C-H (2900-2700 cm-1), C=O (1700-1660 cm-1) and C-H out-
of-plane bend (900-690 cm-1), respectively. Specifically aryl
ether (Ar-O-R) group connected to the molecule with the stret-
ching vibrations C-O-C (1040 cm-1) and asymmetric (1250 cm-1)
further a methyl group observed at 3000-2840 cm-1.

Corresponding to compound A2 assigned regions of N-H
with stretching modes (3500-3300 cm-1), bending (1640-1560
cm-1) and out of plane bend approximately around 800 cm-1 with
same regions of wavenumbers associated with phenyl ring. The
C-N str. provides link between phenyl and functional group in
range 1350-1000 cm-1 in addition to C-Cl str. at 785-540 cm-1.

Phase transition studies: Thermal studies were performed
in the heating and cooling cycles using differential scanning
calorimeter (DSC). DSC studies were carried for compounds
with aluminum/platinum crucibles pans at a heating rate of 10
ºC/min in inert atmosphere of nitrogen (30 mL/min). Transition
responsible for phase transition; isotropic and crystalline temp-
eratures were recorded with enthalpy during processes between
the ranges 40 to 140 ºC [46].

Liquid crystal texture studies: The textures were observed
with Olympus BX 51 polarizing optical microscope equipped

with heating and cooling stage with LINKAM hot stage at rate
of 2º with accuracy of 0.5 ºC. Self assembling of molecules is
inherent characteristic responsible for supramolecular struc-
tures which arise due to topological defects, change in symmetry
and inter atomic forces. These properties are responsible for
molecules to shear due to interplay of thermal and potential
energies responsible for liquid crystalline texture.

Quantum chemical studies: Quantum chemical calcu-
lations include molecular mechanics [47] involving energies
at molecular level and electron structure methods [48] with
interaction of electrons for deterministic properties. Analysis of
molecular structure for physical and chemical properties has
its origin in Hartree-Fock theory and density functional theory.
Density functional method gained importance for providing
inherent phenomena of molecules and attribute related prop-
erties responsible for textures. These studies were implemented
with Gaussian 16 package Gaussview 6.0 with personal computer
using the hybrid three parameter Becke3-Lee-Yang-Parr
(B3LYP) method at 298 K with 6-311++(d,p) basis set for all
compounds.

RESULTS AND DISCUSSION

Analysis of infrared spectra: Studies of infrared spectra
infer the changes in the chemical reaction and molecular
geometry arising due to bonding mechanism for formation of
synthesized compound. The FTIR spectra of compounds R-2,
A-2 and RA-4 are illustrated in Fig. 1.

Analysis of infrared spectra obtained from experimental
spectra and computed spectra are approximately similar with
the wavenumbers accordingly for compound R2 with the
stretching modes can be attributed to C=C (1459 cm-1; 1455
cm-1) of phenyl ring C=O (1689 -1; 1639 cm-1) of aldehyde group,
twin peaks of C-H of aldehyde group (2843 cm-1; 2743 cm-1;,
2879 cm-1), aromatic hydrogen (3050 cm-1; 3013 cm-1; 3075
cm-1) and C-O-C bond having asymmetric stretch (1260 cm-1;
1287 cm-1) and symmetric stretch (1025 cm-1; 1025 cm-1) further
out-of-plane bending mode contributing to C-H (833 cm-1; 826
cm-1) of phenyl ring.

Observed primary amino group of compound A-2 at (3468
cm-1; 3571 cm-1) and (3317 cm-1; 3197 cm-1) along with the
stretching modes of C-Cl (633 cm-1, 647 cm-1) for chloro group,
C=C (1493 cm-1; 1457 cm-1) of phenyl ring, C-N (1283 cm-1;
1299 cm-1) in amine group and out of plane bending mode
observed at C-H (825 cm-1; 827 cm-1) of phenyl ring and N-H
(825 cm-1, 810 cm-1) of amine group and in plane bending of
N-H (1614 cm-1; 1617 cm-1).

Synthesized compound RA4 displayed with stretching
modes of C=C (1475 cm-1; 1476 cm-1) in phenyl ring, methyl
group (2958 cm-1; 2998 cm-1) C-N (1023 cm-1; 1022 cm-1) and
C=N (1608 cm-1; 1643 cm-1) of imine group and C-Cl (540
cm-1; 546 cm-1) for chloro group also C-O-C bond of ether

H3CO C H

O

H2N Cl+ H3CO C N

H

Cl

Scheme-I: Ultrasonic synthesis of RA-4
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Fig. 1. Infrared spectra of (a) R-2, (b) A-2 and (c) RA-4

show symmetric stretch (1023 cm-1; 1024 cm-1) and asymmetric
stretch (1250 cm-1; 1268 cm-1). Out of plane bending mode
observed at C-H (836 cm-1; 840 cm-1) of phenyl ring.

Interpretation of the obtained spectra infers that all the
wavenumbers of studied compounds are in agreement with
reported studies. Moreover, computed spectra inferred no inter-
mediate transitions (no negative wavenumbers and wavenum-
bers in assigned regions. Prominent changes inferred that the
formation of compound RA-4 with significant increase in the
wavenumbers of C=C (≅ 15) in phenyl group, methyl group
(≅ 115), C-H out of plane bend (≅ 10) corresponding to reduced
shifts in asymmetric regions of C-O-C (≅ 15), chloro group (≅
90) and (≅ 250) corresponding to C-N.

In synthesized compound RA-4, the N-H bonds of aniline
at 3468 cm-1 and 3317 cm-1 as well 1689 cm-1 peak for C=O

group along with 2843 cm-1, 2743 cm-1 of CH of aldehyde group
vanished in the process of dehydration during the formation
of the new bond C=N in the IR spectrum. During the synthesis
process, C=O group of aldehyde group reacts with N-H group
of compound A2. As a result, wavenumbers assigned for both
the bonds vanished and forms a new bond C=N, which confirms
the formation of aldimine. Consequently, shift in assigned
wavenumbers of all other bonds were also observed. In other
words, the disappearance of CO and CH of aldehyde and amino
group of aniline is the clear indication of condensation between
compound R2 and compound A2 leading to formation of
compound RA-4.

Synthesized molecule RA-4 is a Schiff base compound
i.e. secondary aldemines [49-52] (R-CH=NR′ where R′ ≠ H)
associated with wavenumber regions of both C=N (1690-1640
cm-1) and C-H (2900-2800 cm-1) stretching modes along with
phenyl rings. All wavenumbers of computed spectra are in
agreement with literature spectra for individuals (R-2, A-2 and
RA-4 [53] (Fig. 2).

Phase transition studies: Phase transition studies were
studied using DSC, which attribute the transitions from one
phase to another phase in heating and cooling cycle with
enthalpy. Phase changes are influenced due to changes in
enthalpy responsible for short and long range order during
transitions. Compound R-2 has no phase transition in heating
and associated phase transition at 149.43 ºC with enthalpy
10.51 J/mol in cooling (Fig. 3a). Compound RA-4 has phase
transition at 92.5 ºC in heating with enthalpy -28.93 J/mol
and in cooling cycle at 60.36 ºC with enthalpy energy of 47.4
J/mol (Fig. 3b).

Liquid crystal textures: Studies with polarizing optical
microscope for compound RA-4 has smectic B texture in heating
at 88 ºC and schlieren nematic texture at 50 ºC in cooling  (Fig. 4)
and no texture was observed in compound R-2. Synthesized
liquid crystalline mesogen is achiral molecule [54] influenced
the positional order with an increase in the molecular length
reducing interlayer separation forming smectic B [55-58] texture
in heating corresponding to long range order. Large changes
enthalpy influenced orientation of neighbouring molecules to
shear resulting in schileren nematic droplet texture [59-61] in
cooling with short range order.

Quantum chemical calculations: These studies in agree-
ment with the possible explanation from structure aspects to
perform  experimental studies and explore the hidden mole-
cular properties in terms of optimized ground state energies,
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Fig. 2. Computed infrared spectra of (a) R-2 and (b) RA-4
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Fig. 4. Observed textures with microscope

transition of states requiring ionization potential, electron affi-
nities, dipole moment and polarization particularly in conden-
sed phases. With Gauss view package the molecular structures
were optimized by B3LYP/6-311G++(d,p) method with energy
minima corresponding to compound R-2 (-460.228 hartrees),
compound A-2 (-747.203 hartrees) and compound RA-4
(-1131.074 hartrees). Electron structure calculations in terms
on electron density using Kohn-Sham formulations [62,63]
inferred the electronic properties in terms of reactivity of mole-
cule.

Studies of quantum mechanical descriptors [64] indicate
that the bonding is spontaneous as energies are negative (Table-
1). Quantum descriptors of compounds R-2, A-2 and RA-4
specified that (i) reduction in energy gap enable shear between
neighbouring atoms responsible for phase transition; (ii) high
kinetic stability responsible for dipole-dipole interactions with
enhanced dipole moment; and (iii) reduced hardness (highly
soft matter) [34,65] revealed that the synthesized compound
RA-4 is liquid crystal mesogen.
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Fig. 3. DSC of (a) R-2 and (b) RA-4

Higher electrophilicity index [66] inferred the stabilization
of energies with electron transfer between the involved comp-
ounds with intermolecular charge transfer in the formation of
unique double bond (C=N) responsible for the changes in the
polarizability and first order hyperopolarizability with induced
phases. Charge transfer [67] mechanism has a significant role
in the formation of liquid crystalline compound which enables
the neighbouring atoms to alter their order from positional to
orientation order (Table-2). Mulliken atomic charges determines
the electron population of respective atoms as illustrated in
Fig. 5. Studies attributed that the charge transfer arise due to
the intermolecular bonding between the involved molecules
forming secondary aldemines with induced phases [68,69] in
synthesized compound RA-4 with smectic B phase and schlieren
nematic texture.

TABLE-2 
CHARGE TRANSFER PROPERTIES OF COMPOUNDS 

Name of the 
compound χ (eV) µ (eV) η (eV) ∆n 

R-2 4.300 -4.300 2.433 1.767 
A-2 3.328 -3.328 2.580 1.289 

RA-4 3.982 -3.982 2.072 1.921 
 

Conclusion

Green synthesis mechanism is employed in synthesis of
liquid crystalline compound from two non mesogenic compo-
unds. Experimental studies from the recorded infrared spectra
attributed the formation of the synthesized compounds with
shift in wavenumbers and formation of the secondary aldemine.
Phase transition studies indicate the possibility of phase transi-
tion in heating and cooling. Induced textures were observed
at respective transition temperatures are approximately in

TABLE-1 
QUANTUM DESCRIPTORS OF COMPOUNDS 

Name of the 
compound 

EHOMO (eV) ELUMO (eV) ∆E (eV) η (eV) χ (eV) ω (eV) µ (Debye) α × 10-24 
(e.s.u.) 

β × 10-30 
(e.s.u.) 

R2 -6.733 -1.867 4.866 2.433 4.3 3.799 4.275 15.065 8.561 
A2 -5.908 -0.748 5.161 2.580 3.328 2.147 3.519 35.355 0.390 

RA4 -6.054 -1.909 4.145 2.072 3.982 3.824 4.302 31.705 8.685 
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agreement with phase transition studies. Short range order and
long range order are influenced with changes in enthalpy
responsible for formation of mesogenic compound. Quantum
chemical studies indicated that the wavenumbers were in
agreement with the experimental spectra and possible explana-
tion with reduced energy gap, hardness and enhanced dipole
moment responsible for induced texture.
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