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The electronic transitions in the uv-visible range of 4′-n-alkyl-4-cyanobiphenyl (nCB) with propyl, pentyl,
and heptyl groups, which are of commercial and application interests, have been studied. The uv-visible and
circular dichroism spectra of nCB (n = 3,5,7) molecules have been simulated using the time dependent density
functional theory Becke3-Lee-Yang-Parr hybrid functional-6-31 + G (d) method. Mulliken atomic charges for
each molecule have been compared with Loewdin atomic charges to analyze the molecular charge distribution
and phase stability. The highest occupied molecular orbital and lowest unoccupied molecular orbital energies
corresponding to the electronic transitions in the uv-visible range have been reported. Excited states have been
calculated via the configuration interaction single level with a semiempirical Hamiltonian (intermediate neglect
of differential overlap method, as parametrized by Zerner and co-workers). Further, two types of calculations
have been performed for model systems containing single and double molecules of nCB. Furthermore, the dimer
complexes during the different modes of molecular interactions have also been studied. The interaction energies
of dimer complexes have been taken into consideration in order to investigate the most energetically stable
configuration. These studies are helpful for understanding the role and flexibility of end chains, in particular,
phase behavior and stability.
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I. INTRODUCTION

Liquid crystals (LCs), as the crystals that flow, have gained
much prominence in multidirectional facets with realistic
models [1,2] and excited practical applications. These strong
anisotropic molecular materials enthuse theoretical physicists
[3], crystallographers, [4], and device engineers. The foremost
focus is to explore novel LC materials with differing molecular
chemistry in order to study their practicability in technological
appliances. The multiphase and multidisciplinary aspects of
LCs are guides to link basic physics with other scientific
disciplines and technologies. Applications for this sort of
material are still being discovered and are persistent in pro-
viding effective keys to scores of different setbacks. However,
these organic designs are fairly appealing from an elemental
research point of view as complex fluids with intriguing
symmetries and unusual elastic properties, which constitute
highly motivating theoretical challenges [5]. A theoretical
insight into the electronic structure properties, which have
a prominent influence on the desired material parameters, is
required for further experimental investigations.

LCs are used extensively for direct-view displays, pro-
jection displays, and photonic devices. Material and phase
stabilities are a primary concern for all devices desiring to
have a long operational lifetime. In direct-view displays, uv
light is often used. The uv light causes a gradual degradation
of the LC molecules so that the consequent electro-optic
effects are altered. Therefore, it is critical to identify the
ultimate LC material failure mechanism and to search for
molecular structures that can withstand a longer uv exposure.
The most common nematic LC structure for displays consists
of an alkyl chain, one or two cyclohexane rings, a phenyl
ring, and a polar group. The aromatic ring system not only
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imparts structural anisotropy, but also plays a central role in
determining the electrical, magnetic, and optical properties
of the bulk materials. For the active matrix liquid-crystal
display (LCD) applications, fluoro is the preferred polar
group as it exhibits a high resistivity, a low viscosity, and
a low birefringence [6,7]. However, both cyano (CN) [8] and
isothiocyanate [9] are the popular preferences for use in most
passive matrix LCDs, as they exhibit a large dipole moment
to the normally weakly polar or nonpolar core, give excellent
chemical stability, and contribute to the display and photonic
applications.

The simulation of uv-visible spectra by computational
chemistry tools is particularly appealing since contemporary
approaches are proficient to provide results with accuracy
comparable to that obtained by experiments. Of particular
importance, in this sense, methods based on time dependent
density functional theory (TD-DFT) provide very accurate
results [10,11]. Such approaches allow for the calculation
of electronic transitions between the ground state and the
different excited states, which gives the energies of the
corresponding radiations. Each transition can be enlarged with
a Gaussian shape due to several factors, such as thermal
excitement, natural line width, etc.

The present paper deals with the theoretical evaluation
of the key electronic quantities and optical properties of ne-
matogenic 4′-n-alkyl-4-cyanobiphenyl (nCB) molecules with
propyl (3CB), pentyl (5CB), and heptyl (7CB) groups, which
are of commercial and application interests. In particular, it
concentrates on the variations in the uv-visible absorption
spectra and circular dichroism (CD) spectra with respect to
homolog number. All the molecules show strong absorptions
in the uv range that are very sensitive to the changes
in the alkyl chain length. The highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energies have also been reported for all single
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molecules and dimer complexes during the different modes
of molecular interactions. An attempt has been made to find
the most energetically favorable configuration in each mode
of interaction. Furthermore, the role of alkyl chains has been
analyzed in altering the electronic and optical properties of the
systems. An examination of thermodynamic data has revealed
that the 3CB molecule exhibits a nematic-isotropic transition
temperature at 303.3 K [12], 5CB exhibits a nematic-isotropic
transition temperature at 308.2 K [13], and 7CB exhibits a
nematic-isotropic transition temperature at 315.8 K [13].

II. COMPUTATIONAL METHODOLOGY

The studied model composed the monomer and dimer
assemblies of nCB (n = 3,5,7). Geometry optimizations
have been performed using the density functional theory
(DFT) approach [10], in particular, the Becke3-Lee-Yang-Parr
hybrid functional (B3LYP) exchange-correlation functional
and the 6-31G (d) basis set. The DFT approach was originally
developed by Hohenberg and Kohn [14], Kohn and Sham [15],
and Jones and Gunnarson [16] to provide an efficient method
of handling the many-electron system. The theory allows us to
reduce the problem of an interacting many-electron system to
an effective single-electron problem. On the basis of the DFT
geometries, the electronic structures and the excited states have
been calculated at a semiempirical Hartree-Fock level with
the intermediate neglect of the differential overlap method, as
parametrized by Zerner [17,18] coupled with the configuration
interaction (CI) single level of approximation including all
π → π∗ single excitations. This has been found adequate for
determining the uv-visible absorption and CD spectra.

Common structural parameters of the systems, such as
bond lengths and bond angles have been taken from published
crystallographic data [12], [19]. Charge distributions of the
molecules have been calculated by performing Mulliken and
Loewdin population analyses. The mesomorphic behavior and
the nematic phase stability have been predicted through the
calculated local charge distributions. Based on the optimal
geometry obtained for each molecule, a systematic examina-
tion of interactions between a pair of isolated molecules has
been carried out. The absorption maxima and HOMO and
LUMO orbitals have been analyzed to describe the electronic
properties of the systems.

III. RESULTS AND DISCUSSION

The geometric structures of nCB (n = 3,5,7) have been
shown in Fig. 1. The structures have been constructed based
on the published crystallographic data with the standard
values of bond lengths and bond angles [12,19]. Mulliken
and Loewdin atomic net charges have been calculated, and
the group charges from both methods have been reported in
Table I. The molecular charge distribution and phase stability
of the molecules have been analyzed as given below.

A. Molecular charge distribution and phase stability

It is expected that the specific charge distributions and
electrostatic interactions in mesomorphic molecules play an
influential role in the configuration of various mesophases. An
appropriate modeling of this fundamental molecular feature

(b) 5CB 

(a) 3CB 

(c) 7CB 

FIG. 1. (Color online) The geometric structures of (a) 3CB,
(b) 5CB, and (c) 7CB molecules.

relies on the possibility of assigning a partial charge to all
atomic centers [20]. To parametrize the molecular interactions
for computational studies, atom positioned partial charges are
helpful [21]. The possibility for taking a detailed look at
the electronic structure of the molecules can be performed
by determining atom-based partial charges, which are not
quantum mechanical observables. These charges represent the
electrostatic molecular interactions very well, but they do not
show the real charge distribution in the molecule.

Since group charges are needed to explain the behavior
of mesogens, Mulliken population analysis (MPA), which
partitions the total charge among the atoms in the molecule, has
been performed and has been compared with those obtained
from Loewdin population analysis (LPA). However, there is
much agreement among the methods when it comes to the
group charges of each molecule. The results show that the
alkyl chain plays a major role in the charge distribution. From
Table I, it is evident that the charges on the core and CN group
are almost the same (especially for n = 5,7). The core in 3CB is
neutral (as per MPA). In this case, alkyl chains will be strongly

TABLE I. Mulliken (M) andLoewdin (L) group charges and
nematic-isotropic transition temperatures for nCB (n = 3,5,7)
molecules.

Molecule Core CN Alkyl T (K)
M L M L M L [12,13]

3CB 0.000 0.151 −0.213 −0.197 0.213 0.046 303.3
5CB −0.204 0.049 −0.185 −0.172 0.389 0.123 308.2
7CB −0.232 0.048 −0.185 −0.172 0.417 0.124 315.8
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attracted by the negatively charged CN group. Furthermore,
the positively charged alkyl chains in 5CB and 7CB will be
strongly attracted by the negatively charged core as well as
the CN group, causing the formation of longer units in the
mesophase (as per both MPA and LPA). Hence, the phase
stability is expected to be high for higher homologs (n =
5,7). The nematic-isotropic transition temperature (TN−I) of
nCB (n = 3,5,7) molecules reported in the literature (Table I)
supports this finding.

B. Electronic absorption spectrum

One of the most exciting developments in LC science and
technology is the possibility of using light instead of electricity
to control the behavior of a material [22,23]. Increasing the
number of carbon atoms in the end chain is the widely used
technique in order to alter the physical properties of LC
molecules. The description of molecular quantities by quantum
chemical methods underlies some principal restrictions, i.e.,
a compromise exists between the complexity of the systems
studied and the accessible theoretical accuracy. In the calcula-
tion of electronic spectra, the CI method is widely employed.
Using a CI method in combination with a semiempirical
model Hamiltonian, an evaluation of absorption spectra of
large organic molecules and LCs becomes possible [24–26].
It is expected that the absorption spectrum of a LC molecule
containing a single phenyl ring would exhibit similarities to
that of an isolated benzene molecule. The principal absorption
bands in the molecules are due to the π → π∗ transitions
in the benzene analogous part of the molecule [27]. In
general, these benzenelike transitions are roughly conserved
in the model systems studied, but they are influenced by the
conjugation length, the degree of conjugation, and the different
substituents. The analysis of electronic absorption spectra of
isolated molecules is given below.

1. 3CB

The electronic absorption spectrum of 3CB is shown in
Fig. 2. In the uv region, four strong absorptions at 212.30 nm
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FIG. 2. (Color online) Electronicabsorption spectra of nCB (n =
3,5,7) molecules. Extinction unit, 104 dm3 mol−1 cm−1.

(λ1), 226.95 nm (λ2), 246.88 nm (λ3), and 279.10 nm (λ4) have
been observed. However, no absorption has been observed in
the visible region. The strongest band appears in a region
of 201.76–222.27 nm with absorption maxima (λmax) at
212.30 nm. This band arises from the HOMO → LUMO
transition and is assigned as the π → π∗ transition in the
molecule. The other absorptions corresponding to λ2, λ3, and
λ4 also indicate π → π∗ transitions in the molecule. The os-
cillator strengths (f) corresponding to four strong absorptions
are 0.19, 0.36, 0.22, and 0.33, respectively. Therefore, these
transitions contribute higher oscillator strength corresponding
to the second absorption band (λ2).

2. 5CB

Figure 2 shows the electronic absorption spectrum of the
5CB molecule. The two prominent bands have been identified
in the uv region with absorption maxima at 211.72 nm (λ1)
and 280.27 nm (λ2). The strongest band has been observed
from 200 to 224.02 nm with absorption maxima at 211.72 nm
(λ1). This band arises due to the HOMO → LUMO transition
and is assigned as a π → π∗ transition in the molecule.
The other band also indicates the possibility for a π → π∗
transition. Furthermore, the oscillator strength corresponding
to λ1 and λ2 are 0.64 and 0.63, respectively. Hence, the
5CB molecule contributes a higher f value corresponding to
π → π∗ transition at λ1. This is in good agreement with the
experimental data reported in the literature [28] for the 5CB
molecule that exhibits two π → π∗ transitions at 210 and
280 nm, respectively.

3. 7CB

A graphical representation of the absorption spectrum of
the 7CB molecule is shown in Fig. 2. Evidently, two strong
absorption bands have been noticed in the uv region with
absorption maxima at 213.48 nm (λ1) and 289.65 nm (λ2).
The strongest band has been observed in a region from
200 to 230.47 nm with absorption maxima at 213.48 nm,
which arises due to the transition between HOMO → LUMO
energy states. This can be assigned as a π → π∗ transition
in the molecule. However, the other band also indicates the
possibility of a π → π∗ transition. The oscillator strength (f)
corresponding to two strong absorptions λ1 and λ2 are 0.68
and 0.66, respectively. Furthermore, it shows a higher f value
corresponding to the strongest absorption λ1. The estimated
wavelengths are in good agreement with the experimental
values reported in the literature [29].

C. Circular dichroism spectrum

The CD spectra of nCB (n = 3,5,7) molecules have been
shown in Fig. 3. The 3CB molecule exhibits three strong
absorption bands (Fig. 3) in the uv region at 215.23 nm (λ1),
233.98 nm (λ2), and 279.10 nm (λ3) with absorption maxima
(λmax) at 233.98 nm. The strongest absorption band has been
noticed in a region from 224.61 to 251.56 nm with absorption
maximum at λ2. The rotatory strengths (R) corresponding to
three absorptions are 29.25, 44.43, and 16.78, respectively.
Furthermore, two strong absorption bands have been noticed
for 5CB at 213.48 nm (λ1) and 280.27 nm (λ2) with absorption
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FIG. 3. (Color online) Circulardichroism spectra of nCB (n =
3,5,7) molecules. Extinction unit, 104 dm3 mol−1 cm−1.

maxima at 213.48 nm. However, the corresponding rotatory
strengths are 95.80 and 33.92, respectively. The strongest
band has been observed from 200 to 225.78 nm with λmax at
213.48 nm. Similarly, the 7CB molecule exhibits two absorp-
tion bands at 221.68 nm (λ1) and 277.93 nm (λ2). Furthermore,
the strongest band has been observed from 205.86 to 237.50 nm
with absorption maxima at 221.68 nm (λ1).

D. Role of alkyl chains

The extinction coefficients corresponding to the absorp-
tion maxima, the HOMO and LUMO energies, and the
energy gap (Eg) of isolated molecules have been reported in
Table II. In order to understand the role of alkyl chains, the
spectral characteristics of isolated single molecules have been

analyzed. Therefore, it may be concluded that the absorption
maxima does not show any preference for an increment in the
homolog number in both spectra. However, the substitution of
two and four additional alkyl groups in 3CB (forming 5CB and
7CB, respectively) causes a drastic increment and decrement
in the extinction coefficients as per the uv absorption spectrum,
whereas, the extinction coefficients show a clear preference for
homolog number as per the CD spectrum. A drastic increment
has been noticed in the extinction coefficient with respect to
the increment in homolog number. Thus, the substitution of
two additional alkyl groups in 3CB (forming 5CB) causes a
hypsochromic (blue) shift (in terms of λ) and a hyperchromic
effect (in terms of absorbance). Furthermore, the substitution
of four alkyl groups in 3CB (forming 7CB) leads to a
bathochromic (red) shift and a hyperchromic effect. Similarly,
an evaluation from 5CB to 7CB also shows a redshift and a
hypochromic effect.

It may be noticed that the molecules show a clear preference
for an increment in homolog number to exhibit HOMO and
LUMO energies. However, the energy gap (ELUMO–EHOMO)
also shows the same preference (Table II). An increment
in the number of alkyl chains causes a decrement in the
energy gap. Hence, the values of an energy gap for nCB (n =
3,5,7) molecules are independent of either redshift or blueshift.
Molecular charge distribution analysis suggests that the phase
stability also increases with respect to homolog number
(Sec. III A). Furthermore, the maximum oscillator strength
(f) and rotatory strength (R) in the uv region are directly
proportional to the homolog number (Table III). The oscillator
strength indicates the allowedness of electronic transitions in
a molecule. Hence, the 7CB molecule is very flexible for
electronic transitions. However, since the maximum oscillator
strength of 5CB in the uv region has been obtained at longer
wavelength regions, the uv stability of 5CB is higher than the
other two molecules.

TABLE II. The extinctioncoefficients corresponding to absorption maxima (λmax), HOMO, LUMO energies, and energy gap (Eg) of nCB
(n = 3,5,7) molecules.

λmax (nm) Extinctiona HOMO (eV) LUMO (eV) Eg = (LUMO-HOMO) (eV)

Molecule uv-visible CD uv-visible CD

3CB 212.30 233.98 0.74 44.41 −8.35 −0.18 8.17
5CB 211.72 213.48 1.35 110.10 −8.46 −0.43 8.03
7CB 213.48 221.68 1.25 211.07 −8.33 −0.47 7.86
Dimer molecules
3CB
Stacking 211.72 212.30 1.27 313.12 −8.40 −0.35 8.05
In-plane 212.30 212.30 1.47 188.47 −8.42 −0.28 8.14
Terminal 212.30 212.89 1.56 390.63 −8.17 −0.04 8.13
5CB
Stacking 210.55 212.89 2.29 434.35 −8.48 −0.58 7.90
In-plane 212.89 218.16 2.58 241.86 −8.53 −0.51 8.02
Terminal 211.72 212.89 3.16 1049.90 8.29 −0.23 8.06
7CB
Stacking 215.23 214.65 2.68 508.54 −8.42 −0.57 7.85
In-plane 214.06 222.85 2.08 292.90 −8.39 −0.56 7.83
Terminal 214.06 219.34 2.68 29.18 −8.38 −0.52 7.86

aExtinction unit, 104 dm3 mol−1 cm−1.
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TABLE III. The maximumtransition oscillator strength (f), ro-
tatory strength (R), and corresponding wavelengths for isolated
molecules and dimer complexes of nCB (n = 3,5,7) molecules at
the TD-DFT-B3LYP-6-31 + G (d) level of approximation.

Molecule λ (nm) f λ (nm) R

3CB 210.5 0.39 234.1 44.43
5CB 280.2 0.63 213.1 95.80
7CB 211.4 0.68 221.8 211.11
Dimer molecules
3CB
Stacking 210.1 0.57 211.5 215.95
In-plane 209.7 0.65 210.8 123.65
Terminal 227.6 0.73 212.4 192.24
5CB
Stacking 280.4 1.01 211.8 351.21
In-plane 280.5 1.22 218.5 232.54
Terminal 281.2 1.45 212.3 951.61
7CB
Stacking 216.8 1.04 214.3 278.30
In-plane 211.1 0.95 222.7 292.47
Terminal 211.7 1.37 221.7 18.20

E. Intermolecular interactions between a pair of molecules

The results obtained for isolated molecules suggest that the
optical properties are influenced by their electronic structures.
Therefore, in order to understand the self organizing ability of
mesogens, the different types of molecular interactions have

(a)

(b)

(c)

FIG. 4. (Color online) Energeticallyfavorable structures of a 3CB
dimer in (a) stacking, (b) in-plane, and (c) terminal interactions.

been taken into consideration between a pair of nCB (n =
3,5,7) molecules. The interaction energies of dimer complexes
have been considered to investigate the most energetically
stable configuration in each mode. Furthermore, the optical
properties of dimer complexes have also been reported in
Table II. LCs are not isotropic, and clearly intermolecular
interactions strongly influence their phase behavior, stabil-
ity, and properties. Therefore, the interpretation of physical
measurements on LCs in terms of molecular properties is
a difficult problem. Hence, the basic idea underlying the
study of molecular conformations is to show the physical and
chemical properties of compounds that are closely related to
the preferred conformations.

The conformational behavior of LCs displays a large vari-
ation in intermolecular effects and depends on the nature and
magnitude of interactions. Each conformation may have dis-
tinct energy, and lower energy conformations will be populated
in preference to those of higher energy. The most energetically
stable configurations of nCB (n = 3,5,7) molecules during the
different modes of interactions have been reported in Figs. 4–6,
respectively. The comparison of stacked dimers between the
molecules suggests that the extension of the chain length
causes a recognizable segregation of the dimers into a perfect
layer structure with strong parallel orientation. However,
mutual interaction between the dimers in this structure is quite
strong, in particular, to chain atoms. Moreover, the comparison
of planar dimers indicates highly tilted structures with respect
to extension of chain length, which favors translational
motion in a molecular pair along the planar axis. Furthermore,
the mutual interactions in these structures are quite weak.
Hence, the end chains provide enough disorder in the crystal
structure to pass on to nematic phase. Since, the tiltedness of
the planar dimers increases with the extension of chain length,

(a)

(b)

(c)

FIG. 5. (Color online) Energeticallyfavorable structures of a 5CB
dimer in (a) stacking, (b) in-plane, and (c) terminal interactions.
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(a)

(b)

(c)

FIG. 6. (Color online) Energeticallyfavorable structures of a 7CB
dimer in (a) stacking, (b) in-plane, and (c) terminal interactions.

molecules will attain sufficient flexibility to move along their
planar axis. Hence, the phase stability is expected to be high
with the extension of the chain length. This supports the
molecular charge distribution analysis reported in this paper.
On the basis of interaction energy during the different modes
of molecular interactions, the stability of dimer complexes
of nCB molecules can be expressed as stacking, 3CB >

7CB > 5CB; in-plane, 7CB > 3CB > 5CB; and terminal, 7CB >
3CB > 5CB.

IV. CONCLUSIONS

The salient features of the present work are:
(1) The electronic absorption and CD spectra of alkyl

CN-biphenyls have been studied. All the molecules show
strong absorption bands in the uv region. The maximum
absorption wavelength (λmax) has been obtained for 7CB in
the uv-visible spectrum, while for 3CB, it has been obtained
in the CD spectrum.

(2) The molecules show an apparent preference for π →
π∗ transitions. Furthermore, π → π∗ transitions contribute
higher oscillator and rotatory strengths.

(3) Alkyl chains play a dominant role in molecular proper-
ties and spectral characteristics. The absorption maxima and
extinction coefficients do not show any preference for alkyl
chain length, whereas, the energy gap values of isolated single
molecules show a prominent preference for an increment in
alkyl chain length. Similarly, the maximum oscillator and
rotatory strengths in the uv region increase as the alkyl chain
length increases.

(4) Although, the allowedness of electronic transitions is
maximum for 7CB (68%) (Table II), the 5CB molecule exhibits
high uv stability. The maximum oscillator strength occurs
at a longer wavelength region compared to the other two
molecules.

(5) Since the tiltedness of the planar dimers increases with
the extension of chain length, molecules will attain sufficient
flexibility to move along their planar axis. Hence, the phase
stability is expected to be high with the extension of chain
length. This supports the results obtained from molecular
charge distribution analysis.
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