Pramana – J. Phys.
(2021) 95:71
https://doi.org/10.1007/s12043-021-02114-z

© Indian Academy of Sciences

Electronic and electro-optical properties of 5CB and 5CT liquid
crystal molecules: A comparative DFT study
DIPENDRA SHARMA1

,∗ ,

GARGI TIWARI2 and SUGRIVA NATH TIWARI1

1 Department

of Physics, DDU Gorakhpur University, Gorakhpur 273009, India
of Physics, Patna University, Patna 800 005, India
∗ Corresponding author. E-mail: d_11sharma@rediffmail.com
2 Department

MS received 22 November 2020; revised 8 January 2021; accepted 21 January 2021
Abstract. In the present work, electro-optical and electronic properties of 4-n-pentyl-4 -cyanobiphenyl (5CB)
and 4 -cyano-4-n-pentyl-p-terphenyl (5CT) liquid crystal molecules have been investigated. The 5CB compound
transforms from crystal to nematic phase at 24◦ C and nematic to isotropic phase at 35.3◦ C while 5CT compound
transforms from crystal to nematic phase at 130◦ C and nematic to isotropic phase at 239◦ C. Molecular geometry
of 5CB and 5CT have been optimised by DFT method with 6-31G(d,p) basis set. Binding energies acting between
dimers have been calculated. Mulliken and natural population analyses have been done. The HOMO–LUMO
surfaces, molecular and thermodynamic properties have been examined. The excitation energy and oscillator strength
have been calculated by TD-DFT/B3LYP/6-31G(d,p) method. All the investigated parameters of 5CT have been
compared with that of 5CB molecule. Results have been used to elucidate the electro-optical and electronic properties
of 5CB and 5CT molecules.
Keywords. Liquid crystal; density functional theory; Mulliken population analysis; natural population analysis;
highest occupied molecular orbital–lowest unoccupied molecular orbital; UV–vis.
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1. Introduction
The members of 4-n-alkyl-4 -cyanobiphenyl liquid crystal homologous series have a tremendous history in the
field of electro-optical display devices due to their working capabilities at room temperature [1,2]. Theoretical
and experimental investigations had provided a better
insight into the physical and chemical phenomena of
liquid crystalline (LC) materials. These materials play
fascinating roles in exploring structure↔property relationship because of their extreme sensitivity to small
changes in molecular structure. Many experiments on 4n-alkyl-4 -cyanobiphenyl (nCB) series predict that the
addition of methylene to the alkyl chain induces different mesophases [3–6]. In the homologous series of
nCB, 5CB was the first molecule synthesised for display
devices near the room temperature [2]. Due to the widespread applicability, many theoretical and experimental
researches have been performed to examine the physical and chemical properties of 5CB LC compound [7–9].
Highly stable composite systems of 5CB doped with fine
cobalt ferrite (CoFe2 O4 ) magnetic nanoparticles have
0123456789().: V,-vol

been prepared and change in ferromagnetic ordering in
ferronematics with magnetic field has been investigated
so as to examine the magnetic properties of the system
[10]. In addition, another homologous series, namely, 4n-alkyl-4 -cyano-p-terphenyl (nCT) has been prepared
by adding a phenyl ring at the central linkage of the nCB
series [11]. These compounds are stable and colourless
similar to 4-n-alkyl-4 -cyanobiphenyl compounds. The
nCT series preserve the chemical and photochemical
stabilities of the materials. Recently, using block copolymers, dynamic tuning of the director field in LC shell
made up of 5CB, 7CB, 8CB and 5CT has been rigorously examined [12]. These experiments complemented
with theoretical modelling and numerical results rendered not only new insights into the nematic equilibria
in hybrid shells, twisted director profiles and dynamical pathways from tangential to hybrid, that mimic
experiments but also illustrated different combinations
of topological defects and their trajectories during the
reconfigurations; all of which can be used for novel control strategies for materials design, paving the way to
innovative applications, for instance in photonics and
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photonics-gleaned use cases [13,14], sensing devices
[15] or unconventional soft actuators [16].
During the past few decades, density functional theory (DFT) has progressively become vital in explaining
materials phenomena, which has led to the concept of
‘materials by design’. The underlying principle of DFT
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is that the total energy of the system is a unique functional of the electron density. Hence there is no need to
go for computation of the full many-body wave function [17]. Presently, DFT has expanded into materials
science, high-pressure physics and mineralogy, solidstate and medicinal chemistry, pharmaceutics and drug

Figure 1. (a) Equilibrium geometries of 5CB and 5CT molecules and (b) synthetic route.
Table 1. Electro-optical parameters of 5CB and 5CT molecules.
Molecule

5CB

5CT

Total energy (eV)
Dipole moment (Debye)
Mean polarisability (Bohr3 )
Anisotropy in polarisability (Bohr3 )
Molar refractivity (e.s.u.)

− 20467.08
5.95
205.69
222.86
76.83

− 26754.65
6.27
293.79
358.59
109.74
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Figure 2. Equilibrium structures of 5CB and 5CT dimers.
Table 2. Binding energy of 5CB and 5CT LC dimers.
Dimers
5CB
5CT

dN...H (Å)

Binding energy (eV)

2.54
2.38

27.29
0.29

design and more, powering the entire computational
sub-disciplines. Modern DFT simulation codes can calculate a vast range of structural, chemical, optical, spectroscopic, elastic, vibrational and thermodynamic phenomena. Its ability to predict structure↔property relationship has revolutionalised experimental fields where
it is the primary method to analyse and interpret experimental outcome [18]. Because of the profound development of quantum chemistry, DFT-based methods [19]
have been extensively employed in order to investigate
various electronic parameters such as optimised geometry, charge distribution, infrared, Raman, ultraviolet–
visible (UV–vis), nuclear magnetic resonance spectra
and so on [20]. Results obtained from DFT calculation
are also validated by the experimental data [21,22].
In this article, we have performed DFT-based quantum computation on 5CB and 5CT LC molecules in
order to find appropriate electronic and electro-optical
properties which are very important parameters for the
device application. For this, molecular structure, Mulliken and natural charge distribution, HOMO–LUMO
gap and UV–vis spectra have been computed. A comparative analysis of physico-chemical properties of 5CB
and 5CT LC molecules has been presented.
2. Computational method
In the present paper, we use DFT method with B3LYP
functional [23,24] together with 6-31G(d,p) basis set.
All the computations have been performed on Gaussian 16W program [25]. The dipole moment (μ), mean
polarisability (α) and anisotropy in polarisability (α)
can be obtained by numerical differentiation with an
electric field of magnitude 0.001 a.u. while molar

Figure 3. Mulliken and natural charge distribution on 5CB
and 5CT molecules calculated at the B3LYP level in gas phase
with the 6-31G(d,p) basis set.

refractivity is a constitutive-additive property and may
be calculated by the Lorenz–Lorentz formula [26–30].
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Figure 4. HOMO–LUMOs of 5CB and 5CT molecules.

Mulliken and natural charge distributions have been
evaluated using MPA and NBO methods in gas phase.
Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) surfaces of
the optimised LC molecules have been plotted [31,32].
Global parameters like ionisation potential (I ), electron affinity (A), electronegativity (χ ), global hardness
(η) and softness (S) have been calculated in terms of
the energies of HOMO and LUMO using Koopman’s
theorem [33–38]. Further, UV–vis spectra of both the
molecules have been computed.

Table 3. Electronic parameters of 5CB and 5CT molecules.
Molecule
HOMO energy (eV)
LUMO energy (eV)
Energy gap (eV)
Ionisation potential (eV)
Electron affinity (eV)
Electronegativity (eV)
Chemical potential (eV)
Global hardness (eV)
Global softness (eV)−1
Electrophilicity index (eV)

5CB

5CT

− 6.31
− 1.61
4.70
6.31
1.61
3.96
−3.96
2.35
0.43
3.33

−6.03
−1.74
4.29
6.03
1.74
3.88
−3.88
2.14
0.47
3.52

3. Results and discussion
3.1 Equlibrium geometry, dipole moment,
polarisability, anisotropy in polarisability and molar
refractivity analysis
The equilibrium geometries of 5CB and 5CT LC
molecules obtained using DFT with B3LYP/6-31G(d,p)
method are depicted in figure 1. The total electronic
energy of 5CT is large in comparison to 5CB molecule
and hence 5CT is more stable than 5CB. The total electronic energy, dipole moment, polarisability, anisotropy
in polarisability and molar refractivity are listed in table
1. It is clear from table 1 that additional benzene ring
in 5CT LC molecule significantly increases the dipole
moment, polarisability, anisotropy in polarisability and
molar refractivity of the system. Further, the binding
energy (E B ) of 5CB and 5CT dimers in terminal mode
have been calculated by the following formula:
E B = E[D] − 2E[M],
where E[–] represents the total electronic energy of
monomers (M) and dimers (D). The E B of 5CB and 5CT

dimers are listed in table 2. As evident from table 2, all
E B values are positive, which indicate that all complexes
are stable against dissociation. However, 5CT is more
dissociative than 5CB molecule. Equilibrium structures
of 5CB and 5CT dimers are shown in figure 2.
3.2 Mulliken and natural charge distribution
The Mulliken and natural charge distribution in 5CB
and 5CT liquid crystal molecules have been computed
at B3LYP level in the gas phase. In 5CB, carbon
atoms have both positive and negative charges. C10 and
C21 possess the most positive Mulliken charge having
values of 0.117065 and 0.266600 respectively. Only one
positive natural charge C21 (0.27961) has been detected.
N22 possesses the most negative charge in both Mulliken
and natural population scheme.
Similar to 5CB, the 5CT LC molecule with C10 , C28
and C31 possesses the most positive Mulliken charges
while C31 has the most positive natural charge. N32
has the most negative charge in Mulliken as well as
natural scheme. Further, all hydrogen atoms of both
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Figure 5. Calculated absorption spectra of 5CB and 5CT LC
molecules at B3LYP level in gas with 6-31G(d,p) basis set.

LC molecules possess positive values in both schemes.
Mulliken and natural atomic charge distributions are
graphically represented in figure 3.

3.3 HOMO–LUMO and electronic absorption spectra
analysis
The chemical reactivity and stability of a molecule
can easily be determined by calculating the HOMO–
LUMO gap. Such ability indicates how a molecule
absorbs light and react with other species. The estimation of energy barrier of electrons can be obtained
using ionisation potential and electron affinity of the
molecules. The HOMO and LUMO of the 5CB and
5CT LC molecules are shown in figure 4. The barrier
energy (E) of 5CT molecule is 4.29 eV which is
less than that of 5CB (4.70 eV). The calculated ionisation potential and electron affinity values of 5CT
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suggest that electron gaining capacity of this molecule is
high compared to 5CB molecule. Electrophilicity index
of 5CT molecule is large compared to 5CB molecule
which indicates that 5CT is a better electrophile than
5CB. These results clearly suggest that certain chemical reactions may take place much faster inside the 5CT
LC molecule than in 5CB molecule. Molecular parameters like, global softness, global hardness and other
related quantities of 5CB and 5CT LC molecules are
given in table 3. The HOMO–LUMO energy gaps of
both compounds suggest the UV transparency of the
LC molecules.
UV–vis analysis of both LC compounds has been performed using time-dependent density functional theory
(TD-DFT) at B3LYP level with 6-31G(d,p) basis set in
the gas phase. Three excited states have been obtained
in both the compounds. The UV–vis spectra of both the
molecules have been depicted in figure 5. The excitation
energy, oscillator strength, wavelength and molecular
orbital (MO) contributions are given in table 4. In
5CB, one intense electronic transition from HOMO to
LUMO (85.2% of MO contribution) has been predicted
at 283.08 nm with an oscillator strength of 0.7512. The
corresponding excitation energy is 4.379 eV. Two other
absorption bands occur at 258.18 and 261.96 nm with
oscillator strengths of 0.0017 and 0.0012 respectively.
In 5CT, maximum absorption wavelength is observed at
318.13 nm. This band corresponds to intense transition
from HOMO to LUMO (90.0% of MO contribution)
with oscillator strength 0.9472 and the corresponding
excitation energy is 3.897 eV. The absorption bands
below 300 nm clearly suggest the electronic transitions
in the benzene rings due to π → π * transition. As
evident from table 5, some other transitions have also
been obtained. The thermodynamical parameters like
zero-point energy, thermal energy, enthalpy, entropy and
Gibbs free energy computed by DFT method are listed
in table 5.

4. Conclusion
The equilibrium geometry analysis shows that 5CT
LC molecule is more stable than 5CB molecule. The
additional phenyl ring in 5CT molecule increases the
values of electro-optical parameters significantly. Both
Mulliken and natural population schemes predict that
hydrogen atoms in two LC compounds have positive values. It has been observed that carbon atom having most
positive charge is linked to the most negative nitrogen
atom. Also, the most negative carbon atoms are linked
to hydrogen atoms. HOMO–LUMO energy gaps of both
5CB and 5CT LC compounds have values greater than
4 eV, which clearly indicate that these molecules are
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Table 4. Wavelength, excitation energy and oscillator strength of 5CB and 5CT LC molecules.
Molecule

λmax (nm)

Excitation energy (eV)

Oscillator strength (f)

MO Contribution

5CB

258.18

4.802

0.0017

261.96

4.733

0.0012

283.08
265.31

4.379
4.673

0.7512
0.0013

270.29

4.587

0.0004

318.13

3.897

0.9472

H-3→L+1 (2.5%), H-2→L (37.5%),
H-1→L (11.9%), H→L+1 (42.5%),
H→L+2 (6.8%)
H-2→L (4.6%), H-1→L (65.5%),
H→L+1 (14.7%), H→L+2 (13.9%)
H→L (85.2%)
H-4→L (2.6%), H-3→L (2.0%),
H-2→L (69.2%), H-2→L+2 (3.8%),
H-1→L (2.2%), H→L+1 (5.9%),
H→L+4 (11.2%),
H-4→L (2.2%), H-3→L (47.3%),
H-2→L (4.8%), H→L+1 (19.8%),
H→L+3 (23.1%),
H→L (90.0%)

5CT

s

Table 5. Zero-point energy (ZPE), thermal energy,
enthalpy, Gibb’s free energy and entropy of 5CB and 5CT
LC molecules computed by B3LYP/6-31G(d,p) method.
Molecule

5CB

5CT

ZPE (kcal/mol)
Thermal energy (kcal/mol)
Enthalpy (kcal/mol)
Gibbs free energy (kcal/mol)
Entropy (cal/mol-K)

202.24
213.39
213.98
172.18
140.21

252.88
267.05
267.65
218.13
166.06

hard and can be used as insulators in many electronic
devices. In TD-DFT study, absorption bands lucidly
explain the transition of electrons in different molecular
orbitals especially from HOMO to LUMO. This comparative study suggests that 5CT molecule possesses
better electro-optical and electronic properties than 5CB
molecule and hence can be used in display devices.
Acknowledgements
D Sharma acknowledges University Grants Commission (UGC), New Delhi, India for awarding a Start Up
Project Grant [F.30-505/2020(BSR)].
References
[1] N Vieweg et al, Opt. Express 18, 6097 (2010)
[2] G W Gray, K J Harrison and J A Nash, Electron. Lett.
9, 130 (1973)
[3] G W Gray, K J Herrison, J Constant, D Hulme, J Kirton
and E Raynes, Liquid crystals and ordered fluids edited
by J F Johnson and R S Porter (Plenum, New York, 1974)

[4] G W Gray and A Mosley, J. Chem. Soc. Perkin 2. 1, 97
(1976)
[5] A Kumar, A K Srivastava, S N Tiwari, N Misra and D
Sharma, Mol. Cryst. Liq. Cryst. 681, 23 (2019)
[6] N Kumar, P Singh, S Chaudhary, K B Thapa, P Upadhyay, A K Dwivedi and D Kumar, Acta Phys. Pol. A 137,
1135 (2020)
[7] D S Seo, H Matsuda, T Oh-Ide and S Kobayashi, Mol.
Cryst. Liq. Cryst. 224, 13 (1993)
[8] A Bogi and S Faetti, Liq. Cryst. 28, 729 (2001)
[9] S Al-Zangana et al, Sci. Rep. 6, 31885 (2016)
[10] V Gdovinová, M A Schroer, N Tomašovičová, I Appel,
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