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Abstract. The homologous series of MBC liquid crystals (LCs) show re-entrant nematic phase (chiral nature or
adverse order) under the external electric field in the THz frequency range. The MBC LCs show the phase
conversion from isotropic to nematic and subsequently, nematic to isotropic with the variation in electric field and
length of alkyl chain in the molecular structure. The negative order parameter is decreased and the positive order
parameter of the MBC series is decreased with the length of the alkyl chain of the molecular structure. The
positive values of the birefringence of MBC series are reduced; however, adverse birefringence approximately
remains constant. On account of the director angle, a short alkyl chain has smaller values, but after 5 MBC, all the
molecules are parallel to the applied electric field and maintain a large perspective h = 90. The refractive index of
MBC increases with the extension of the alkyl chain length in the structure. The abstract image of the MBC LC
series indicates the phase variation of the MBC series and the band gap of the nematic phase MBC is also affected
by the applied electric field.
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Introduction

The MBC (4-(4-n-benzylidene-amino-methyl)-benzonitrile) liquid crystals (LCs) are very cheap, hazardous and
commercially available with various names (MBC,
MBCA, HBAB, CBOOA and PMBAB) [1]. The Schiffbased LCs have a high clearing point in comparison to
other flexible ester linkage group-based LCs and biphenyl
compound with methoxy terminal group exhibits a higher
clearing point in comparison to biphenyl compound with
no terminal CH3 group. The transition entropy of the MBC
LC increases as the length of the alkoxy chain terminal
group increases in the molecular structure of MBC LC [2].
The short-chain compounds of the MBC LC series show
only one nematic phase under the normal pressure, but the
compounds with longer chain length show a nematic phase
as well as the smectic phase. Further extending the length
of the chain in the molecular structure, the nematic phase
of MBC merges with the smectic phase. The nature of the
permanent dipole tendency of terminal groups in Schiffbased compounds plays a significant role to study the

phases and properties of the compounds, for example,
cyano groups terminal in the structure behaves as a proton
acceptor [3]. The elastic constants of the Schiff-based LCs
increase as the ratio of length to width of the molecule
increases [4]. The nematic phase of MBC LCs has high
polarizabilities and such MBC LCs may be used in second
harmonics generations as well as in non-linear optical
devices [5]. The birefringence, refractive indices of the
MBC series are effected with the temperature and isotropic
to nematic phase transition appears with the re-fragment of
birefringence; one value is lower and another value is
higher corresponding to extraordinary and ordinary
refractive indices (ne, no) [6]. The density of herringbone
crystal-packed MBC LC decreases with high temperatures
and MBC show the chiral and ferroelectric behaviours.
The ferroelectric behaviour of MBC LC is widely used in
electro-optic applications [7,8]. The MBC1 shows the triplet NMR and MBC2 gives the five peak signals due to
CH3 group in the molecular structure of MBC2 LC [9].
The density of MBC1 and MBC2 LC decreases with high
temperatures in isotropic and nematic phases, but sharply
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increases at the phase transition. The order parameter of
MBC1 LC is 0.45, but the theoretical value of the order
parameter of MBC1 through NMR is found to be 0.43
[10]. The MBC6 (HBAB) and MBC8 (CBOOA) show a
re-entrant nematic phase with the variation in temperature
and nematic phase re-entrants at very low temperatures
[11]. Based on density measurement and conventional
viscometry theory, White et al [12] reported two phases
(nematic, isotropic) of the HBAB LC and three phases
(nematic, smectic, isotropic) of CBOOA. Mazza et al [13]
discussed the re-entrant nematic phase of HBAB and
CBOOA LC, all the molecules are perpendicular to the
plane in the nematic phase, while all the molecules have
the parallel configuration in the re-entrant nematic phase.
The C:N and C–N bonded atoms in the molecular
structure of MBC LCs are responsible for the re-entrant
nematic phase [14–16]. In the present work, it has been
found that MBC LC series under the electric field,
expresses a negative order nematic phase and then,
maintains the isotropic phase, and again shows the positive
order nematic phase. The MBC series expresses chiral
nature and re-entrant nematic phases which are useful in
THz applications.

2.

Computational methodology

The geometries of MBC molecules have been optimized
by the Gaussian 09 Software [17] with the help of
density functional theory (DFT) method B3LYP [18,19]
and M062X [20] by 6-31G** basis set [21]. After the
optimization of all the molecules, the external electric
field is applied to the MBC molecules along the
molecular axis (x-axis) and perpendicular axis (y-axis).
The range of the applied electric field is 0.000–0.100
a.u., where 1 a.u. = 5.14 9 1011 V m-1 [22] or 1 a.u. =
6.5 9 1015 Hz. With the interval of 0.0020 a.u. in the
applied electric field, we have calculated the molecular
polarizability of the MBC LC series. The molecular
polarizability along the x-axis is considered as extraordinary molecular polarizability (ae) and along the
y-axis, considered as ordinary molecular polarizability
(ao) of MBC molecules. The finite-field approach
framework reveals the total molecular energy under the
influence of the electric field as given below;
1
1
E ¼ Eo  li Fi  aij Fi Fj  bijk Fi Fj Fk ;
2
6
where Eo is the total energy in the absence of the electric
field, and Fi, aij, li and bijk equivalent to the components
of the electric field, polarizability, dipole moment, and
first-order hyperpolarizability and corresponding directions specified along with the subscripts i, j and k = x, y
and z. The a, b, l and molecular anisotropy in polarizability (Da) can be represented as numerical
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differentiation with an electric field of magnitude 0.0020
a.u. is given as [23–25];
1
ðaxx þ ayy þ azz Þ;
3
h
b ¼ ðbxxx þ bxyy þ bxzz Þ2 þ ðbyyy þ bxxy þ byzz Þ2
a ¼

þðbzzz þ bxxz þ byyz Þ2

i1=2

;

l ¼ ðl2x þ l2y þ l2z Þ1=2 ;
h
i1=2
;
Da ¼ 21=2 ðaxx  ayy Þ2 þ ðayy  azz Þ2 þ ðazz  axx Þ2
D~
a ¼ ae  ao ;
D~
a ¼ SDa;

where axx ; ayy and azz are the molecular polarizabilities
along principal axes of the molecules. Similarly,
bxxx ; bxyy ; bxzz , so on, are the hyperpolarizabilities and
lx ; ly ; lz are the dipole moments along with corresponding
directions. The mean isotropic polarizability and differences
in molecular polarizabilities of the molecules are represented by a~; Da. The molecular polarizabilities (ae, ao)
along the x- and y-axis of the molecules are considered as
extraordinary and ordinary molecular polarizabilities.
Order parameter (S):
ae  ao
S¼
:
ð1Þ
ae þ ao
Director angle or magic angle (h):


1 ð2S þ 1Þ
h ¼ cos
:
3
Birefringence (Dn):



ð ae  ao Þ 3
2ao þ ae 1
R 
;
Dn ¼
6:3631
20:244

ð2Þ

ð3Þ

where R is radius of the molecule.
Refractive index (n):
2ao þ ae
2ð ae  ao Þ
ð ae  ao Þ
; co ¼ a 
;
; ce ¼ a þ
3S
3S
3
 pﬃﬃﬃﬃﬃ 
 pﬃﬃﬃﬃﬃ

2 10=5 pNa
4 10=15 pNSðce  co Þ
7
ne ¼ pﬃﬃﬃﬃﬃ þ
þ
;
4pNa
1 3
1  4pNa
2 10
3
 pﬃﬃﬃﬃﬃ 
 pﬃﬃﬃﬃﬃ

2 10=5 pNa
2 10=15 pNSðce  co Þ
7
no ¼ pﬃﬃﬃﬃﬃ þ

;
1  4pNa
1  4pNa
2 10
3
3
 pﬃﬃﬃﬃﬃ 
2 10=5 pNa
7
n ¼ pﬃﬃﬃﬃﬃ þ
:
ð4Þ
1  4pNa
2 10
3

a¼

To calculate the order parameter, director angle, birefringence and refractive index with the corresponding
equations (1–4), we required the extraordinary, ordinary and
mean molecular polarizabilities of the molecules. Therefore, we first optimized the geometries of MBC molecules
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with DFT using B3LYP and M062X method with a
6-31G** basis set, and then, applied the electric field on
molecules in parallel and perpendicular directions (x, y).
The molecular polarizabilities are calculated by using polar
command and the molecular polarizabilities along the parallel and perpendicular directions are considered as
extraordinary and ordinary molecular polarizabilities
(ae, ao) of molecules. Using the calculated values of
molecular polarizabilities and equations (1–4) give the
behaviour of order parameter, birefringence, director angle
and refractive index of molecules under the electric field as
discussed in the following section and explain the re-entrant
phase of the MBC molecules. The number of molecules is
taken as N = 300.

3.

Results and discussion

In this section, we have discussed the optical parameters of
MBC with the electric field. This section is divided into four
parts which describes the order parameter, director angle, birefringence and refractive index of the MBC series. The MBC LC
shows mostly the nematic phase due to rod-like structure. The
MBC series have narrow range smectic LC because all the
molecules are rod-like, banana-shaped LC alone has broad range
smectic LC. The nematic phase has a broad range only for the
HBAB and MBC7; after MBC7 LC, the smectic phase exists
with a negative order narrow band. All the optical parameters of
MBC LC are given in the following sections.

3.1

Figure 1. Order parameter of MBC series under the influence of
an electric field. (The order parameter calculated with the help of
equation (1) by the DFT methodology B3LYP and M062X. The
positive and negative ranges of order parameter increase with the
extension of alkyl chain length.)

Order parameter (S)

The order parameter (S) of the MBC series has been calculated using equation (1) under the influence of an external
electric field in the THz frequency region. The positive
order parameter of MBC increases and the negative order
parameter decreases under the influence of the electric field
with an extension of the length of alkyl chain in molecular
structure as shown in figure 1. The nematic phase is predominant in the MBC series because all the molecules have
a rod-like structure. The smectic phase of the MBC series is
not perfectly stable under the electric field as shown in
figures S8–S14 of the supplementary information file. The
nematic phases of MBC1–MBC4 are not perfectly stable,
but LCs from MBC5 to MBC8 show the broad range of
stable nematic phases. After MBC8, the range of the
nematic phase is reduced, but a small range of the smectic
phase is also seen, as shown in figure 2. The nematic phase
of the MBC series does not have stability in a positive
order. Capper et al [26] reported that theoretically, the order
parameter of HBAB (MBC6) is 0.62 and the experimental
order parameter is 0.48, and the order parameter of HBAB
reported as 0.46 in the work. The maximum values of
negative and positive order parameters of MBC14 are
-0.73 and 0.60. Cladis et al [11] reported the re-entrant

Figure 2. Order parameter of MBC series in the 3D model under
the influence of an electric field. (The positive and negative ranges
of the order parameter increase with the extension of alkyl chain
length. The nematic phase stability in negative order decreases
with the extension of alkyl chain length. In the positive order, the
nematic phase does not have a broad range for all the series.)

nematic phase of HBAB and MBC8 (CBOOA) LCs under
the effect of temperature. In the present work, we have also
discussed the re-entrant or adverse nematic phase of MBC
LCs under the electric field. As we know, LCs show different re-entrant phase transitions with the variation in
temperature as: N-SAd-Nre, N-SAd-Nre-SAl(re), N-SAd-NreSAd(re)-Nre and N-SAd-Nre-SAd(re)-Nre-SAl(re) are single,
double, triple and quadrupole re-entrance of LCs; where N,
SAd and SAl(re) are the nematic, interdigitated partial bilayer
smectic A (Ad) phase, monolayer smectic A (Al) phase of
LCs. We have observed a double re-entrant phase of the
compound. The comparative study of order parameters of
the MBC series with the extension of the length of the alkyl
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chain of the molecules for B3LYP and M062X methods are
shown in figure 1. As the length of the chain increases, the
positive and negative values of order parameters for both
methods also increase, while the negative values decrease
with length. The negative values of order parameters
decrease linearly with length extension, but the positive
values increase with some fluctuations for MBC series up to
MBC6. The lower member of the MBC series shows lower
values of order parameters and higher members show higher
values of order parameters with the re-entrant phase.

3.2

Director angle or magic angle (h)

The director angles of the MBC series with B3LYP and
M062X method are calculated by using equation (2). The
maximum value of the director angle of MBC series
increases with the length of the alkyl chain up to MBC5 and
then remains constant for other members of the series under
the effect of the electric field as shown in figure 3. The
minimum values of the director angle decrease with an
extension of the length of the alkyl chain in the molecular
structure. The maximum range of the director angle is h =
90, so all the molecules are aligned parallel to the applied
electric field. The director angle first maintains a minimum
edge for the isotropic phase (h = 0), and it maintains
maximum angle with adverse order for the nematic phase
(h = 90). Figure 4 shows the variation of order parameters of
the MBC series under the electric field for both B3LYP and
M062X methods. The study reveals that the lower members
of the MBC series have lower values of the director angle,
but with a broad range. Although, the values of director

Figure 4. Director angle of MBC series in the 3D model under
the influence of an electric field. (The nematic phase width
decreases with an extension of alkyl chain length. The nematic
phase having narrow band and exist with positive order. The
expansion of alkyl chain length is responsible for the smectic
phase in adverse order with a narrow band.)

angles increase for higher members of series under the electric
field, the range of director angles is decreased as shown in
figure 4. The member of the series up to MBC5 show some
fluctuations in the values and then, maximum values become
constant, while minimum values show linear variation. Simons
et al [27] suggested that the director angle fluctuates in
clockwise or anti-clockwise directions due to repulsive interaction between molecules under the effect of magnetic field.

3.3

Figure 3. Director angle of MBC series under the influence of an
electric field. (The director angle calculated with the help of
equation (2) by the DFT methodology B3LYP and M062X. The
B3LYP and M062X are having the same nature of characteristics.
The maximum and minimum ranges of director angle increase
with the extension of alkyl chain length. At the angle of h = 90, all
the molecules are parallel to the plane with the applied electric
field.)

Birefringence (Dn)

The birefringence of the MBC series under the electric field
for B3LYP and M062X methods is calculated using equation (3). The positive values of birefringence increase with
an extension of alkyl chain length, but negative values of
birefringence almost remain constant between MBC2 to
MBC12 as shown in figure 5. The birefringence of MBC1–
MBC6 shows fluctuations in their values and then, further
decreased linearly with higher members of the series. The
HBAB (MBC6) LC has the highest birefringence (Dn =
-0.104) in the negative order as given in figure S20 of the
supplementary information file. Zakharov et al [28]
observed the tumbling problem of HBAB LC with the
negative dielectric anisotropy; they also observed the
nematic phase with electrorheological and prolate or oblate
in molecules. Mazza et al [13] discussed the re-entrant
nematic phase in the HBAB and CBOOA (MBC8) LC in
the nematic phase, all the molecules perpendicular to the
plane and in the re-entrant nematic phase, all the molecules
are parallel to the plane. The lower members of the MBC
series have low birefringence upto MBC6 and then,
decreased for higher values, but the range of minimum
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Figure 5. Birefringence of the MBC series under the influence of
an electric field. (The birefringence calculated with the help of
equation (3). The maximum positive birefringence decreases with
the extension of alkyl chain length, and minimum negative
birefringence remains constant. The B3LYP and M062X methods
having the same nature of characteristics.)

Figure 6. Birefringence of the MBC series in the 3D model
under the influence of an electric field. (The nematic phase reduces
with the extension of alkyl chain length. The broad band of
nematic phase decreases with increasing the alkyl chain length.)

values is reduced for higher members under the electric
field. Similarly, the range of maximum values of birefringence is shifted towards lower electric field regions for
higher members of series as shown in figure 6.

3.4

Refractive index (n)

The refractive index of the MBC series under the electric
field for B3LYP and M062X methods is calculated using
equation (4). The refractive index of MBC for both methods
is shown in figure 7. The maximum and minimum values of
the refractive index for B3LYP and M062X methods
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Figure 7. Refractive index of the MBC series under the influence
of an electric field. (The refractive index calculated with the help
of equation (4). The maximum and minimum ranges of refractive
index increase with the extension of the alkyl chain length. The
B3LYP and M062X having the same nature of characteristics.)

Figure 8. Refractive index of the MBC series under the influence
of an electric field. (The refractive index is calculated with the help
of equation (4). All the molecules have phase transition after
MBC4 at the electric field of 0.02 (a.u.). The maximum and
minimum ranges of refractive index increase with the extension of
the alkyl chain length. The B3LYP and M062X having the same
nature of characteristics.)

linearly increase with the length of the alkyl chain in the
molecular structure. The chiral nature of the MBC series is
not affected by the refractive index. The nematic phase of
MBC is perfectly stable as shown in figures S29–S42 of the
supplementary information file. The refractive index of the
MBC series exists in the range of 1.570–1.580. The nematic
phase is not stable for a lower member of the series; however, with a long alkyl chain or higher members, all the
phases are stable as shown in figure 8. In the MBC series,
the refractive index of the ordinary rays is higher when
compared to the refractive index of extra-ordinary rays, and
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this is the reason for adverse order parameter or adverse
birefringence. Figure 8 shows the comparative study of the
refractive index of the MBC series under the electric field.
The ranges of the refractive index of MBC under the
electric field are reduced as the length of the alkyl chain
increases and the maximum values of the refractive index
are shifted towards lower electric fields as shown in
figure 8.

4.

Conclusion

We conclude that the homologous series of MBC has chiral
nature with adverse optical parameters. The nematic and
smectic phases of MBC series are stable only on the contrary order. The nematic and smectic phases of the series
exist in positive order, but the nematic and smectic stages
are not stable. The optical property of birefringence exists
with adverse values because the refractive index of ordinary
rays is higher when compared to extra-ordinary rays. The
director angle (h = 90) of the MBC series with adverse
phase stability also indicated that all the molecules are
parallel to the applied electric field. The study of optical
parameters of the LC MBC series is affected by the electric
field and length of the alkyl chain of the molecules. The
lower members of MBC show a nematic phase which
changed into a smectic phase for higher members. Moreover, the nematic phase has some fluctuations, and the
smectic phase is almost in stable form. The positive birefringence first increases with chain length and then, further
decreased for higher members. The refractive index of the
MBC series increases with the extension of alkyl chain
length which shows the stability for the nematic and smectic
phases. The nematic and smectic phases of the MBC series
are also affected by the electric field in THz frequency. The
fast changes in director angle under the applied electric field
suggest the ultrafast electro-optic applications ranging from
displays to modulators, optical shutters, limiters, beam
splitters; and switches as the switchable optical filter and
THz application devices.
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