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In this work, we have studied the effect of the external electric field on the nCB series with an extension of the

alkyl chain length of liquid crystal molecules. The stretching of C–C and C–H atom contributes to the anisotropy of
polarizability for the new compound of the nCB series. The molecular polarizability is responsible for an even-odd
effect of the optical parameters. The electric field is another method (alternative of temperature) to find out the
optical parameters of the liquid crystal series. Under the impact of an external electric field, the order parameter
and birefringence are expression of an even-odd effect. The transition temperature and birefringence enhance for
the odd member and reduce for even members of the alkyl chain. The birefringence decreases with an even-odd
effect while the order parameter increases with minor deviation.
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1. Introduction

The electro-optical response depends on the physi-
cal property and molecular structure of the liquid crys-
tal (LC) molecules. The cyanobiphenyl (nCB) LCs are
highly polar, so it has very high thermal and electro-
chemical stability. The external electric field sufficiently
affects the optical properties of rod shape LCs through
the polarization of both ends of molecules. Under the ef-
fect of an external electric field, the one end of the nCB
molecule has favorable charges. In contrast, the other
end is negatively charged and formed an electric dipole.
The director of the LC molecules will reorient along
the direction of the applied external electric field [1–3].
The molecular polarizability increases with an increment
of carbon atom number of the alkyl chain of the tail
of the nCB LC molecules [4]. The family of the nCB
LC first times synthesized by Gray et al. [5, 6] for the
electro-optical application of the display technology. The
nCB LC is colorless and stable to the moisture that is
the best feature of these molecules. When the nCB LC
having a unique property for the alkyl chain length is
changed, then the molecular properties of the mesophase
change [5, 6]. The nCB LC molecules indicate on an even-
odd effect under the extension of the alkyl chain. The
optical polarizability of the nCB LC molecule follows the
even-odd effect and gives the interchange polarizability.
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The order parameter also exhibits the even-odd effects
for the even-odd number of the carbon atom of the alkyl
chain in the tail of the nCB LC [7, 8].

The birefringence is an electro-optical phenomenon
used to find out the Kerr effect under the impact of the
electric field. The birefringence is a fundamental prop-
erty of the LC, which gives valuable information of LCs
to use in various optical device applications. The electric
field to the LC molecules has a rapid method to calculate
birefringence and polarizability for the electro-optical ap-
plication in the display technology. The electro-optical
effect is used to study the pretransitional behavior (re-
lated to the order parameter) of the nCB LC. The nCB
LC has a positive Kerr constant because of the in-
tense, permanent dipole moment and highly conjugated
π-electrons [9–11]. The polarization of LC molecules in-
duced by an applied electric field to the molecule de-
pends on the direction of the applied field. The electric
field corresponds to an essential parameter to find out
the electro-optic property of the LC molecules [12, 13].
Rod shape LC molecules are less tilted with a compari-
son to the bent-core type LC molecules. The electrically
induced tilt affects observed in several types of bent-core
and hockey-stick type LC molecules [14].

The polarization and bending plane of the molecules
are parallel in the absence of an electric field, and these
will be perpendicular to the plane in the presence of an
electric field. The smectic phase of the LC molecule tilted
continuously with the increased electric field [15–18].
The switching behavior of the even-odd numbered carbon
atom in the tail of the LC is different [19]. The notation
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Fig. 1. Effect of temperature under the expansion of
alkyl chain length. Red line indicates crystalline to ne-
matic phase transition (Cr–N), blue line indicates ne-
matic to isotropic phase transition (N–iso), green line
indicates smectic A to nematic phase transition (A–N),
pink line indicates crystalline to smectic A phase transi-
tion (Cr-A), brown line indicates smectic A to isotropic
phase transition (A–Iso) [20].

of nCB refers to the number of carbon atoms in the alkyl
chain of nCB LC molecules. The Kerr constant was mea-
sured with exploiting of birefringence under the impact
of the electric field E. The birefringence ∆n is equal to
the product of light wavelength λ, the Kerr constant K,
and the square of the electric field. This can be expressed
as ∆n = λKE2 [21–24].

Karat and Madhusudana [25] reported that the even
member of the nCB series makes a larger angle with the
long molecular axis. It will reduce the anisotropy of the
molecule and thereby minimizes the order parameter as
well as nematic to the isotropic phase transition tem-
perature. However, the odd member of the nCB series
makes the least angle with the long molecular axis of the
molecule. Thus, it will be enhancing the anisotropy of
the molecule, thereby increasing the order parameter as
well as transition temperature. The present work also
reveals the order parameter and birefringence decreases
for the even member. However, the order parameter and
birefringence increase for the odd member of the nCB
LC series. The nCB LC is a widely studied molecule,
and all the optical parameters are readily available for
comparison. Therefore, with the help of the described
method, we can explain that the electric field is another
method to achieve the all-optical properties and phase
transitions, which is shown in Fig. 1 by the variation of
temperature to the LC. Electric polarizability is the most
crucial factor in finding optical parameters.

2. Computational methodology

All the molecules are optimized by the Gaussian 09
software package [26] with the help of density functional
theory (DFT) method B3LYP [27, 28] and M062X [29]

with 6-31G∗∗ basis set [30]. After the optimization of all
the molecules, we have applied the electric field to the
nCB LC along the molecular axis (x-axis) and perpen-
dicular (y-axis) to it from 0.0000 arb.u. to 0.2000 arb.u.
at the interval of 0.0020 arb.u. After the applied electric
field, we have calculated the molecular polarizability of
the nCB LC molecules. The x-axis has been considered
as extraordinary molecular polarizability (αe), and y-axis
has been considered as ordinary molecular polarizability
(αo). With the help of αe and αo, we have calculated the
order parameter, birefringence, and refractive index as
per the given formula. The finite-field approach frame-
work predicting the total molecular energy under the im-
pact of the electric field is given below [31, 32];

E = E0 − µiFi −
1

2
αijFiFj −

1

6
βijkFiFjFk,

where E0 is the total energy in the absence of the elec-
tric field, while Fi, µi, αij , and βijk are equivalent to
the components of the electric field, dipole moment, po-
larizability, and first-order hyperpolarizability, respec-
tively. Directions are specified along with the subscripts
(i, j, k) ∈ (x, y, z). The α, β, µ, and ∆α can be expressed
as numerical differentiation with an electric field of mag-
nitude 0.002 arb.u. The respective equations are given
below [33–35]:

α =
1

3
(αxx + αyy + αzz),

β =
[
(βxxx + βxyy + βxzz)

2 + (βyyy + βxxy + βyzz)
2

+(βzzz + βxxz + βyyz)
2
]1/2

,

µ = (µ2
x + µ2

y + µ2
z)

1/2,

∆α =

√
(αxx − αyy)2 + (αyy − αzz)2 + (αzz − αxx)2

2
,

∆α̃ = αe − αo, ∆α̃ = S∆α,

where α̃ is the mean isotropic polarizability, S is the or-
der parameter

S =
αe − αo

αe + αo
. (1)

Birefringence ∆n is expressed as

∆n =
(αe − αo)

6.3631

[
R3 −

(
2αo + αe

20.244

)]−1

, (2)

where R is the radius of the liquid crystal molecule.
Magic angle (θ) is given

θ = cos−1

(
2S + 1

3

)
(3)

and refractive index n by

α =
2αo + αe

3
,

γe = α+
2 (αe − αo)

3S
, γo = α− (αe − αo)

3S
,
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where N = 1 is the number of liquid crystal molecules
studied with the variation of temperature and external
electric field to find out the different phases of LC series.
The temperature range of the LC is 300 K to 400 K used
to study the phases of the LC series, as shown in Fig. 1.

3. Results and discussion

3.1. Effect of the temperature
with an extension of alkyl chain length

This subsection describes the different phase transi-
tion of nCB liquid crystal with the variation of tem-
perature. The red line is indicating the crystalline to
the nematic phase transition from 1CB to 7CB. The
8CB to 12CB showing crystalline to smectic phase A
transition are indicated by the pink line. The 8CB to
9CB showing smectic A to nematic phase transition are
indicated by the green line. Nematic to the isotropic
phase transition of 1CB to 9CB shown by the blue line
and lastly smectic A to the isotropic phase transition
of 10CB to 12CB are indicated by brown line. The
temperature variation expresses the even-odd effect for
the phase transition of the nCB series [20, 36], which is
also shown by the application of the electric field on the
nCB series. Dalmolen et al. [37], Dunmur et al. [38] and
Lin et al. [39] reported that the nCB series expresses an
even-odd effect under the impact of the temperature of
LC. The nCB LC molecules reveal an even-odd effect un-
der the influence of the temperature by an extension of
alkyl chain length. Karat and Madhusudana [25] already
reported that even member of the nCB series is making
a larger angle with the long molecular axis. Thus, it will
reduce the anisotropy of the molecule and thereby mini-
mizes the nematic to the isotropic phase transition tem-
perature. However, the odd member of the nCB series is
making a lower angle with the long molecular axis of the
molecule. Thus, it will be enhancing the anisotropy of the
molecule, thereby increasing the transition temperature
shown in Fig. 1. The C–C symmetric scissoring in the
benzene ring is responsible for crystalline to the nematic
phase transition. The IR frequency corresponding to
the absorbance continually increases from 1CB to 7CB.
However, the absorbance decreases for the 8CB because

Fig. 2. Calculated birefringence of nCB series under
the effect of the external electric field with an extension
of the alkyl chain length using B3LYP (red line) and
M062X (green line) methods.

it is expressed crystalline to the smectic A phase tran-
sition indicates by the pink line. The stretching of the
C–C and C–H atoms has contributed to the anisotropy
of polarizability for the new compound as a comparison
with the previous molecule [40].

3.2. Birefringence

We have calculated birefringence with the help of (2)
under the external electric field with an extension of
the alkyl chain length. Coles [12] reported that the bire-
fringence is decreasing under the influence of the exter-
nal electric field with an extension of alkyl chain length.
In present work, the birefringence is decreasing contin-
uously with an extension of the alkyl chain, as shown
in Fig. 2. Dunmur et al. [38] have reported that under
the impact of temperature, the dielectric anisotropy and
birefringence decreased. The nCB series shows an even-
odd effect with the extension of the alkyl chain length.
Under the influence of an electric field, the birefringence
of nCB LC molecules decreases with the even-odd effect,
as shown in Fig. 2. According to Wu [41], the birefrin-
gence of 5CB is 0.22, while we obtained the value of 0.20.
Although the birefringence steadily decreases from 1CB
to 5CB, it does not show the even-odd effect. Still, after
the 5CB LC, the birefringence exhibits the perfectly even-
odd effect express by the DFT methods B3LYP, as shown
in Fig. 2. However, the even-odd effect is expressed by
the DFT method M062X. The odd carbon atom number
of the alkyl chain has a higher birefringence as compared
to the even member of the alkyl chain. The birefringence
decreases with an increase of carbon atom numbers of
the alkyl chain length. The C–H asymmetric stretch-
ing corresponds to IR absorbance in the benzene ring,
shows an improvement for the odd member, and falls for
the even member of the alkyl chain. As the 10CB LC
is an even member of the nCB series, its IR absorbance
shows increasing behaviour.
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3.3. Order parameter

Karat and Madhusudana [25] reported that the even
members of the nCB series make a larger angle with
the long molecular axis. As a result, it will reduce the
polarizability of the molecules and thereby minimize an
order parameter. Our studies show also that 10CB LC
reduces larger molecular polarizability, and it is abruptly
decreasing. Horn [36] reported that the order parameter
of 5CB and 8CB is 0.61 and 0.67, respectively. In turn,
calculations made by us for the order parameter of 5CB
and 8CB indicate the values of the value of 0.60 and
0.71, respectively. Dalmolen et al. [37] and Sherrell and
Crellin [42] reported that the order parameter increases
with an extension of alkyl chain length.

In the present work, an order parameter continuously
increases with an extension of the alkyl chain of the nCB
LC molecules, as shown in Fig. 3. The order param-
eter also exhibits the even-odd effect with minor devi-
ation. Park [43] reported that the order parameter is
determined from C–N and C–C stretching. The order pa-
rameter continually increases because of the C–N atom
stretching, and H atom rocking of benzene ring corre-
sponding to IR absorbance continuously increases. The
C–H atom asymmetric stretching in the alkyl chain is
steadily increasing, which is also responsible for the in-
crement in the order parameter. The order parameter
with an extension of the alkyl chain goes continuously to
the crystalline state because the range of liquid crystal is
0.3 to 0.8. Sen et al. [44] reported that under the effect
of temperature, the order parameter of 5CB is 0.62. In
the present work, the order parameter calculated under
the effect of the electric field is 0.60. The order parameter
is an optical property of the nCB LC. Based on the or-
der parameter, we can examine the molecular behavior
of the nCB LC molecules. The C–H asymmetric stretch-
ing of the benzene ring at the frequency of 1532 cm−1

is showing higher IR absorbance for odd members and

Fig. 3. Calculated order parameter S of nCB series un-
der the effect of the external electric field with an ex-
tension of the alkyl chain length using B3LYP (red line)
and M062X (green line) methods.

Fig. 4. Calculated refractive index of nCB series under
the effect of the external electric field with an extension
of the alkyl chain length using B3LYP (red line) and
M062X (green line) methods.

lower IR absorbance for even members of the alkyl chain.
The C–C symmetric scissoring in the benzene ring is
responsible for molecular phases. At the frequency of
2266 cm−1, the C–N atom stretching corresponding to
absorbance continually increases, which is accountable
for an increment of the order parameter.

3.4. Refractive index

Chirtoc et al. [45] reported that under the impact of
temperature, the refractive index is increasing with an
extension of alkyl chain length. This behaviour appears
continually, as shown in Fig. 4. The C–H atom asymmet-
ric stretching in the alkyl chain is continuously increas-
ing, which is also responsible for an increment of refrac-
tive index. In the 10CB LC, the refractive index abruptly
increases. In case of the C–H asymmetric stretching cor-
responding to an IR absorbance it is growing instead of
decreasing in the benzene ring. Thus, the refractive in-
dex does not express any even-odd effect. The H atom
rocking in both benzene ring corresponding to IR fre-
quency 1532 cm−1 increases only in 10CB LC, which is
responsible for abruptly increased refractive index. In
fact, we have observed that the IR spectrum of 10CB LC
also indicates the absorbance due to the H atom rocking
in both benzene ring.

4. Conclusion

In this work, we have investigated the effect of the elec-
tric field on the nCB LC series, which shows an even-
odd effect in optical applications. It has been found that
the electric field is another method to find out the optical
parameters of the nCB series. The optical parameters are
obtained using derived equations from Vuk’s theory [46].
The birefringence of nCB series decreases continuously
and shows an even-odd effect with the extension of the
alkyl chain length of the nCB LC molecules. The or-
der parameter of the nCB is steadily increasing with
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an extension of the alkyl chain length of the nCB se-
ries. The C–C and C–H atoms stretching contributes to
the anisotropy of polarizability. The stretching of C–C
and C–H atoms corresponds to higher IR absorbance for
odd members and lowers IR absorbance for even members
of the nCB series. The birefringence and order parame-
ter of the nCB LC molecules are inversely proportional
to each other. Under the effect of the electric field, the
order parameter, and birefringence are different for the
different numbers of carbon atom numbers. The bire-
fringence, order parameter, and transition temperature
of nCB series exhibit a higher value for odd carbon mem-
bers, which corresponds to the C–H asymmetric stretch-
ing of the benzene ring. Our results help to investigate
the optical parameters of liquid crystals, which can be
obtained through electric field and temperature. It also
explains the correlation between microscopic parameters
to mesoscopic parameters of LC, which can be obtained
by variation of external electric field and temperature of
liquid crystals. The motivation of the work studies the
reason behind the even-odd effects obtained by the vari-
ation of temperature and electric field. The temperature
and electric field both parameters are showing the odd-
even effect in the LC series. Hence, the interesting part
of the study is the correlation between the electric field
and temperature to cause the even-odd effect in the LC
series. This strategy is useful for the electro-optical effect
of future molecules.
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