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ABSTRACT
Herein, we examined the effects of alkyl chain length variation on the optical and 
dielectric characteristics of cholesteric liquid crystals (ChLCs). Nematic liquid 
crystals with different alkyl chain lengths, 5CB, 7CB, and 8CB, were used with 
5 wt% of chiral additive. The 7CB-based ChLC system exhibited an approxi-
mately 40% enhancement in permittivity relative to the 5CB counterpart. When 
the alkyl chain was extended to 8CB, the permittivity dropped by nearly 20% 
compared with that of the 5CB-based ChLC mixture. The electro-optical analysis 
indicates that the 7CB-based system exhibits the lowest threshold voltage of 2.2 V, 
demonstrating enhanced switching efficiency relative to 5CB (2.8 V) and 8CB 
(3.0 V) based ChLCs. Moreover, the photoluminescence studies demonstrated 
stronger emission intensity for 7CB incorporated ChLCs system.    These results 
indicate the crucial role of alkyl chain length in modulating material behavior 
and identify 7CB as an optimal mesogen for achieving high-performance ChLCs 
systems. Such insights pave the way for designing tunable, energy-efficient mate-
rials for future-generation displays, sensors, and photonic devices.

1 Introduction

Cholesteric liquid crystals (ChLCs) have attracted 
considerable scientific attention due to its distinctive 
helical self-organization and wavelength-selective 
reflection characteristics [1–4]. The cholesteric phase 
is regarded as a distinct form of the nematic phase and 
is commonly known as chiral nematic liquid crystal 
[5–9]. The molecular organization in ChLCs consists 

of layers with the long molecular axes aligned parallel 
to the layer planes. Each successive plane is slightly 
rotated with respect to its neighboring layer [10–13]. 
The orientation vector of LCs molecules twists pro-
gressively along the layer axis until it completes a 
360° rotation and returns to its initial direction. The 
distance over which this rotation occurs is known as 
pitch (p) [5, 14, 15]. Helical twisting power (HTP) of 
the ChLCs follows the relation: HTP = 1∕pc . Here, c 
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indicates chiral dopant’s amount [16–18]. The periodic 
helical shape allows them to reflect light that is circu-
larly polarized and has the same handedness as the 
helix. The wavelength is dependent on optical pitch 
� = np, represented by ChLCs have a distinctive helical 
shape. It gives them special optical characteristics such 
as rotating properties [8, 19], circular dichroism [4, 20], 
and selective light reflection [21, 22]. These charac-
teristics make them valuable in various applications 
including display technologies, optical filters, sensors, 
and actuators [15, 23–42]. For electro-optical applica-
tions, a stable host nematic LCs mixture is an essential 
requirement and typically optimized to achieve the 
desired birefringence, dielectric anisotropy, viscosity, 
clearing point, and environmental stability.

Grey et al. synthesized optically active branched 
alkyl chain compounds that represented cholesteric 
nature. By shifting the position of the methyl group 
along one or both terminal alkyl chains and operating 
different molecular core groups, the changes in phase 
transition, cholesteric helix sense (handedness), and 
pitch length were noticed [43]. Vardayan et al. investi-
gated the influence of gold nanoparticles (GNPs) upon 
room-temperature cyanobiphenyl (CB)-based nematic 
LCs (nCB, where n = 5, 6, 7, and 8) and revealed that 
GNPs doping significantly altered the nematic order-
ing, display characteristics, and mesophase stability 
in 5CB, 6CB, and 7CB. It was observed that both the 
concentrations of GNPs and the alkyl chain length 
of the CB molecular configuration affected the mate-
rial properties [44]. Lim et al. explored the role of CB 
homologues in modifying the electro-optical charac-
teristics of blue phases (BPs) and polymer-stabilized 
blue phases. The results demonstrated that incorpora-
tion of polymer stabilization improved driving voltage 

and switching hysteresis in ChLCs having nCB homo-
logues. Furthermore, the electro-optical behavior of 
BPs was influenced by variations in alkyl chain length 
of nCB molecules in the ChLCs mixture. The rise time 
and Kerr coefficient showed noticeable changes with 
the alteration in chain length [46, 47]. Chirtoc et al. 
examined nCB (n = 5–8) compounds and demonstrated 
that with a mean critical exponent of β = 0.241 ± 0.012, 
their nematic order parameter S(T) exhibit a nearly 
universal tricritical trend. They also highlighted the 
sensitivity of phase characteristics to slight struc-
tural changes by reporting a clear odd–even alter-
nation in the impact of alkyl chain length [48]. The 
studies under review demonstrate that the stability, 
electro-optical characteristics, and phase transitions of 
LC systems are significantly influenced by the alkyl 
chain length of LCs [44–47]. Prior research has pri-
marily focused on polymer-stabilized systems [46, 47, 
49–51] or nanoparticle incorporation [44] but there is 
still a lack of systematic knowledge regarding how 
alkyl chain length regulates the dielectric and optical 
responses of chiral nematic-doped LCs. Moreover, 
achieving materials that simultaneously exhibit low 
threshold voltage and high optical response continues 
to be a major challenge in this field. Motivated by these 
findings, the present work investigates the interaction 
between alkyl chain length and chiral dopants. Table 1 
summarizes key studies on cyanobiphenyl liquid crys-
tal-based materials.

In this work, we are investigating the dielectric 
characteristics of three nematic LCs from the CB fam-
ily (5CB, 7CB, and 8CB) with chiral dopant CB15, 
including permittivity ( �′ ), loss ( �′′ ), ac conductiv-
ity ( �

ac
 ), activation energy, relaxation frequency and 

electro-optical properties such as V-T characteristic, 

Table 1   Representative studies on cyanobiphenyl liquid crystal-based materials

Reference Material system Key findings

Grey et al. [43] Low-melting cholesterogenic biphenyl-nematic LC 
mixtures

Enabled room-temperature cholesteric thermochromism 
and electro-optical phase switching

Vardanyan et al. [44] Au nanoparticle-doped nCB nematic LCs (n = 5–8) Nanoparticle doping reduced threshold voltage and 
response time in 5CB–7CB systems

Lim et al. [45] nCB-based blue phases and polymer-stabilized blue 
phases

Alkyl chain length-controlled driving voltage, hysteresis 
and Kerr response

Chirtoc et al. [47] Pure nCB nematic LCs (n = 5–8) Revealed quasi-tricritical nematic behavior with pro-
nounced odd–even effects

Neha et al. [48] Graphene quantum dot (GQDs) doped 5CB and 7CB 
nematic LCs

GQD incorporation enhanced dielectric response and 
lowered operating voltage
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threshold voltage ( V
th

 ) and photoluminescence spec-
tra (PL). These LCs exhibit variations in their molecu-
lar side chain length, denoted as CnH2n-1. The present 
study extends these insights to chiral systems by 
demonstrating how molecular structure and chirality 
together govern dielectric, electro-optical, and photo-
luminescence properties. The study provides a more 
comprehensive understanding of ChLCs for applica-
tions purpose such as smart windows and reflectors, 
which are not achievable in pure systems.

2 �Material and methods

2.1 �Materials

In the present work, commercial nematic LCs 5CB 
[Sigma-Aldrich (India)], 7CB [Sigma-Aldrich (India)], 
and 8CB [Tokyo Chemical Industry Pvt. Ltd (India)] 
were used. The chiral dopant CB15 was procured from 
Kingston Chemicals Company Ltd, UK. Each LC in 
this context possesses a distinctive molecular structure 
characterized by three key components: a flexible alkyl 
chain, a rigid cyclobenzene group, and a cyano group. 
Table 2 represents the chemical structure of LCs and 
the chiral dopant.

2.2 �Preparation of planar‑aligned LC cell

Two indium tin oxide (ITO)-coated transparent 
glass substrates with resistivity of 

(

10Ω∕cm2

)

 were 
employed to fabricate planar-aligned LC cells. At 
the first stage, the glass substrates were thoroughly 
washed with soap and subsequently rinsed with 
acetone. A polyamide solution was prepared through 
the dissolution of nylon (6/6) and m-cresol into meth-
anol. In order to promote alignment, a solution of 
polyamide was applied using spin-coating at a speed 
of approximately 1000 rpm/min onto ITO glass sub-
strates. Subsequently, the applied polyamide deposit 
was subjected to oven drying at a temperature of 
120 °C for a duration of 1 h at a temperature of 50 °C 
[50, 51]. A unidirectional rubbing was applied on each 
side of ITO-coated substrates using velvet cloth. The 
substrates with the applied coating were enclosed, cre-
ating a sandwich structure having active area of 1 cm2. 
A mylar spacer with a thickness of 6 μm is employed 
to form the gap between the two glass substrates, and 
a controlled mechanical load is applied during seal-
ing to ensure uniform spacing and minimize thickness 
variations.

2.3 �Preparation of ChLCs composites

Three samples were prepared, each containing a dis-
tinct LC: 5CB, 7CB, and 8CB. Chirality is introduced by 

Table 2   Molecular structures of the utilized compounds

S. No Compounds Chemical structure

1 4-cyano-4′-pentylbiphenyl (5CB)

C5H11 CN

Cr (18 °C) N (35 °C) I
2 4′-heptyl-4-biphenylcarbonitrile (7CB)

C7H15 CN

Cr(14.5 °C) N (42.8 °C) I
3 4′-n-octyl-4-cyanobiphenyl (8CB)

C8H17 CN

Cr (15 °C) SmA (33.5 °C) N (40.5 °C) I
4 (S)-4-(2-methylbutyl)-4′-cyanobiphenyl (CB15)

CN
H3C

CH3
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incorporating the chiral dopant CB15. These samples 
were designated as ChLCs-1, ChLCs-2 and ChLCs-3, 
respectively. For each mixture, the host LCs and CB15 
were taken in a 95:5 ratio and mechanically stirred for 
one hour to achieve homogeneity. Further, the pre-
pared mixtures were then heated until the isotropic 
phase was reached, after which they were filled into 
pre-aligned LC cells through capillary action.

2.4 �Apparatus

The morphological and phase transitions study of 
prepared samples is conducted by utilizing a polar-
izing optical microscope (POM) (Nikon-LV100POL, 
Japan). For textures recording, a charge-coupled 
camera (Q-28378) is integrated with POM. Tem-
perature-dependent investigations of the samples 
were conducted by subjecting sample cells to con-
trolled heating and freezing conditions by a hotstage 
(Linkam-THMS600E, UK), coupled with a temperature 
controller (Linkam T-95, UK) with accuracy of ± 0.01 K. 
The entire setup is comprehensively outfitted and 
interfaced with Linksys software. Dielectric investi-
gations were also carried out using an impedance ana-
lyzer (Wayne Kerr 6500B, UK) within the frequency 
range (20 Hz–10 MHz), which has a measurement 
accuracy of ± 0.05%. For the assessment of electro-opti-
cal properties, a helium neon laser (Melles Griot, USA) 
with a power of 5 mW and a wavelength of 632.8 nm 
was operated as the light source. In the optical meas-
urements, the LCs cell was positioned in a crossed 
configuration between the polarizer and analyzer. 
A square/triangular waveform was applied across 
the LCs cell (active area = 1 cm2) through a function 
generator (Tektronix-AFG3021B, USA). The response 
of the LCs sample was recorded by a photo-detector 
(Instec PD-02, USA) connected to a digital multimeter 
(Keysight-34465A, USA). The voltage-dependent mor-
phological studies in the range of 0–50 V were carried 
out across the LC cell using a function generator in 
AC mode. The voltage was directly applied to the cell 
with an active area of 1 cm2, and corresponding POM 
textures were recorded at discrete applied voltages. 
PL was also examined using a fluorescence spectro-
photometer (Cary Eclipse, Agilent Technologies, USA).

3 �Results and discussion

3.1 �Morphological studies

The morphological studies of ChLCs-1 composites in 
the presence of applied voltage are shown in Fig. 1a–f. 
At 0 V, the LCs molecules are in the chiral phase as 
shown in Fig. 1a. As the voltage increases, the mor-
phology of the sample undergoes a significant trans-
formation. At 40 V (Fig. 1e), filament-type morpholo-
gies were observed. The pattern originates from the 
helical arrangement of the director, with dark lines 
appearing whenever the local director is oriented 
parallel to the light propagation direction. On fur-
ther increasing the voltage, i.e., at 50 V as shown in 
Fig. 1f, LCs molecules align in the direction of the 
applied field. The dark pattern, as shown in Fig. 1f, 
demonstrates that the local director is aligned along 
the direction of propagation of light. This change is 
attributed to the increased dielectric torque aligning 
the LCs molecules more uniformly along the field 
direction, thereby disrupting the initial filamentary 
texture and promoting a more field-aligned structure. 
Figure 2 exhibits the morphology of ChLCs-2 compos-
ites under the application of an electric field. Figure 2a 
shows the oily streaks or Grandjean texture. The heli-
cal axis of the LCs phase is oriented along the direc-
tion of propagation of light. It is also called Grand-
jean orientation [52]. On applying the electric field, 
the Grandjean texture disappears owing to distortion 
of the helical configuration. At 50 V (Fig. 2f), LCs mol-
ecules completely distorted the cholesteric phase and a 
dark appearance is shown under POM. In the present 
study, the observed textures of ChLCs-3 correspond 
to a cholesteric phase (Fig. 3a). However, well-defined 
fingerprint or Grandjean textures are not obtained in 
the 8CB-based system. This behavior can be attributed 
to the presence of smectic-A (SmA) ordering in 8CB, 
which is inherent to the pure system. These smectic 
fluctuations hinder efficient chiral twist induction by 
the dopant, thereby suppressing the formation of a 
stable and well-defined helical structure. With increas-
ing voltage (particularly above ~ 20–30 V, Fig. 3c–e), 
these periodic features gradually disappear and the 
texture becomes uniformly dark under crossed polar-
izers, indicating that helical twist has been suppressed 
and the director tries to reorient perpendicular to the 
substrates (homeotropic state). This loss of birefrin-
gent domains and shift to extinction are a standard 
optical signature of complete or near-complete helix 
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unwinding in cholesteric systems. The superior home-
otropic alignment (Fig. 2f) in the 7CB-based composite 
(ChLCs-2) arises from its stable cholesteric phase and 
balanced intermolecular interactions which provide 

moderate elastic resistance and allow efficient helix 
unwinding at lower voltages. In contrast, the 5CB-
based system (ChLCs-1), due to its shorter alkyl chain 
length, exhibits weaker intermolecular interactions, 

Fig. 1   Voltage-dependent morphology of ChLCs-1 composites at a 0 V, b 10 V, c 20 V, d 30 V, e 40 V, and f 50 V

Fig. 2   Voltage-dependent morphology of ChLCs-2 at a 0 V, b 10 V, c 20 V, d 30 V, e 40 V, and f 50 V
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leading to reduced cooperative reorientation and less 
efficient alignment as shown in Fig. 1f. However, the 
behavior of the ChLCs-3 system can be understood 
from the proximity of 8CB to the SmA phase. These 
short-range layered correlations increase the elas-
tic rigidity of the system, particularly the twist (K22) 
and bend (K33) elastic constants. Consequently, the 
applied electric field of 50 V (Fig. 3f) is insufficient 
to completely overcome this elastic resistance, lead-
ing to incomplete unwinding of the helical structure 
in the ChLCs-3 system. The morphological compari-
son of 5CB, 7CB, and 8CB-based chiral system reveals 
that both the length of the alkyl chain and molecular 
polarity strongly influence the resulting textures. 7CB-
based ChLCs-2 composites achieve a balance between 
cholesteric phase stability and field-induced molecu-
lar reorientation. These findings emphasize that the 
combined effects of chain length, dipole strength, and 
dielectric torque govern the field-induced morphologi-
cal transitions in ChLCs composites.

Figure 4 shows the temperature-dependent mor-
phological studies of ChLCs-1, ChLCs-2, and ChLCs-3 
composites. As the temperature rises, the well-defined 
cholesteric patterns gradually fade and eventually dis-
appear, indicating a transition to the isotropic phase 
where no birefringence is visible under POM. ChLCs-1 

reaches a completely isotropic state at around 31 °C, 
while ChLCs-2 and ChLCs-3 do so at higher tempera-
tures of 39.5 and 37.5 °C, respectively. These differ-
ences in clearing temperatures from the pure system 
show that adding the chiral dopant directly affects the 
thermal stability of the liquid crystalline phase. It sug-
gests that the dopant slightly disturbs the molecular 
arrangement of the host, reducing the degree of order 
and facilitating the transition to the isotropic phase at a 
lower temperature.

3.2 �Dielectric parameters

The dielectric characteristics of LCs are remarkably 
responsive to their molecular composition, align-
ment geometry, and structural alterations induced by 
dopants.

The real component of the �′ is expressed in Eq. (1) 
[53–56]:

The imaginary component of �′′ is expressed in 
Eq. (2):

(1)�
�(�) = �(∞) +

�(0) − �(∞)

1 + (��)2

Fig. 3   Voltage-dependent morphology of ChLCs-3 at a 0 V, b 10 V, c 20 V, d 30 V, e 40 V, and f 50 V
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The generalized frequency-dependent expression 
for complex dielectric permittivity �∗(�) (Eq.  3) is 
mathematically expressed as

In this expression, � stands for the relaxation time 
associated with given dielectric relaxation process and 
ω refers to angular frequency of applied alternating 
field. Here, �(0) and �(∞) refer to the dielectric permit-
tivity measured at the limiting low and high frequen-
cies, respectively.

Figure 5 represents comparative analysis of �′ for 
various alkyl chain lengths, highlighting the effect 
of structural diversity on dielectric properties. The 
observed value found for composites ChLCs-1, 
ChLCs-2, and ChLCs-3 is 2, 2.8, and 1.6, respectively, 
at 1 kHz and at 28 °C. In ChLCs-1, the shorter 5CB 
chains limit molecular elongation, slightly reducing 
orientational order and dipole alignment efficiency 
that leads to moderate dielectric response.

(2)�
��(�) = (�(0) − �(∞))

��
[

1 + (��)2
]

(3)�
∗(�) = �(∞) +

∑

i

��
i

1 +
(

j��
i

)(1−�i)

In ChLCs-2, 7CB has an intermediate alkyl chain 
length which provides a balanced molecular aspect 
ratio. This balance enhances orientational order in 
the cholesteric phase and allows stable alignment of 
molecular dipoles. As a result, ChLCs-2 exhibits the 

Fig. 4   Temperature-dependent POM textures of a–d ChLCs-1, e–h ChLCs-2, and i–l ChLCs-3 composites at different temperatures, 
showing the gradual transition from cholesteric to isotropic phase with increasing temperature
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highest �′ which reflects efficient dipole alignment and 
stronger polarization under the applied electric field.

In contrast, ChLCs-3 exhibits the lowest permittiv-
ity among the three composites. This reduction may 
be attributed to the presence of antiparallel correla-
tions between cyano groups in 8CB. Such antiparal-
lel interactions reduce the net dipole contribution, 
thereby limiting the response of molecular dipoles to 
the applied electric field [57–59].

Figure  6 illustrates �′′ spectra of three distinct 
composites ChLCs-1, ChLCs-2, and ChLCs-3 at var-
ying frequencies and at temperature of 28 °C. The 
observed value of �′′ composites ChLCs -1, ChLCs-2 
and ChLCs-3 is 2.44, 1.85, and 1.28, respectively, at 
1 kHz. The behavior of the LCs cell at low frequen-
cies (~ 1 kHz) for all the composites is dominated by 
the movement of ions that lead to a specific dielectric 
relaxation process. The explanation provides insights 
into the dynamics of polarization and ionic drift within 
the material when the applied electric field is present. 
At higher frequency, all the composites exhibit sec-
ond relaxation which might be attributed to relaxa-
tion of molecules along their short axis [30, 60]. A clear 
reduction in �′′ is evident in ChLCs-3 when compared 
to those containing ChLCs-1 and ChLCs-2. This can 
be attributed to the distinct structural characteris-
tics of 8CB which possess longer alkyl chain. In this 
phase, the molecules are organized in layers which 
significantly restricts their rotational motion. It also 
hinders the realignment of dipoles in response to an 

external electric field. As a result, energy dissipation 
through dipolar relaxation is minimized. Moreover, 
the enhanced molecular ordering may limit the move-
ment of ionic impurities, thereby reducing conductive 
losses. Together, these factors contribute to the overall 
decrease in dielectric loss which appears to stem more 
from constrained polarization processes. Furthermore, 
at higher frequency in ( ∼ 3 MHz), the shift toward 
lower frequencies in the loss peak of ChLCs-3 compos-
ites compared to ChLCs-1 and ChLCs-2 suggests that 
the relaxation processes of 8CB occur at a slower rate.

Figure 7 shows frequency-dependent �
ac

 of compos-
ites ChLCs-1, ChLCs-2, and ChLCs-3. The frequency-
dependent �

ac
 exhibits distinct trends across different 

frequency ranges. In the lower-frequency range (1 kHz), 
ChLCs-1 displays the highest �

ac
 followed by ChLCs-2 

and then ChLCs-3. This trend can be attributed to molec-
ular structure and chain length of the LC compounds. 
The shorter alkyl chain in LCs 5CB leads to less molecu-
lar rigidity and tighter packing, allowing greater ionic 
mobility and thus enhanced conductivity. In contrast, 
8CB with longest alkyl chain exhibits restricted ionic 
motion due to comparatively high viscosity. At higher 
frequency domain ( ∼ 3–10 MHz), ChLCs-2 doped with 
7CB demonstrates highest �

ac
 among the three. This 

shift is associated with dipolar relaxation and dielec-
tric response of LCs molecules under high-frequency 
fields. The molecular structure of 7CB, with its inter-
mediate alkyl chain length, supports efficient dipole 
reorientation. Consequently, ChLCs-2 shows enhanced 
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�
ac

 at higher frequencies compared to ChLCs-1 and 
ChLCs-3 these are less responsive in this regime due 
to less favorable molecular mobility and intermolecular 
interactions.

The frequency-dependent total conductivity is 
defined by Jonscher’s power law, Eq. (4):

where A is a constant and P is a fractional exponential 
constant. The value of P lies between 0 and 1. �

i∕dc cor-
responds to the ionic or DC conductivity of the system. 
Figure 8a illustrates the frequency-dependent total 
conductivity � , calculated using Eq. (4). In the low-fre-
quency region, i.e., < 1 kHz, A f

P component of Eq. (4) 
is negligible and therefore conductivity depends on 
the first part of Eq. (4), i.e., ionic part. The value of 
σ
i∕dc was found to be 1.570 × 10−7, 9.9453 × 10−8, and 

7.56119 × 10−8 S/m for ChLCs-1, ChLCs-2, and ChLCs-
3, respectively. σ

i∕dc versus inverse of temperature 
( 1∕

T
 ) has been plotted in Fig. 8b and linear fitting was 

performed to satisfy the Arrhenius Eq. (5): [61, 62]

where �
0
 is the pre-exponential factor, E

a
 is the activa-

tion energy, K
b
 is the Boltzmann constant, and T is the 

temperature. The E
a
 was calculated by slopes of ln

(

�
i

)

 
versus 1∕

T
 graph, and the values of E

a
 are 0.212, 0.244, 

and 0.236 eV for for ChLCs-1, ChLCs-2, and ChLCs-3, 
respectively.

(4)�
(

f

)

= �
i∕dc + Af

P

(5)ln

(

�
i

)

= ln

(

�
0

)

− E
a∕
K
b
T

The Cole–Cole analysis provides detailed insight 
into the relaxation behavior of the studied composites.

The dielectric strength �� = �
s
− �∞ , where �

s
 and �∞ 

are the permittivity values at low and high frequencies, 
respectively, of each composite was obtained from 
the Cole–Cole plots with �

s
 and �∞ values extracted 

from the high and low frequency limits as illustrated 
in the inset of Fig. 9. These plots reveal the extent of 
deviation from ideal Debye behavior and provide 
quantitative information on the relaxation dynamics 
and heterogeneity of the investigated LCs composites 
[63]. �� is obtained as 1.24, 1.69, and 1.09 for ChLCs-
1, ChLCs-2, and ChLCs-3, respectively. These values 
indicate that ChLCs-2 exhibits the strongest dipolar 
response. The relaxation frequencies f

r
 of the investi-

gated composites obtained from the maximum of �′′ 
in the Cole–Cole plots were found to be 6.7, 5.8, and 
2.6 MHz for ChLCs-1, ChLCs-2, and ChLCs-3, respec-
tively. The relaxation times (�) of the investigated com-
posites were calculated from the peak of the �′′ using 
the relation: (�) = 1∕

(

2�f
r

)

 . For ChLCs-1, the relaxa-
tion time was found to be approximately 2.37 × 10–8 s. 
For ChLCs-2, τ is slightly higher at 2.74 × 10–8  s, 
while ChLCs-3 exhibits the longest relaxation time 
of 6.12 × 10–8 s, reflecting slower dipolar reorientation 
due to longer alkyl chains and associated molecular 
interactions.

Fig. 8   a Angular frequency-dependent AC conductivity and b Arrhenius plot of ln(σᵢ) versus 1000/T for ChLCs-1, ChLCs-2, and 
ChLCs-3 composites along with corresponding linear fits
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3.3 �Electro‑optical studies

A photodetector coupled with a digital multimeter 
was employed to record the transmitted light inten-
sity from the LC cells. A function generator supplied 
a sinusoidal AC voltage (frequency typically 1 kHz) 
across the cell, ramped from 0  V to a maximum 
value (20 V) in steps of 0.1 V. Measurements were 
intentionally limited to 0–20 V AC (1 kHz) because 
the objective here is solely the precise determina-
tion of the Vth for the onset of director reorientation. 
Figure 10 illustrates the voltage-dependent (V–T) 
transmittance of ChLCs-1, ChLCs-2, and ChLCs-3 
composites. The presence of a chiral dopant also 
influences the V-T characteristics. Initially, the 
molecules in all these composites are in a chiral 

configuration. As the applied voltage increases, the 
molecules respond by attempting to align them-
selves with the direction of the applied electric field. 
In Fig. 10, when no voltage is applied, ChLCs cells 
show maximum transmittance because the helical 
structure turns the polarized light so that it can pass 
through the crossed position of polarizer and ana-
lyzer. Upon application of an electric field, the LCs’ 
orientation changes from planar to homeotropic state 
of alignment. This shows that light remains paral-
lel to the first polarizer and consequently blocked 
by the crossed analyzer, leading to a rapid decrease 
in transmittance for ChLCs cells. From the experi-
mental data as shown in Fig. 10a, b and c, V

th
 is 

obtained 2.8, 2.2 and 3.0 V for ChLCs-1, ChLCs-2, 

Fig. 9   Cole–Cole plot of a ChLCs-1, b ChLCs-2, and c ChLCs-3 composites along with corresponding fitted lines at 28 °C
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and ChLCs-3, respectively. These variations may be 
arisen due to difference in alkyl chain length, shorter 
chains (5CB) enhance molecular mobility but may 
increase elastic resistance due to higher bend elastic 
constants while intermediate lengths (7CB) optimize 
dielectric coupling and reduce viscosity, leading to 
the lowest Vth. Longer chains (8CB) introduce steric 
hindrance and greater rotational viscosity, requir-
ing higher voltages to achieve reorientation due to 
reduced effective Δ� and increased energy barriers 
for helix unwinding [64].

3.4 �Photoluminescence studies

PL emission spectra were recorded at an excitation 
wavelength of 300 nm (slit width 5 nm) as shown in 
Fig. 11. Before measuring the PL of all three compos-
ites, control measurements were performed on bare 
ITO cells and aligned cells without LCs. These showed 
negligible emission, confirming that the observed PL 
originates only from the three LC composites. There-
fore, the enhanced PL intensity is solely due to the 
LCs composites themselves. All samples exhibit an 
emission peak centered around ~ 395 nm, which can 
be attributed to intrinsic π–π* electronic transitions 
of the cyanobiphenyl core that originates from the 

Fig. 10   Voltage-transmittance characteristics of a ChLCs-1, b ChLCs-2, and c ChLCs-3 composites at 28 °C
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excited singlet state of the conjugated biphenyl system 
[65]. Typically, nCB compounds exhibit strong absorp-
tion in the UV region (~ 280–320 nm) [66]. Therefore, 
an excitation wavelength of 300 nm was selected to 
ensure efficient excitation of these electronic states and 
to obtain a strong PL response.

The intrinsic molecular emission, contributions 
from defect-assisted emission (due to local disorder, 
domain boundaries, or impurities) and aggregation-
induced effects (such as excimer-like states) may also 
influence the observed PL intensity as reported in 
cyanobiphenyl-based LCs systems [67]. Since no sig-
nificant shift in emission peak position (~ 389–396 nm) 
is observed, aggregation-related emission, such as 
excimer formation is unlikely in the present system.

Although all samples exhibit similar emission 
peak positions, a variation in PL intensity is observed 
among the composites. The highest intensity is 
obtained for ChLCs-2 (7CB-based system), followed 
by ChLCs-1 and ChLCs-3. The enhanced PL intensity 
in ChLCs-2 may be correlated with its well-defined 
Grandjean (oily streak) texture (Fig. 1a), indicating a 

uniformly aligned helical structure. Such ordering can 
reduce non-radiative decay pathways associated with 
structural defects and improve emission efficiency. 
However, it is important to note that texture alone 
does not determine PL behavior. The observed varia-
tion in PL intensity likely arises from a combination of 
molecular packing, defect density and intermolecular 
interactions. In particular, the possibility of changes in 
internal quantum efficiency due to molecular packing 
cannot be ruled out. The molecular arrangement in 
7CB may facilitate more efficient radiative recombina-
tion, consistent with observations in similar cyanobi-
phenyl and organic molecular systems where molecu-
lar stacking and phase-dependent packing modulate 
PL quantum efficiency [68].

In ChLCs-1 (5CB-based system), the shorter alkyl 
chain reduces long-range molecular ordering, lead-
ing to relatively higher disorder and increased non-
radiative relaxation pathways, resulting in moder-
ate PL intensity. In contrast, ChLCs-3 (8CB-based 
system) shows reduced PL intensity, which may be 
due to disruption of the cholesteric helical structure, 
influencing light propagation and emission extraction 
through modification of the photonic bandgap. Table 3 
represents dielectric and electro-optical properties of 
ChLCs-1, ChLCs-2, and ChLCs-3.

4 �Conclusion

In this study, cholesteric liquid crystal composites 
were prepared using LCs with varying alkyl chain 
lengths of LCs (5CB, 7CB, and 8CB) in combina-
tion with the chiral dopant (S)-4-(2-methylbutyl)-4′-
cyanobiphenyl. The voltage-dependent morphologi-
cal and electro-optical studies revealed that the alkyl 
chain length significantly influences the molecular 
organization and functional behavior of ChLCs. 
Among the studied systems, 7CB-based composites 
(ChLCs-2) exhibited superior alignment in the homeo-
tropic state at lower voltages, higher permittivity (2.8), 
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Fig. 11   Photoluminescence spectra of ChLCs-1, ChLCs-2, and 
ChLCs-3 composites at 28 °C

Table 3   Dielectric and 
electro-optical properties 
of composites ChLCs-1, 
ChLCs-2, and ChLCs-3

Composites �
′

�
′′ f

r
(MHz) � × 10–8 (sec) V

th
(V) PL 

intensity 
(a.u.)

ChLCs-1 2.0 2.4 6.7 2.37 2.8 69
ChLCs-2 2.8 1.8 5.8 2.74 2.2 280
ChLCs-3 1.6 1.2 2.6 6.12 3.0 29
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enhanced photoluminescence with an intensity of 280 
au, and reduced threshold voltage (2.2 V) compared 
to the 5CB and 8CB LC counterparts. These results 
underscore the significance of optimizing molecular 
chain length for enhancing the electro-optical prop-
erties of ChLCs. The findings not only advance the 
fundamental understanding of the structure–prop-
erty relationship in liquid crystalline systems but also 
open pathways for the development of energy-efficient 
ChLCs-based devices such as smart windows, reflec-
tive displays, tunable photonic elements, and low-
power optical modulators. The tunability offered by 
molecular structure provides a versatile platform for 
next-generation optoelectronic applications.
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