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Abstract

Here, we demonstrate the effect of dispersing organosoluble carbon dots (CDs, ~7-8 nm) on
tuning the molecular alignment, dielectric and electrical properties of smectic A (SmA) and
nematic (N) mesophases of a thermotropic smectogenic LC material, 4-octyl-4’-cyanobiphenyl
(8CB) in a planar anchored indium tin oxide (ITO) sample cell using polarized optical
microscopy and dielectric spectroscopic techniques. The cross-polarized optical textures clearly
show that the doping of CDs (concentration >0.25 wt%) in planar anchored 8CB liquid crtstal
(LC) led to the changing of its alignment from planar to vertical. Interestingly, such an induced
vertical alignment remains stable throughout the SmA and N phases of the 8CB LC material.
Moreover, the magnitude of the real dielectric permittivity is found to increase with increasing
concentration of CDs and exhibits vertical alignment values for composites (=0.25 wt%). The
observance of short axis molecular relaxation for composites (=0.25 wt%) without the
application of bias field confirms again the induced vertical alignment. The accumulation of
CDs at the substrate surface
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and their interaction with the alignment and ITO layers can be attributed as an important factor
for such induced vertical alignment. The electrical conductivity of 8CB is observed to increase
significantly with the addition of CDs (i.e. an increment of up to two orders of magnitude in
composites compared to pure 8CB) and attributed to the lowering of viscosity and change in
molecular alignment. We certainly believe that such tunable molecular alignment throughout the
SmA and N phases of thermotropic smectogenic LC material (§CB) by dopant CDs could pave
the way for their applications in flexible displays, biosensors, electro-optical memory and other

tunable photonic devices.

Supplementary material for this article is available online

Keywords: thermotropic liquid crystals, carbon dots, alignment, optical polarizing microscopy,

dielectric spectroscopy

1. Introduction

Liquid crystal (LC), a widely popular intermediate state
of matter existing between crystalline solids and isotropic
liquids, has developed to become one of the most alluring soft
matter systems [1, 2]. Its sensitivity to temperature revealed
the various subphases that can be categorized according to
its ordering structure. For instance, nematic LC (NLC) is the
simplest of all the LC phases and most prevalent in our mod-
ern life due to its quicker response to external stimuli and its
self-assembling nature. In nematic (N) phase, molecules tend
to align themselves along a common direction, i.e. director
(m) [3, 4]. Inclusion of a 1D positional ordering in the exist-
ing long-range orientational ordering of the N phase would
create another subphase popularly known as the Smectic A
(SmA) phase. The ability of the LC to showcase fascinating
yet tailorable ordered superstructures that are highly sensitive
to external stimuli makes it an unfailing paradigm in the dis-
play industry [5]. It is worth pointing out here that the applic-
ation of LCs is not just limited to display industries [6-9]
since its ease of forming varied material structures makes them
ideal for biosensing [10], drug delivery [11], microlensing
[12, 13], tuneable lasers [14], photonic crystals [15], vor-
tex beam generators [16], etc. However, certain limitations,
such as the lack of gray-scale capability, low contrast ratio,
narrow viewing angle, lower light efficiency, requirement of
backlight sources, high-power consumption, etc [17, 18] have
often remained as a bottleneck that researchers time and again
have attempted to resolve utilizing a variety of techniques.
The dispersion of nanoparticles (NPs, particles with at least
one dimension less than 100 nm) in LCs is one such tech-
nique that has yielded significant curiosity in the scientific
community due to the intriguing and purposeful results that
it produces [19-36]. Among NPs, quantum dots (QDs) are
well probed due to their miniature size that ranges from 2—
10 nm [37-39]. QDs in LCs have proven to be the most effi-
cient kind of dispersion as it helps in manipulating optical,
electro-optical and dielectric properties of LC materials [40].
For instance, Cd-based QDs (e.g. CdS, CdSe, CdSe/ZnS,
etc.) have been utilized by researchers for enhancing the LC

properties [41]. However, due to toxicity issues, nowadays
scientists are switching over to eco-friendly QDs [41-43].
Research on eco-friendly QDs is accelerating since they are
friendly both to human health and the environment. Within
this framework, the carbon dot (CD) is recognized to be one
such ecological dot that is in limelight these days [44, 45].
High electron conductivity, fluorescence, high photolumines-
cent quantum yield, great solubility in aqueous media, res-
istance to photobleaching and photo-decomposition, tuneable
excitation and emission range, cost-effectiveness, etc, are just
some of the wide-ranging characteristics found in CDs [46,
47]. Not only are they able to retain the properties of con-
ventional semiconductor QDs, but they are also able to com-
pensate their drawbacks in terms of environmental impact, tox-
icity and biohazards [48].

Coalescence of CDs with LCs has attracted signific-
ant attention recently since it was able to illustrate vari-
ous enhancements and tailoring the properties of LCs in a
range of studies conducted by researchers [49]. Most of the
research is primarily concerned with NLCs, and they invest-
igate how CDs modify their alignment, dielectric, electro-
optical, thermal and non-linear optical characteristics. In
this regard, a Turkish-based researcher studied the thermal
and electro-optical properties of NLC (E7) dispersed with
eco-friendly water-soluble CDs and reported an increased
threshold voltage and elastic constant, but reduced clearing
temperature (Tn.) [50]. Further exploration on the CDs effect
by the Manohar group demonstrated that doping of oil palm
leaf-based porous CDs in NLC (E 48) resulted in faster switch-
ing response time, enhanced memory effect and reduced rota-
tional viscosity [51]. In addition, they confirmed the formation
of stable composites through zeta potential, enhanced molecu-
lar alignment, increased dielectric strength and relaxation and
decreased activation energy as some of the main variations
[52]. Recently, the Manohar group also demonstrated the mod-
ulation in the birefringence, contrast ratio, threshold voltage
and dielectric properties of NLC (ZLI 2222-000) by doping
CDs [53]. The authors predicted the use of these nanocom-
posites in LC displays and other opto-electronic devices such
as tunable retarders. Induction of vertical alignment in NLC
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(5CB) filled in a planar anchored sample cell by the dop-
ing of organosoluble CDs has recently been reported by our
group [54, 55]. Quenching of the photoluminescence intens-
ity, reduction in UV-vis absorbance at lower wavelengths and
an increased zeta potential have been reported by Pandey et al
[56] in CDs-NLC (7CB) composites. They further explored
the effect of CDs on NLC (E 48) using time-resolved fluores-
cence spectroscopy, and observed a lack of Forster resonance
energy transfer in all composites, UV-vis absorbance revealed
a redshift at O V and a blue-shift at 10 V due to the molecu-
lar interaction between CDs and NLC [57]. Delving into a
distinctive regime, the Varghese group [58] investigated the
effect of organophilic CDs on third-order non-linear optical
features of NLC (SPCH) and reported a significant improve-
ment in both non-linear absorption and refraction coefficients
apparently attributed to the Janossy effect and charge trans-
fer mechanism. The authors pointed out that these CDs-NLC
composites would certainly be useful for nonlinear photonic
devices and optical limiters.

To the best of our knowledge, there is only one report from
the Hegmann group, which talks about doping of CDs in LC
material (Felix-2900—03) having both SmA and N phases [59].
They examined the effect of varying concentration of CDs
(0.5-5.0 wt%) on the pre-existing planar alignment (planar
anchored sample cells) and physical properties of LC. The
reduction in elastic constant, apparent threshold voltage and
dielectric anisotropy, but increment in rotational viscosity of
the N phase of LC material with increase in concentration of
CDs were observed. Interestingly, the planar alignment of the
N phase was maintained till 2.5 wt% CDs but induced vertical
alignment for the concentration (2.5 wt% < conc. < 5.0 wt%).
However, the induced alignment remains vertical in the deep
N phase and changes again to planar alignment with increase
in temperature. This induced vertical alignment in the deep N
phase is attributed to the higher pre-tilt angle (~8°) induced
by CDs due to the macroscopic segregation of CDs to the
planar anchored surfaces. A point to be noted here that (i) no
induced vertical alignment in the SmA phase and (ii) induced
homeotropic alignment in the deep N phase only (i.e. not
thermally stable) by CDs (2.5 wt% < conc. < 5.0 wt%)
are reported in this paper [59]. Our literature search (table
1, ESI) clearly reveals that there is no report on the induc-
tion of vertical alignment throughout the N and SmA phases
of thermotropic smectogenic LC materials filled in planar
anchored sample cells, by the dopant CDs (lowest concen-
tration: 0.25 wt%). Henceforth, in this article, we report the
induced vertical alignment in both the N and SmA phases
of thermotropic smectogenic LC material, namely 8CB (4-
octyl-4’-cyanobiphenyl) in planar anchored indium tin oxide
(ITO) sample cells by dopant CDs, using an optical polariz-
ing microscope and dielectric spectroscopic techniques. The
detailed concentration and temperature-dependent optical,
dielectric and electrical (i.e. conductivity) studies on CsD-8CB
composites demonstrate significant changes in the molecu-
lar alignment and related dielectric and electrical properties.
Most importantly, the observed results eventually support the
achievement of thermally stable vertical alignment of 8CB, LC
by dopant CDs, throughout both the N and SmA phases.

2. Experimental details

2.1. Materials

In the present study, as dopant we utilized organosoluble
CDs (~7-8 nm), which were synthesized through a one-
pot selective method [60], and characterized using various
spectroscopic techniques such as Fourier transform infrared,
transmission electron microscopy, thermogravimetric ana-
lysis, fluorescence confocal polarizing microscopy, etc, by
the S Kumar group [61]. Afterwards, the chemical structure
of these CDs and their formation mechanism were reported
by Minervini et al [62]. A highly polar thermotropic smec-
togenic LC material, namely 8CB (4-octyl-4’-cyanobiphenyl)
was procured from Sigma-Aldrich and utilized without any
further purification. The host LC material (8CB) exhibits a
phase sequence as follows: I (40.5 °C) N (32.5 °C) SmA
(21.5 °C) Cr, wherein I, N, SmA and Cr denote isotropic,
nematic, smectic A and crystalline phases, respectively. The
chemical structures of 8CB and CDs are shown in figure 1.
We initially dispersed the CDs in chloroform (CHCI3) and a
solution (0.1 w/v%) was prepared. The desired concentrations
were subsequently added to the host LC material to acquire
0.03 wt%, 0.05 wt%, 0.1 wt%, 0.25 wt%, 0.3 wt% and 0.5 wt%
concentration, respectively. In order to obtain a homogen-
eous mixture, composites of these concentrations were care-
fully ultrasonicated for 2 h. Thereafter, the chloroform evap-
orated by heating the composites at an elevated temperature
(i.e. above the boiling point of chloroform, 61.2 °C) for 1 h.
For the optical textures and dielectric investigations, the pre-
pared CDs-8CB composites were filled at isotropic temperat-
ure into the 5 pum thick planar anchored ITO-coated sample
cells (Instec, Inc., USA).

2.2. Characterization methods

The optical studies were performed using a polarizing optical
microscope (CENSICO International 13809, India), equipped
with an imaging camera (AmScope, FMAQ050). The temperat-
ure of the planar anchored ITO sample cells was maintained
through a customized heat stage equipped with a temperature
controller connected to a circulating water bath (Thermotech,
AQS-WB-200, India) with a temperature accuracy of £0.5 °C.
Dielectric measurements were conducted using an LCR meter
(nF, ZM2376, Japan) in a frequency range of 100 Hz-5.5 MHz
with an oscillating voltage of 300 mV.

3. Results and discussion

3.1. Textural (i.e. optical) studies

Figure 2 illustrates the cross-polarized optical textures of pure
8CB and CDs-8CB composites at 7 = 28 °C (SmA phase).
Figure 2(a) depicts the uniform planar aligned SmA phase of
pure 8CB as expected. In 0.03 wt% CDs-8CB composite, the
quality of the planar alignment remains more or less the same
compared to the pure 8CB sample (figure 2(b)). There is no
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Figure 1. Chemical structure of (a) 8CB (4-octyl-4’-cyanobiphenyl) and (b) schematic of organosoluble CD. Adapted from [60] with

permission from the Royal Society of Chemistry.

0.25 wt%

Figure 2. Optical micrographs of SmA phase (28 °C) of (a) 0.0 wt%, (b) 0.03 wt%, (c) 0.05 wt%, (d) 0.1 wt%, (e) 0.25 wt%, (f) 0.3 wt%
and (g) 0.5 wt% of CDs-8CB composites. Here, P and A denote the polarizer and analyzer of the crossed polarized microscope,
respectively, and R shows the rubbing direction. Scale bar is 100 pm. Optical textures shown in (a)—(c) and (e)—(g) demonstrate the planar
and vertical alignments of the SmA phase of CDs-8CB composites, respectively. Optical texture shown in (d) shows the distorted planar

alignment of 0.1 wt% composite.

significant change in the uniformity of the planar alignment
of SmA of the 0.05 wt% CDs-8CB composite (figure 2(c))
compared to the 0.03 wt% composite and pure 8CB sample,
except for the color change. This change in color could be
attributed to the change in the refractive index of the compos-
ites due to the presence of CDs. However, further increase in
the concentration to 0.1 wt% led to the degradation in align-
ment of the composite, as can be seen in figure 2(d). It even-
tually shows a distorted texture which gives an indication of
the effect of CDs on the alignment layer (planar anchored) of
the LC cell. Surprisingly, 0.25 wt% CDs are able to induce a
vertical alignment of the LC molecules in the SmA phase of
8CB (figure 2(e)). Nevertheless, a focused observation clearly
indicates that some inhomogeneity is still edging its way into
the optical texture, indicating that a complete dark state is yet
to be achieved. However, figures 2(f) and (g) exhibit a uniform
dark texture for 0.3 wt% and 0.5 wt% CDs-8CB composites
indicating the effect of CDs on the 8CB material. A striking

feature of this observation is the tunability of SmA alignment
by CDs and its ability to change the pre-existing planar align-
ment to the vertical state at such a low concentration in the
SmA phase of 8CB, LC.

Similarly, the effect of CDs on the alignment of the N
phase (38 °C) in the planar anchored sample cells is shown in
figure 3. As can be seen from this figure, the planar alignment
of the N phases in 0.03 wt% and 0.05 wt% CDs-8CB compos-
ites remains more or less the same as pure 8CB (figures 3(a)—
(c)). The alignment of the N phase in 0.1 wt% CDs-8CB
composite is distorted compared to that in the pure 8CB and
composites up to 0.05 wt% CDs and attributed to the strong
interaction of the CDs with the planar anchored ITO sub-
strate (figure 3(d)). However, the induction of vertical align-
ment in the N phase after doping of 0.25 wt% CDs is obtained
(figure 3(e)). Interestingly, a more uniform vertical alignment
of the N phase is produced for 0.3 wt% and 0.5 wt% CDs-
8CB composites (figures 3(f) and (g)) as it was in the case of
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Figure 3. Optical micrographs of the N phase (38 °C) of (a) pure 8CB, (b) 0.03 wt%, (c) 0.05 wt%, (d) 0.1 wt%, (e) 0.25 wt% (f) 0.3 wt%
and (g) 0.5 wt% of CDs-8CB composites. Here, P and A denote the polarizer and analyzer of the crossed polarized microscope,
respectively, and R shows the rubbing direction. Scale bar is 100 pm. Optical textures shown in (a)—(c) and (e)—(g) demonstrate the planar
and vertical alignments of the N phase of CDs-8CB composites, respectively. Optical texture shown in (d) shows the distorted planar

alignment of 0.1 wt% composite.

SmA (30°C) SmA (32°C)

0.25 wt%

SmA (30°C) SmA (32°C)
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N (34°C) N (36°C) N (40°C)
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Figure 4. Temperature-dependent cross-polarised optical micrographs of both SmA and N phases of vertical aligned CDs-8CB composites
(CD concentration: 0.25 wt% , 0.3 wt% and 0.5 wt%). Here, P and A denote the polarizer and analyzer of the crossed polarized microscope,

respectively, and R shows the rubbing direction. Scale bar is 100 pm.

CDs-8CB composites [54]. We anticipate that the adsorption
of CDs on the planar anchored ITO-coated substrates plays an
important role in tuning the alignment of the 8CB molecules.
For instance, in the case of lower concentrations of CDs, the
anchoring force produced by the alignment layer predomin-
ates the interaction of CDs with the substrate illustrating a
uniform planar alignment in the optical texture. Nevertheless,
an increase in the concentration of CDs eventually produces
a stronger interaction of these dots with the substrate surface,
leading to the obliteration of the pre-existing planar alignment
of the 8CB molecules.

After the confirmation of the induced vertical alignment
of 8CB molecules in both the SmA and N phases (at one

temperature point), it is worth checking their stability through-
out both LC phases. Therefore, we have recorded the cross-
polarized optical textures of 0.25 wt%, 0.3 wt% and 0.5 wt%
CDs-8CB composites throughout the SmA and N phases, as
shown in figure 4.

Obviously, the induced vertical alignment remains stable
throughout the LC phases of 8CB that eventually indicates
its thermal stability (figure 4). It is worth pointing out here
that some light streaks can be observed in 0.25 wt% CDs-
8CB composites. However, 0.3 wt% and 0.5 wt% CDs-8CB
composites show the perfect dark state with almost no light
leakage as the composite transits from one phase to another.
To the best of our knowledge, such a remarkable thermally
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Figure 5. Frequency-dependent relative dielectric permittivity (¢) of pure 8CB and CDs-8CB composites for (a) 0 V and (b) 30 V at 28 °C

(SmA), and (¢) 0 V and (d) 15 V at 38 °C (N), respectively.

stable induced vertical alignment throughout the SmA and N
phases of 8CB using CDs has not been reported so far. By
using optical textures of pure 8CB, the transition temperatures
of SmA-N (T'sma-n) and N-Iso (T'n.1) were found to be 33.5 °C
and 41 °C, respectively. From the analysis of the temperature-
dependent optical textures (figure 4) it was concluded that no
change occurred in T'spa.n for these composites (0.25 wt%,
0.3 wt% and 0.5 wt%) exhibiting induced vertical alignment.
Tn. was also found to remain invariable for the 0.25 wt%
and 0.3 wt% composites. However, for 0.5 wt% there was a
decrease in T'y.1 by ~1 °C compared to pure 8CB.

3.2. Dielectric studies

Frequency-dependent dielectric spectroscopy is another ver-
satile technique to confirm the molecular alignment of LC
materials and their nanocomposites since it probes the molecu-
lar dynamics [63—67]. We have employed this technique to
investigate the impact of CDs on various dielectric features
such as permittivity, loss, and relaxation of both SmA and N
phases of LC (8CB) material. The frequency-dependent rel-
ative dielectric permittivity (¢") for various concentrations of
CDs in the SmA (T = 28 °C) and N (T = 38 °C) phases of
8CB is shown in figure 5.

As can be seen from figure 5(a) at 0 V that the value
of ¢’ increases dramatically with an increase in dopant con-
centration. For lower concentration, such as 0.03 wt% and
0.05 wt%, €' did not show much variation compared to pure
8CB. However, a substantial increase in €’ was observed for
the composites with concentration >0.1 wt%. The compos-
ites that attained vertical alignment (=>0.25 wt%) illustrated
overlapping values (figure 5(a)). These values remained more
or less similar to the ones achieved after the application of
30 V (figure 5(b)), confirming the induced vertical align-
ment. This is the lowest concentration (0.25 wt%) ever repor-
ted that could induce vertical alignment in the SmA phase
by CDs, QDs and nanorods/nanoclusters/NPs (table 1, ESI).
It is worth pointing out here that in comparison to the N
phase, the higher ordering of the SmA phase caused by its
layered structure makes it more challenging to align it vertic-
ally. Nevertheless, we may speculate that even in 0.25 wt%
composite, the very strong interaction of CDs with planar
anchored ITO substrates than LC molecules fosters vertical
alignment of LC molecules, which eventually led to orient
smectic layers parallel to the substrates from the perpendicu-
lar direction. The induction of vertical alignment in our study
is attributed to the QD (in our case CD) accumulation at the
substrate surface, which has been illustrated using schematic
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Figure 6. Schematic of planar and induced vertical alignment of SmA and N phases of LC, 8CB and CDs-8CB composites in planar
anchored ITO sample cells, respectively. For clarity, the dimensions of LC molecules and CDs are not to scale. Smectic layers are parallel
and perpendicular to the ITO-coated glass substrates in planar and vertically aligned sample cells, respectively. Reorientation of director (n)
in both SmA and N phases from planar to vertical alignment geometries is done by the dopant CDs and not by an external electric field.

representation in figure 6. The propensity of QDs to accumu-
late at the substrate surfaces alters the existing alignment by
weakening the surface anchoring energy of the substrates. The
ejection of QDs from the nematic phase causes them to accu-
mulate at the substrate surface, eventually providing a robust
coverage on the initial alignment layer of the cell [68, 69]. For
a variety of reasons, the interaction at the surface is possibly
a better alternative because, first of all, surface interactions
produce a stronger force initially causing the LC molecules
at the interfaces to produce a pretilt, thereafter orienting the
molecules in the bulk to follow the direction indicated by the
surface molecules [70]. Second, accumulation of QDs at the
interfaces does not degrade the texture in the bulk with con-
centration up to a certain level. This accumulation of QDs at
the interfaces can help in eliminating the use of alignment
layers in conventional LC-based devices [32]. Application
of 30 V was able to reorient the molecules to the vertical
state for pure 8CB at T = 28 °C (figure 5(b)). Nevertheless,
for lower concentrations (0.03 wt% and 0.05 wt%) the value
of the permittivity was observed to be lower than for pure
8CB. For 0.1 wt% composite, the value was overlapping
with pure 8CB, but for concentration >0.25 wt% exhibited
a better dark state, as illustrated through the higher permit-
tivity value, which corroborates well with the optical texture
observed (figure 2). Investigating the dielectric permittivity at
the N phase (T = 38 °C) revealed the consistency of this ver-
tical alignment with changing temperature (figure 5(c)). The
increase in the permittivity of the N phase for pure 8CB and
composites with lower concentrations is attributed to the phase
change from SmA to N. At higher concentration (>0.25 wt%),
the increased value of permittivity exhibits the persistent ver-
tical alignment with varying phase. This turns out to be the

most intriguing phenomenon since such consistency in the ver-
tical alignment during phase change has not been seen before
at CD concentration (0.25 wt%). Then, 15 V was applied in
the N phase to examine whether the quality of the vertical
alignment produced in pure 8CB corroborates with compos-
ites showing induced vertical alignment (figure 5(d)). It can
be seen that there is basically no significant difference in the
value of permittivity after applying the voltage for concentra-
tions >0.25 wt%. However, it was observed that the applica-
tion of voltage was able to reduce the ionic factor profoundly
in almost all concentrations, except for 0.5 wt% (figures 5(b)
and (d)).

Figure 7 illustrates the variation in dielectric loss (¢'')
with and without the application of an external bias field.
When no bias field is applied in the SmA phase of 8CB LC,
as shown in figure 7(a), one can observe the appearance of
short axis molecular relaxation in the composites, in which
vertical alignment is induced by CDs (=0.25 wt%). Here,
0.1 wt% composite also tries to exhibit a weaker short axis
molecular relaxation, being the intermediate state. However,
the lower concentrations do not exhibit such relaxation and
behave monotonously as pure 8CB. Figure 7(b) shows that
a 30 V external DC bias was applied to change the orienta-
tion of pure 8CB and composites with lower concentrations
from planar to vertical state, thereby giving rise to short axis
molecular relaxation. Application of an external bias field
on the composites having induced vertical alignment did not
cause any significant change, neither on the width nor on the
height of the short axis molecular relaxation peak and even-
tually gave a clear indication of the perfect dark state exhib-
ited by the CDs-8CB composites due to the surface interactive
property [54]. The variation in &'’ was also checked in the N
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Figure 7. Frequency-dependent dielectric loss (¢’") of pure 8CB and CDs-8CB composites for (a) 0 V (b) 30 V at 28 °C (SmA) and (c) 0 V

(d) 15 V at 38 °C (N).

phase of 8CB LC, as demonstrated in figures 7(c) and (d). In
the absence of an external field (figure 7(c)), ¢’/ exhibited a
striking similarity to that seen in the SmA phase. Short axis
molecular relaxation was also observed for composites exhib-
iting induced vertical alignment even in the N phase, confirm-
ing the thermal stability of the alignment as the sample was
heated to the N phase from the SmA phase. Here, a 15 V
DC bias was applied to pure 8CB and composites and it was
again confirmed that the CDs were able to induce a perfect
vertical state since no change was observed in the relaxation
peak before and after the application of external bias in the
composites having induced vertical alignment (figure 7(d)).
Concentration-dependent variation in short axis relaxation fre-
quency is shown in figure S1.

Concentration-dependent study gives us an overview of
the relative increment in the value of &’ for composites with
varying concentration. Here, figure 8(a) illustrates the value of
permittivity for pure 8CB at 0 V to be 4.84 and 12.15 at 30 V
in the SmA phase. However, for composite >0.25wt% this
difference reduces drastically exhibiting coinciding values.
These coinciding values confirm the induced vertical align-
ment of SmA produced by CDs. A similar scenario can also be
observed in the N phase (figure 8(b)) wherein the comparable

values of ¢’ at 0 and 15 V for composite >0.25wt% confirms
the induced vertical alignment.

The temperature-dependent variation in &’ of the pure 8CB
and CDs-8CB composites throughout the SmA to N phases
is shown in figure 9. It illustrates a marginal increase in
the value of permittivity when the sample goes to N phase,
which could be attributed to the lowering of rotational viscos-
ity. The value of &’ in composites exhibiting vertical align-
ment (=>0.25wt%) remains invariant with changing temperat-
ure. Through dielectric measurements, the SmA-N transition
temperature (T'spma-N) is found to be 34 °C and the N-Isotropic
temperature (Tn) is found to be 41 °C. No shift occurred
in the T'spma-N for all CDs-8CB composites compared to pure
8CB. Similarly, most CDs-8CB composites showed no vari-
ation in T except for 0.5wt% composite, which exhibited
~1 °C decrease compared to pure 8CB.

3.3. Electrical (conductivity) studies

The loosely bound charged particles exhibit mobility in
response to an external stimulus that is subsequently
responsible for the material’s apparent conductivity (o). The
movement of the charged particles and their reaction towards
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temperature and frequency affects the material’s electrical
response [71]. Figure 10 demonstrates the variation in o as a
function of angular frequency (w) in the SmA and N phases for
pure 8CB and CDs-8CB composites. Here, we have calculated
o using the general relation:
o=2mfe e, (1)
whereby ¢p denotes the permittivity of free space, i.e.
8.854 x 107" m3kg~'s* A2, and ¢” denotes dielectric
loss of the medium. The plot figure 10(a) shows a dramatic
increase in conductivity with the addition of CDs in host 8CB
LC. The plot shows three different regions for composites
that are categorized as low, mid and high. The low region
(10'-10? Hz) corresponds to reduced o that occurs as a res-
ult of an electrode polarization effect since the addition of
CDs produces enhanced conductivity due to the increase in
ions, and subsequently these ions try to accumulate at the
sample electrode interface, thus decreasing the conductivity.
The mid region (10°-10* Hz) is a plateau that corresponds to

frequency-independent DC conductivity and the high region
(>10° Hz), which exhibits a sharp increase in conductivity
with frequency is accredited to the AC conductivity [72].
Since the frequency-dependent conductivity apparently fol-
lows Jonscher’s universal dynamic response [73], total con-
ductivity (o(w)) is represented as:

2

o (w) =04 +AL",

where o4, corresponds to DC conductivity, A denotes the pre-
exponential constant, w = 27f is the angular frequency and
n denotes the power-law exponent (0 < n < 1). The exponent
value ‘n’ expresses the interplay between mobile ions and their
surrounding lattice and was observed to be beyond Jonscher’s
limit for all samples under analysis. The dipolar part can be
overlooked for the low-frequency region; thereby o (w) = o gc.-
From the fitted data (figure 10(a)), the value of o4, for pure
8CB is observed to be 5.96 x 10~°, and for composites it
exhibits an increase of up to two orders of magnitude in that
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0.05 wt% shows the highest value, i.e. 5.0828 x 10~7. For
lower concentrations o4, remains more prominent because at
higher concentrations, the drifting of charge carriers imposes
hurdles in the mobility of ions [74], thereby also exhibit-
ing increased activation energy (figure 3(a)). However, in this
study, at higher concentration (=>0.25 wt%) a change in align-
ment of composites occurs from planar to vertical facilitating
the flow of ions, thus demonstrating increments in conductiv-
ity values. Analyzing the conductivity trend in the N phase in
figure 10(b) the value of o4, for pure 8CB is 2.15 x 1078 and
for 0.5 wt% it increases to 3.8 x 107, an enhancement of up
to two orders, again similar to the SmA phase. However, in
the N phase with increasing concentration o is observed to
rise significantly, which can be attributed to the lower order-
ing of the N phase since in less viscous medium ions tend to
be more mobile. The ionic impurities that are initially bound
with the CDs get detached, at least partially, when interacting
with 8CB and attain a uniform dispersion in the medium. Since
8CB is a highly polar material, its cyano group facilitates the
dissolution of ions, thereby increasing the conductivity with
increasing concentration of CDs [74].

Since vertical alignment more effectively facilitates the
flow of mobile ions compared to its planar counterpart, the
increment in their o4, value remains higher. A similar trend
was observed in our previous study with SCB where an
enhancement of ~18 times in o4, was observed in the sample
that exhibited vertical alignment with the doping of CDs
[55]. The electrode polarization effect in the low-frequency
region saw a huge shift towards the higher frequency side with
increasing concentration, which would be accredited to the
accumulation of ions at the electrode interface due to (i) the
addition of ions with increasing concentration and (ii) the thin
sample cell that is used for the investigation [74, 75].

The variation of the logarithmic dc conductivity with abso-
lute temperature fitted using the Arrhenius equation [71] is
given as:

E,

KT’ 3

In(og.) = In(o,) —

where E, represents the activation energy, o, is the pre-
exponential factor, T denotes the temperature and k, is the
Boltzmann constant. From figure 11, conductivity is observed
to increase linearly with increasing temperature in both SmA
and N phases for all samples. In the SmA phase, the value
of o4, remains relatively low. Nevertheless, after the trans-
ition to the N phase a significant increase in the value of g,
occurs due to the lowering of viscosity with increasing tem-
perature. Lowered viscosity eases the mobility of ions in the
medium, thereby increasing the conductivity. For lower con-
centrations (<0.1 wt%), the rise in o4 with temperature exhib-
its a linear increase. However, for 0.05 wt% at 28 °C, oy is
highest but with increasing temperature it does not retain the
highest value. The activation energy (E,) for 0.05 wt% was
observed to be the lowest out of all samples under investig-
ation (figure 3). In the N phase, due to the enormous rise in
o4c for higher concentrations (=0.25 wt%), 0.05 wt% follows
a usual trend. The rise in oq. for pure 8CB from SmA to N is
~3.6 times, which increases to 8.5 times in 0.5 wt% compos-
ite. However, for 0.05 wt%, a marginal increase of only 2.5
times occurs, thereby eliminating the anomaly observed in the
SmA phase. In the N phase, 0.5 wt% shows the highest value
of o4, throughout the temperature range of 8CB LC due to
the induction of vertical alignment. Concentration-dependent
activation energy (E,) in the SmA and N phases of pure 8CB
and CDs-8CB composite is shown in figure S3.

3.4. Voltage-dependent dielectric and optical studies

3.4.1. Dielectric study. In this section, we discuss the effect
of varying voltage on the dielectric permittivity of the SmA
(28 °C) and N (38 °C) phases of pure 8CB and CDs-8CB com-
posites, shown in figures 12 and 13, respectively.
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Since SmA is a higher-ordered phase than N phase, a max-
imum of 30 V was applied to switch the planar aligned com-
posites into the vertical state, as shown in figure 12. The
threshold voltage (V) for pure 8CB was observed to be 24 V,
which was further increased to 26.7 V for the lowest compos-
ite 0.03 wt%. However, for 0.05 wt%, Vy, was decreased and
found to be 24.7 V, whereafter a further increase in concentra-
tion to 0.1 wt% exhibited relatively no threshold, except for a
slight increase in the value of ¢’ demonstrated by a curved line.
Composites (=0.25 wt%) demonstrated absolutely no change
in ¢’ value with increasing voltage. This illustrates that ver-
tical alignment induced by CDs produces a perfect dark state,
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Figure 13. Voltage-dependent relative dielectric permittivity (¢”) for
the N phase (T = 38 °C) of pure 8CB and CDs-8CB composites at a
constant frequency of 10 kHz.

leaving no more scope for any changes in alignment of 8CB
molecules. This can again be attributed to the direct interaction
of CDs with the planar anchored substrate surface.

For the N phase (figure 13), voltage-dependent &’ pro-
duced a similar trend to that observed in the SmA phase. For
instance, the Vy, observed for pure 8CB was 7.1 V, which fur-
ther increased to 9 V for 0.03 wt%. However, for 0.05 wt%
the value reduced to 7.5 V. For the composites that exhibited
an induced vertical alignment (=>0.25 wt%), it was observed
that the external electric field produced no variation, validat-
ing the perfect dark state also having being induced by CDs
in the N phase. It should be noted here that the ¢’ value in the
N phase (external field of 30 V was applied in the SmA phase
and then heated to the N phase after removal of 30 V in SmA)
in composites (0.03 wt% and 0.05 wt%) at O V is larger than
the value when no electric field was applied in the SmA phase
(figure S2).

3.4.2. Optical study. ~ We have also investigated the effect of
voltage on cross-polarized optical textures of pure 8CB and
CDs-8CB composites at 28 °C (SmA) and observed that the
application of V > Vy, produces changes in the planar tex-
ture of pure 8CB and other lower concentration composites,
as shown in figure 14. For V < Vy, no change was observed
in the optical texture, correlating with the voltage-dependent
permittivity graph shown in figure 12. However, composites
(=0.25 wt%) show no variation in optical texture with voltage,
validating the perfect vertical state induced by CDs.

In figure 15, a maximum of 15 V was applied unlike in
SmA, due to the lower ordering present in the N phase, which
makes them easier to reorient even at lower voltages. The
optical textures of pure 8CB and composites with lower con-
centrations exhibited a variation with voltage and attained a
vertical state at 15 V. As can be observed in planar aligned
composites (<0.1 wt%), the optical texture remains uniform (0
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and 5 V) till it reaches V. However, changes can be observed
happening in the optical texture and eventually reaching a
complete dark state (15 V). Composites exhibiting vertical
alignment illustrated no change in the texture corroborating
well with the dielectric data shown in figure 13.

4. Conclusion

We prepared CDs-doped 8CB composites and demonstrated
the changes in molecular alignment, dielectric and electrical
properties throughout the SmA and N phases of CDs-8CB
composites infiltrated into planar anchored ITO sample cells
by using a cross-polarized optical microscope and frequency-
dependent dielectric spectroscopy. The cross-polarized optical
textures of the composites confirmed the impact of CDs on the
molecular alignment of the host LC material, and a vertical
alignment was induced for concentration >0.25 wt% in both
the SmA and N phases of CDs-8CB composites. Moreover,
the value of the real dielectric permittivity (¢') was also found
to gradually increase with concentration and provided analog-
ous values of permittivity (conc.> 0.25 wt%) with and without
bias field, and the presence of short axis molecular relaxa-
tion at 0 V for composites >0.25 wt% in both SmA and N
phases provided confirmation of the induced vertical align-
ment. Interestingly, this is the lowest concentration of CDs
(0.25 wt%) required to induce such a strong vertical align-
ment in the SmA phase of 8CB LC without application of
any external electric field. It is worth pointing out here that
composites exhibiting vertical alignment in the SmA phase
induced by CDs are substantially better than the alignment
generated through an external electric field. However, in the N
phase, the alignment produced by the former and latter remains
analogously identical. Moreover, a rise in the value of con-
ductivity occurred due to the doping of CDs, which became
enhanced as the composites moved from the SmA to the N
phase for all samples under analysis. We anticipate that the
accumulation of CDs at the surface of planar anchored ITO
substrates could be attributed as an important factor for this
change in alignment as well as dielectric and electrical para-
meters. Most importantly, the doping of CDs in smectogenic
8CB LC is capable of producing a perfect dark state through-
out the N and SmA phases. Undoubtedly, these CDs-8CB
composites could certainly be helpful in the fabrication of tun-
able photonics, biosensors, electro-optical memory devices,
etc.
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