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ABSTRACT

We report the modulation in dielectric properties of a ferroelectric liquid crystal (FLC) by using carbon quantum dots (CQDs) of size
∼4–5 nm. The appearance of a low frequency dielectric relaxation mode in the FLC, called the partially unwound helical mode (p-UHM), is
controlled by CQDs with a FLC material in two different ways. Firstly, CQDs are dispersed into the bulk of the FLC before filling into a
sample cell, and secondly, they are deposited onto the surface of a substrate. In both cases, the p-UHM has been found suppressed due to
the modulation of a helicoidal structure at the interface of the FLC and the surface of the substrate of the sample cell. It has also been
confirmed that CQDs at the interface of the FLC and the surface of the substrate have not affected the intrinsic properties of the FLC mate-
rial. On the other hand, CQDs in the bulk of the FLC have shown remarkable variations in the fundamental properties of the FLC material.
The suppression of the dielectric mode is confirmed by high-resolution dielectric spectroscopy, optical textures, and contact angle measure-
ments. The concept of appearance and disappearance of the p-UHM process leads to the understanding of FLC systems in confined geome-
tries for various display and non-display applications.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5082903

INTRODUCTION

It is a well-known fact that the surface anchoring of a substrate
having a conducting and transparent coating with ferroelectric
liquid crystals (FLCs) plays a crucial role in the behaviour of a heli-
coidal structure at bounding surfaces and in the bulk of FLCs. The
substrate surface treatments have modulated the molecular dynam-
ics in the sample cell and resulted in the various display applica-
tions. The memory effect is one of the vital outcomes of the
substrate surface anchoring of FLC molecules, wherein the sample
cell thickness should be less than the helical pitch value of the FLC
director.1 This type of sample is known as a surface stabilized FLC
(SSFLC) cell. However, it has been observed that in some of the
FLC materials, the cell thickness is no longer a critical parameter

for the observance of the memory effect in FLCs. This is due to the
fact that the memory effect is also observed in the sample cells of
the FLCs where the thickness of the sample is more than the
helical pitch value of the those FLCs.1–4 The various surface treat-
ments over the substrate are efficiently used to control the defects
in SSFLC samples and show their significance in display devices.5,6

Dielectric relaxation processes are the key tool to study the
FLC material under various configurations of substrates and temper-
atures. The thick polymer alignment layer at the interface of FLCs
and substrate surfaces has been found to accumulate electrostatic
charges caused by strong rubbing on the polymer layer. Such a thick
polymer alignment layer is found responsible for a dielectric relaxa-
tion phenomenon at the sub-hertz frequency range.7,8 In an SSFLC
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system, the surface alignment layer dominates the material behavior.9

Meyer in 1977 proposed the concept of helical unwinding by the
application of an external electric field.10 The helical unwinding
process is also achieved by shear flow11 and the effect of surface
anchoring of the substrate.12–14 The two dielectric relaxation pro-
cesses corresponding to winding and unwinding have been
observed in the FLC material, resulting in two different time
scales. The dielectric relaxation process of helical winding is
slower than the unwinding due to its dependence on material
parameters. For instance, the unwinding process of a helical struc-
ture is dependent on the applied electric field (amplitude and fre-
quency), whereas the winding process is natural and takes a
longer time and hence is slower than the unwinding.15

It is well known that in smectic layers, the molecular director
constitutes the helical structure which is represented by the smectic
pseudo-cone. This cone is constituted by the tilt and phase angles
of molecules in the layer of the chiral smectic C (SmC*) phase of
liquid crystals. The trajectory of the molecular director orientation
from one layer to another in SmC* is through the surface of this
smectic cone. The complete cycle of the molecular director over the
cone corresponds to the one complete helical pitch. In dielectric
spectroscopy, the dielectric relaxation process corresponding to the
phase (azimuthal angle) fluctuations is called the “phason mode,”
which is observed in the SmC* phase. This phason mode in the
SmC* phase is also known as the Goldstone mode (GM) due to the
spontaneous symmetry breaking concept across the phase transi-
tion from the chiral smectic A (SmA*) to the SmC* phase. This
mode is proposed by J. Goldstone16 in the theory of superconduc-
tors in 1961 with the spontaneous symmetry breaking concept as
proposed by Nambu in 1960.17 Furthermore, this concept of spon-
taneous symmetry breaking is used to describe the transition of
FLC from the SmC* to the SmA* phase. In FLC materials, the con-
tinuous cylindrical symmetry is reduced to C2 symmetry due to a
spontaneous breaking of the mirror and centro-symmetry on
cooling the material from the SmA* to the SmC* phase.18 Due to
this reduction in symmetry, the relaxation process in the SmC*
phase is named after J. Goldstone as the Goldstone mode. The
Goldstone mode is almost temperature independent throughout
the SmC* phase, whereas the soft mode relaxation process is found
to be strongly temperature dependent near the transition tempera-
ture (Tc) in both the SmC* and the SmA* phases. The tilt fluctua-
tions (the amplitude of the tilt angle) give rise to the soft mode
dielectric relaxation process near Tc in the SmC* and SmA* phases.
These processes contribute to the dielectric strength at low frequen-
cies of FLC which is reflected in the dielectric spectroscopy. It has
been theoretically proposed that the dielectric strength of FLC at
low frequency is the contribution of two dielectric processes; i.e.,
one is the fluctuation in the phase of the tilt angle and the other is
the fluctuation in the unwinding of a complete helicoidal structure.19

The low frequency dielectric relaxation process along with GM is
observed in the ferrielectric liquid crystal, which is called ferrielectric
GM.20 The ferrielectric phase is the intermediate phase between the
antiferroelectric and the ferroelectric phases of liquid crystals having
the same symmetry as SmC* and a smaller helicoidal pitch than
SmC*.21 In FLC systems, such a lower frequency process other than
GM has been observed experimentally in the highly anchored
sample cell of appropriate thickness (∼8–20 μm).12–14 It has been

interpreted as the partial unwinding of the helicoidal structure at the
interface of the solid substrate surface and FLC material, leading
to a separate dielectric relaxation process at a lower frequency
than GM frequency. Interestingly, this contributes significantly to
the dielectric strength of the FLC material at the low frequency
region in the SmC* phase.12

Recently, it has been found that the doping of carbon nano-
materials (quantum dots, rods, tubes, etc.) into LCs (nematic,
chiral nematic, and FLC) resulted in significant modifications in
the physical properties of LCs, which eventually impacted the
current LC technology.22–28 More importantly, carbon quantum
dots (CQDs) are found to be more suitable as a dopant into LCs
due to their size (∼2–10 nm), shape (quasi-spherical), and tunable
electronic, chemical, and optical properties.29–36 Consequently,
CQDs have been doped into various FLC systems in order to tune
their optical, dielectric, and electro-optical properties.37–40 It is
worth pointing out here that despite various useful results of
CQDs-LC nanocomposites, the mechanism involved in the interac-
tion between CQDs and LCs (especially FLCs) is rather unclear.
A study of the effect of CQDs on the surface anchoring energy
between solid substrates and FLC molecules might help in the
understanding of the mechanism of modulation in helicoidal struc-
tures. Since CQDs control the helicoidal structures of FLC systems
which could affect the dielectric, optical, and electro-optical proper-
ties of FLCs, a detailed dielectric spectroscopy, along with contact
angle measurements and optical studies, would be helpful for
understanding the mechanism. To the best of our knowledge, no
such studies have been reported on CQDs-FLCs’ nanocomposites
and hence it would be worth doing detailed investigations on these
systems.

In this paper, we mainly focus on the effect of CQDs on the
dielectric properties of FLC due to the suppression of helical
unwinding at the interface of FLC and the solid substrate of the
sample cell. The implementation of CQDs with FLC has been done
in two different ways: (i) dispersing CQDs into the bulk of the FLC
matrix and (ii) depositing CQDs on highly anchored substrate sur-
faces (strongly rubbed nylon 6/6 coated surfaces). By using high
resolution frequency domain dielectric spectroscopy, we study the
effect of CQDs on the partially unwound helical mode (p-UHM),
which usually appears along with the GM in FLCs by employing
the highly anchored surfaces in a sample cell.12 Moreover, high res-
olution optical textures and contact angle measurements are also
performed in order to understand the interface interaction between
FLC molecules and CQDs’ deposited surfaces. The appearance of
the p-UHM could be realized in a large FLC family. The enhance-
ment in the dielectric properties at a lower frequency due to the
appearance of the p-UHM is made tunable by CQDs. The switch-
ing under the p-UHM gives rise to the possibility of switching the
device without affecting the bulk molecular arrangement at lower
frequencies and lower amplitudes of applied fields than those
under the conventional molecular switching.12

EXPERIMENTAL

Indium tin oxide (ITO) coated glass plates were used as the
substrates for preparing liquid crystal sample cells. A desired
pattern of a 4 mm × 4mm area of ITO was prepared on the glass
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plates using the photolithography technique. The ITO patterned,
highly anchored glass substrates were prepared by coating a thick
polymer of nylon 6/6 and rubbed strongly to align the FLC mole-
cules. The nylon coated and strongly rubbed ITO patterned glass
substrates were then assembled using 8 μm thick Mylar spacers.
The FLC material KCFLC 10S (Kingston Chemicals, UK) was filled
into the sample cell by heating the material at its isotropic phase
(∼120 °C). The phase sequence of investigated FLC material is

Crystalline $? SmC* !64:5�C
SmA* !99:5�C

Nematic !112�C
Isotropic:

The CQDs were synthesized by a hydrothermal treatment of gelatin
in the presence of pure water22 and characterized using the trans-
mission electron microscope (TEM), FEI Technai G2 F20, operated
at 200 kV. CQDs were originally dispersed in water. However, the
addition and evaporation of water from the FLC matrix is very
difficult; therefore, the solvent of CQDs was changed from water to
ethanol, wherein ethanol can be evaporated easily from the FLC
matrix. The three sample cells of the different configurations were
prepared. S1 is the sample with a strong rubbing (i.e., a strong
anchoring) of a nylon 6/6 coated substrate; S2 is the sample with 5
wt. % CQDs dispersed into the FLC material; and S3 is the sample
with CQDs deposited on the strongly rubbed nylon 6/6 alignment
layer. The CQDs were dispersed into the bulk of the FLC as
sample S2, and an ethanol solvent was evaporated at 120 °C in
the isotropic phase of the FLC material to ensure the complete
evaporation of the solvent and proper dispersion of CQDs. For
sample S3, the CQDs were deposited uniformly over the strongly
rubbed nylon surfaces using the drop cast method and the solvent
(ethanol) was evaporated at ∼70 °C.

The alignment of FLC molecules in all the three types of
sample cells (S1, S2, and S3) was examined under the high-
resolution cross-polarised optical microscope (Carl Zeiss, Axioskop
40A, Germany). Dielectric spectroscopy was carried out in these
three sample cells by an impedance analyser (Wayne Kerr 6540A,
UK) at a frequency range of 20 Hz to 1MHz and the probing ac
field was varied from 30mV to 1 V. The surface energy of the sub-
strates was measured using contact angle measurements (Drop
Shape Analysis System, model DSA10MK2 from Krüss GmbH,
Germany). The temperature dependent studies were carried out by
controlling the temperature of the sample cell holder using a temper-
ature controller with accuracy ±0.1 °C ( Julabo-25 HE, Germany).

RESULTS AND DISCUSSIONS

The CQDs dispersed in water are characterized by the trans-
mission electron microscope (TEM), as shown in Fig. 1. The size of
the CQDs is observed to be ∼4–5 nm. Since the sizes of the CQDs
and the FLC molecules are comparable, there is not much distor-
tion expected in the alignment of the FLC molecular director,
unlike larger size micro/nanoparticles. This effect can be realized in
the cross-polarized optical micrographs.

All the three samples (S1, S2, and S3) are characterized using
dielectric spectroscopy to observe the low frequency process along
with GM. Figure 2 shows the dielectric permittivity and loss
tangent (tanδ) as a function of frequency at different probing ac

voltages at room temperature. As seen in Fig. 2(a), at low probing
voltages, the dielectric permittivity of S1 is low, and as the probing
voltage increases, the permittivity also increases, which becomes
maximum at around 300 mV. This increment in permittivity with
high probing ac voltages indicates the possibility of the existence of
more than one dielectric process. This is clearly reflected in the
observation of the low frequency process along with GM in the tan
δ vs frequency plot [Fig 2(b)]. One process at the higher frequency
is due to the well-known GM and the other process at the lower
frequency is due to the p-UHM process, which is clearly seen at
300 mV probing ac voltages and described in detail somewhere
else.12–14 The relaxation frequency of the p-UHM is found to
increase with the increase in applied probing ac voltage, confirming
the existence of partial unwinding of a helicoidal structure at the
interface of FLC and the substrate surface of the sample cell.12–14

To understand and exploit the impact of CQDs on the proper-
ties and the existence of the p-UHM process in FLC material, the S2
and S3 are characterised by high resolution dielectric spectroscopy.
In Figs. 2(c) and 2(d), the probing ac voltage dependent dielectric
measurements on the S2 sample are performed for the observation
of the p-UHM process. The dielectric permittivity is found almost
independent of the applied probing ac voltages at room temperature.
However, the small increment in the dielectric permittivity at low
frequency (i.e., from 55 to 63 at 30mV to 1 V, respectively) is
observed, as shown in Fig. 2(c). In tanδ graph, only one dielectric
relaxation process (i.e., GM) independent of the amplitude of
applied probing ac voltage is observed [Fig. 2(d)]. This has certainly
ruled out the presence of any relaxation mode due to the partially
unwound helix. It is worth mentioning here that all the parameters
are kept constant in all the sample cells (S1, S2, and S3) except the
dispersion of CQDs. Therefore, the observation of the disappearance
of the p-UHM clearly indicates a suppression of the p-UHM by
CQDs on the dynamics of the FLC molecules at the interface of

FIG. 1. Transmission electron microscopic image of carbon quantum dots
(CQDs). The size of the CQDs is ∼4 to 5 nm.
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FLC and the solid substrate surface of the sample cell. If this consid-
eration of the interfacial impact of CQDs in the bulk of the FLC is
true, then the direct deposition of CQDs on the substrate of the
sample cell could also affect the dynamics of FLC molecules at the

interface of the FLC and the substrate surface of the cell. Therefore,
CQDs are deposited on the substrate surface in the S3 sample. As
seen in Figs. 2(e) and 2(f), the dielectric permittivity (ε0) at low fre-
quencies is drastically reduced to about half of the S1 sample cell.

FIG. 2. Dielectric spectra at various amplitudes of probing ac voltages at room temperature of (a) and (b) pure FLC, (c) and (d) CQDs’ dispersed FLC nanocomposite,
and (e) and (f ) CQDs deposited on the surface of the substrate.
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Such a reduction in dielectric permittivity has also been observed in
the case of the S2 sample cell. The dielectric permittivity has shown
a slight increment from 60 at 30mV to 70 at 900mV [Fig. 2(e)]. On
the other hand, the tanδ graph shows the existence of only the single
dielectric relaxation process which is the well-known GM and is
found independent on the amplitude of the probing ac voltage

[Fig. 2(f)]. This means that the p-UHM disappears upon introduc-
ing the CQDs into the bulk of FLC and at the interface of the the
FLC and the solid substrate surface.

As discussed above, the p-UHM is not observed at room tem-
perature in the S3 sample cell; therefore, the temperature depen-
dent measurements were carried out in the S1, S2, and S3 sample

FIG. 3. Dielectric spectra at various temperatures at 1 V amplitude of probing ac voltage of (a) and (b) pure FLC, (c) and (d) CQDs’ dispersed FLC nanocomposite, and
(e) and (f ) CQDs deposited on the surface of the substrate.
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cells [Fig. 3]. Figure 3(a) shows the dielectric permittivity of the S1
sample cell that shows the transition temperature (Tc) at 62 °C. The
dielectric permittivity has shown an increment from 143 to 162 at
low frequency up to 55 °C and starts decreasing afterwards. The
same behavior of the materials is confirmed by the tanδ curves
also, in which the existence of the p-UHM is seen clearly
[Fig. 3(b)]. Figures 3(c) and 3(d) show the temperature dependent
dielectric permittivity of the S2 sample cell. The dielectric permit-
tivity is lower at room temperature in comparison with the S1
sample, suggesting the presence of GM only [Fig. 3(c)]. The dielec-
tric strength is found to increase with temperature up to 55 °C,
unlike in pure FLC, where it is almost constant till 50 °C and
decreases afterwards. The tanδ vs frequency response suggests only
a single dielectric relaxation peak of the GM process and does not
show any indication of p-UHM even at the close vicinity of Tc

[Fig. 3(d)]. There is only a soft mode relaxation process which is
the characteristic of the SmA* phase after Tc. It is worth pointing
out here that Tc of the SmC*-SmA* phase transition is increased by
∼1.6 °C in S2 when compared with S1.

Now, the temperature-dependent dielectric studies of the S3
sample cell have been carried in the SmC* and SmA* phases to
unveil the outcome of surface modification on the dielectric prop-
erties of the FLC/CQD system. The pure FLC is sandwiched

between two CQD deposited surfaces, resulting in the reduced
dielectric permittivity as in the case of the S2 sample cell
[Fig. 3(e)]. Here also, the dielectric permittivity is found increasing
up to 55 °C and then decreasing up to Tc (62 °C) like in the S1.
Figure 3(f ) shows only the GM process, which remains almost
stagnant at the same frequency throughout the whole temperature
range. Figure 4 shows the GM dielectric relaxation frequencies as a
function of temperature. The incorporation of CQDs with the FLC
system has clearly shifted the dielectric relaxation peak process of
GM. The surface effect of CQDs (S3) has shifted the process
towards the higher frequencies largely in comparison with the
CQDs dispersed into the bulk of the FLC system (S2). The shift in
relaxation is interpreted on the basis of the surface bound FLC
molecules which are held more tightly at the substrate surface of S3
in comparison with the bulk molecules up to some extent, causing
the shift in the relaxation frequency. However, in the pure FLC
sample cell S1 with strongly anchored surfaces, the helical structure
at the interface is partially unwound, which leads to the observation
of the p-UHM process, whereas in the S2 and S3 sample cells, this
process is missing due to changes in the features caused by the
interference of CQDs with the FLC helicoidal structure.

Another significant observation is the shift in Tc of the S2
sample. We have seen that the actual transition temperature of pure
FLC is found lower than the reported 64.5 °C in the data sheet of the
KCFLC 10S material. This is due to the fact that the surface plays a
very important role in slightly shifting the properties of FLCs.41 The
sample cells in the present study have been made using strongly
anchored surfaces and maintaining the spacing between the substrates
of around 8 μm. Therefore, the decrement in Tc of FLC in confined
geometry is a natural process restricted by the surfaces of the cell.

In all the above results and discussions of S1, S2, and S3,
there are two important comparable points to be noticed: two types
of sample cell surfaces (S1 and S3) and two types of FLC configu-
rations (S1 and S2) have been studied for the observation of
p-UHM. In the two comparable surfaces, S1 and S3, the FLC mate-
rial is pure FLC (KCFLC 10S) and the impact on the dielectric
properties is observed only due to the surface. Whereas in the two
comparable FLC systems, the pure (S1) and CQDs’ dispersed FLC
systems (S2), the variation in the dielectric properties is due to the
dispersion of CQD in FLC, while the surfaces of the substrates
remain the same. The optical textures and contact angle measure-
ment studies have been carried out to affirm the impact of these
conditions, keeping the rest of the parameters (cell thickness,
rubbing strength, temperature, and measurement conditions) same

FIG. 4. Dielectric relaxation frequency of GM for all the three FLC systems as a
function of temperature at 1 V amplitude of probing ac voltage.

FIG. 5. Optical micrographs of (a)
pure FLC, (b) CQDs’ dispersed FLC
nanocomposite, and (c) CQDs depos-
ited on the surface of the substrate
under cross polarizers of the polarizing
optical microscope.
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for all the samples. Figures 5(a)–5(c) show the optical textures of
all the three samples. The comparison of the optical micrographs
reveals the distinction in the molecular alignment due to modifica-
tions in the surface adhesion of the substrates (S3) and the surface
tension of the FLC made by the dispersion of CQDs (S2) in com-
parison with S1. The textures of Figs. 5(a) and 5(b) are almost the
same except that the texture in Fig. 5(b) is a little bit scattered in
comparison with S1. This is due to the change in the internal
energy of the FLC system which is modified by the interaction
between the CQD and the FLC, i.e., the surface tension of FLC. On
the other hand, in the optical texture of Fig. 5(c), the localized
monostable domains are seen due to the modified surface energy of
the substrate by deposited CQDs (S3). This confirms that the mod-
ification in the optical textures of S1, S2, and S3 are due to sub-
strate interaction with FLC, i.e., the anchoring energy of the
substrate, but still it is significant to see whether the anchoring
energy of the substrate is increased or decreased in all the configu-
rations, which is done by contact angle measurements of the above
configurations.

Figure 6 shows the contact angle studies of the configurations
in the S1, S2, and S3 sample cells in the following ways. The contact

angle measurement is performed on a strongly rubbed nylon 6/6
substrate (which is used for all samples), pure FLC on a strongly
rubbed nylon 6/6 (S1), a thin film of CQDs dispersed FLC (S2), and
CQDs deposited on the substrate surface (S3). Figures 6(a) and 6(b)
show the comparison of the two types of surfaces as bare nylon 6/6
and CQDs dispersed on nylon 6/6. Figure 6(a) is the contact angle
measurement of the strongly anchored nylon 6/6 substrate surface
that develops the contact angle of 76°. On the other hand, the CQDs
deposited on the substrate surface as used in S3 have shown the
reduced contact angle of 45.5°. The solid-liquid adhesion energy WSL

is estimated by Young’s equation:42 WSL ¼ γL(1þ cos θ), where θ is
the contact angle and γL is the surface tension of water (71.9 N/m at
25 °C) which is dropped on the substrate surface.43 The CQDs have
offered the increased surface adhesion energy of 122.3mJ/m2 at 45.5°
to the substrate for FLC in comparison with the bare nylon 6/6
rubbed surface with 89mJ/m2 at 76° to the FLC material. The larger
the surface adhesion energy, the more will be the anchoring of FLC
molecules on the surface and the larger will be the helical unwinding
due to which no p-UHM process is observed in the dielectric
spectra, as shown in Figs. 2(e) and 2(f).

Figures 6(c) and (6d) show the comparison of FLCs in pure
form as in S1 and CQDs dispersed in FLC material as in S2.
The highly anchored surfaces are prepared for pure FLC as in S1
and CQDs dispersed FLC as in S2. The CQDs dispersed FLC is
uniformly spread over the rubbed nylon 6/6 for the contact angle
measurement. The FLC materials are uniformly spread over the
substrate above the isotropic transition temperature of 120 °C
of FLC. The reduced contact angle of CQDs’ dispersed FLC
nanocomposites points towards an increase in surface tension
94.35mJ/m2 in comparison with pure FLC 73.15mJ/m2. The increase
in the surface tension of CQDs’ dispersed FLC nanocomposites is
because of the intermolecular interaction of FLC mediated by CQDs.
This is also confirmed by the phase transition study in which Tc is
found to be increased by ∼1.5 °C in the CQDs’ dispersed FLC nano-
composite S2 sample. Here, the increased surface tension of the FLC
composites has not allowed the strong FLC molecular interaction
with the bare nylon 6/6 interaction and hence the helix is not suffi-
ciently allowed to generate the p-UHM process [Figs. 2(c) and 2(d)].
The p-UHM is not observed in the dielectric measurements; there-
fore, its contribution to dielectric permittivity is also not observed
and hence the lower value of dielectric permittivity in both the cases
of CQDs, S2 and S3 samples.

The schematic of the helicoidal structure of FLC at the inter-
face of FLC and strongly rubbed surfaces is illustrated in Fig. 7. The
FLC material and the rubbed surfaces are modified by CQDs,

FIG. 6. Contact angle measurements of (a) the strongly rubbed nylon 6/6
surface as used for all the samples, (b) CQDs deposited on the strongly rubbed
surface of nylon 6/6 as used in S3, (c) pure FLC (KCFLC 10S) spread uniformly
on the strongly rubbed surface of nylon 6/6, as used in S1, and (d) CQDs’ dis-
persed FLC nanocomposite spread uniformly on the strongly rubbed surface of
nylon 6/6 as used in S2.

FIG. 7. Schematic of the helical struc-
ture at the interface of the strongly
rubbed nylon coated glass substrate
for (a) pure FLC, S1, (b) CQDs
dispersed in the FLC, S2, and (c)
CQDs deposited on the nylon 6/6
substrate, S3.
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resulting in the significant change in the results, as discussed earlier.
Figure 7(a) illustrates the usual helical formations and partial
unwinding at the interface of the substrate. The partial unwinding
varies largely from the substrate into the bulk of FLC of the S1
sample. When the CQDs are dispersed into the bulk of FLC, S2, the
FLC material attains the gain in the surface tension (94.35 mJ/m2) as
revealed by the contact angle [Fig. 6(b)] and the texture micrographs
[Fig. 5(a)] and does not allow the helical structure to get unwound
up to a large extent in comparison with the bare FLC. This is the
reason for the nonobservation of p-UHM in these sample cells
[Fig. 7(b)]. On the other hand, when the CQDs are deposited on the
strongly rubbed surfaces, S3, the surface offers a greater anchoring
energy (122.3mJ/m2) which supported the formation of localized
domains [Fig. 5(c)]. This is the case of greater unwinding of a helical
structure than the required one for the appearance of the p-UHM
process and hence there is no appearance of the p-UHM in the S3
sample cell also [Fig. 7(c)]. This infers that the partial helical
unwinding is required up to a certain range below and above which
the p-UHM process would not be appearing in the dielectric spectro-
scopy, as illustrated in the present study.

CONCLUSION

In conclusion, we have investigated the specificity of the interfa-
cial interaction of the FLC material with a solid substrate via CQDs.
The impact of CQDs on the partially unwound helical structure at
the interface of FLC and solid substrate has been revealed. The
surface anchoring mapping of the substrate has revealed that the
surface anchoring and surface tension of the FLC material affect
the p-UHM process. Thus, the surface anchoring plays a crucial
role in the behaviour of FLC molecules in the medium thickness
sample cells (∼8–20 μm). The reduced surface anchoring energy
(or the increased surface tension) of the FLC material by employing
the CQDs with FLC has resulted in a modulation of the helical
structure at the interface beyond the limitation of the favourable
condition for the partial helical unwinding process.

The modification in the substrate surfaces of the sample cell
by CQDs does not affect the basic parameters of the FLC materials
other than the helicoidal structure at the interface. However, the
parameters get changed if the CQDs are dispersed in the FLC
material due to changes in surface tension. The optical textures
have also shown that the CQDs deposited on the surface modify
the helical structure mimicking the SSFLC state by generating the
localized domains in the sample cell. This shows that the helicoidal
structure at the interface of the FLC and the substrate surface is
completely unwound due to the strong anchoring mediated
by CQDs.
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