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Enhancement of dielectric and
conductive properties of Mn,O,
nanoparticles in liquid crystal under
argon radio frequency plasma

Mahsa Khadem Sadigh'*“, M. A. Mohammadi?, F. Baharlounezhad? & A. Ranjkesh?

In this study, the effects of Ar radio plasma on Mn,0, nanoparticles and their influence on the
permittivity and electrical properties of doped nematic liquid crystal were investigated. The
nanoparticles were plasma-treated at different times and then added to the liquid crystal. The size
of the nanoparticles and the surface morphology changed with increasing plasma application time.
According to the results, significant changes in dielectric anisotropy were observed, the highest value
of which was obtained after 2 min of plasma treatment. Also, changes in the parallel and vertical
components of the permittivity indicated the effect of the orientation of the nanoparticles and the
structure of the liquid crystal under the influence of Ar plasma. The impedance results also showed
a significant decrease in impedance and improvement in conductivity of the liquid crystal matrix
with increasing plasma treatment time, which was consistent with the equivalent circuit modeling.
This study shows that the use of Ar radio plasma can be considered as a method for optimizing the
properties of doped liquid crystals with nanoparticles in electronic and optoelectronic applications.
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Liquid crystals (LCs) are distinctive mesophases exhibiting properties between liquids and solids, enabling wide
application in displays, sensors, and adaptive devices!=. Similar to isotropic media, the addition of dyes and
nanoparticles (NPs) with different structure and size to anisotropic media such as liquid crystals can improve
their optical, electrical and thermal properties. In addition, mechanical methods as applying electric and
magnetic fields also play a significant role in increasing the efficiency and performance of liquid crystals®-!!.
In particular, metal-oxide NPs such as TiOz, 7Zn0, and A1203 have been demonstrated to modify dielectric
anisotropy, conductivity, ad switching behaviors in LCs. This group of nanoparticles is synthesized by various
methods and is widely used in various industries such as oil, gas, and medicine!>!*. Recent reviews have
systematically highlighted the synthesis strategies, nanoparticle-LC interactions, and functional enhancements
achieved in nanocomposite LCs, emphasizing the influence of nanoparticle type, size, and surface chemistry.
Within this context, Mn,O, nanoparticles offer a compelling choice due to their multivalent redox states,
oxygen-vacancy-rich surfaces, and tunable nanostructures-attributes that can strongly influence permittivity
and impedance properties. Studies have shown that tuning the size of Mn,O, NPs their interfacial interaction
and dispersion stability when embedded in anisotropic media, crucial for liquid crystal performance'*?2.
The surface condition of nanoparticles is also essential. The combination of plasma and nanotechnology with
plasma science led to produce, modify, and fictionalize nanostructures with high precision. Application of
this combination include the synthesis of nanoparticle and production nanostructured coating with improved
mechanical and electronic properties. This technology has wide application in fields such as catalysis, sensors,
targeted drug delivery, and modern medicine, and it allow for reduction the activation energy of chemical
reactions and increasing of efficiency of nonchemical processes**-?°. Conventional chemical functionalization
often leaves surface residues that disrupt LC alignment. In contrast, plasma treatment provides a clean, residues-
free method to modify NP surfaces by introducing controlled functionality (oxygen vacancies, surface charges)
while preserving crystallinity. Plasma-treated metal-oxide NPs have shown improved electro-optic behavior in
LC hosts compared to chemically synthesized counterparts.
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Despite these advances, no studies to date have examined the effects of Ar-plasma treatment on Mn,0O,
within nematic-LCs. Addressing this gap, our work focuses on how Ar-plasma processing of Mn,0, influences
dielectric anisotropy (Ae) and electrical impedance in ML-0648 nematic LC. We expose Mn,O, NPs to controlled
plasma conditions, then disperse them at 0.5 wt% into the LC, and measure g £, Ag, and impedance (real and
imaginary parts) across temperature and frequency. This study aims to demonstrate how plasma engineering of
NP surface properties can be harnessed to optimize electro-optic performance in LC-based devices.

Experimental

Materials

The study employed ML-0648 nematic liquid crystal and Mn,O3 nanoparticles, both supplied by Merck. The
liquid crystal’s nematic to isotropic phase transition temperature, as specified by the manufacturer, is near 81 °C.

Cell Preparation

In this work, both homotropic and planar liquid crystal cells were fabricated. The construction process involved
carefully positioning the samples between two indium tin oxide (ITO) coated optical glass substrates. Surface
alignment was established by applying a polyvinyl alcohol (PVA), which was subsequently subjected to
unidirectional rubbing to induce the desired molecular orientation (planar alignment). To promote homotropic
alignment in the cell lecithin was employed. A Mylar spacer was introduced to ensure a uniform cell gap
between the electrode interfaces. Finally, the cell assembly was sealed using an appropriate adhesive to secure
the substrates and maintain structural integrity.

Characterizations

The physicochemical properties of the nanoparticles were systematically characterized using a high-resolution
field emission scanning electron microscope (SEM-JSM-7600 F), enabling detailed morphological analysis.
Crystallin structure were investigated via X-ray diffraction (XRD) employing a Siemens XRD-D5000
diffractometer, utilizing monochromatic Cu Ka with a wavelength of A = 1.5418 °A. Transmission electron
microscopy (TEM) was carried out using a Philips EM 208 S instrument operated at 100 kV. In addition, Fourier
transform infrared (FTIR) spectroscopy (Tensor 27, Bruker, Germany) was employed at room temperature
to investigate the structural characteristics of samples. Electrochemical impedance spectroscopy (EIS)
measurements of planar cells were performed using an Ivium Stat. h potentiostat/galvanostat system at the range
of 0.1 Hz-0.1 MHz. Permittivity of the nematic liquid crystal systems doped with Mn,Os nanoparticles was
carried out using a precision LCR meter (VICTOR 4091 C) at the 10 kHz frequency and AC amplitude of 0.3 V,
integrated with a temperature-regulated sample chamber with accuracy of £ 0.1 °C to ensure thermal stability
during measurements. 10 kHz was selected below the relaxation regimes because at this frequency the impact
of electrode polarization is reduced while the measured permittivity still provides a reliable representation. The
LC-nanoparticle hybrid systems were confined Whitin capacitor-type cells, specifically engineered to support
both planar and homotropic molecular alignments for comparative permittivity evaluation. Capacitance
measurements were conducted as a function of temperature, both in the absence (reference cell) and presence
of the doped liquid crystal medium. g, and ¢, denote the permittivities measured parallel and perpendicular to
the nematic director n, which is the unit vector describing the average orientation of the molecular long axes®.
These components were extracted using the following analytical expressions:

C

€l =G (1)
C
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Here, C and C, correspond to the measured capacitances when the director of the liquid crystal molecules
is aligned parallel and perpendicular to the electrode surfaces, respectively, C, denotes the capacitance of the
empty reference cell. The reference capacitance (C) was determined by measuring the empty cell after open/
short calibration. Stray capacitances were minimized using short (<5 cm) shielded coaxial cables and the
instrument guard terminal. The dielectric anisotropy (Ae), a key parameter indicative of the material’s electro-
optic responsiveness, was computed using:

Ae=¢)—eL (3)

Plasma setup

According to Fig. 1, Mn,O, powders were placed in a radio frequency (RF) plasma reactor for studying the
plasma effects. The plasma generator (50 W, 13.56 MHz radio frequency) coupled with a turn copper coil with
a 2 mm external diameter installed around a reaction chamber as an electrode. This chamber was in the form
of a cylindrical glass tube with a length and external diameter of 300 mm and 60 mm, respectively. Plasma was
produced and exerted at 0.001 Torr by using vacuum rotary pump. Argon (Ar) was used as the working gas in
the RF plasma reactor.

Results and discussions
Properties of nanoparticles under influence of ar plasma
In this section, the effects of plasma on Mn,0, nanoparticles are investigated using various analyses.
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Fig. 1. Schematic diagram of the plasma generation and treatment setup.

FTIR analysis

The FTIR spectrum (Fig. 2) of the synthesized Mn,O, nanoparticles exhibited characteristic absorption bands
at 444.32, 531.09, 606.21, and 668.41 cm™ !, which can be attributed to the fundamental stretching and bending
vibrations of Mn-O bonds in the crystal lattice. These bands are considered fingerprint peaks of Mn,O, and
confirm the formation of the manganese oxide phase. Similar assignments of Mn-O stretching vibrations in the
range of 500-650 cm™ ! have been reported in previous studies®'~>*. A weak band observed at 1120.69 cm™ ! may
be associated with C-O or C-O-C stretching vibrations originating from organic precursors or surface-bound
hydroxyl groups. The absorption band at 1358.83 cm™ !corresponds to symmetric stretching of carbonate species
(CO, ~2), most likely due to atmospheric CO, absorption on the nanoparticle surface. The band at 3431.22
cm‘3i is attributed to O-H stretching vibrations of surface hydroxyl groups or adsorbed water molecules, while
the peak at 1623.39 cm™ ! is assigned to H-O-H bending vibrations of molecular water. These bands suggest
the presence of physiosorbed moisture and surface hydroxyl functionalities, which are common in metal oxide
nanoparticles. Additionally, a weak band at 2369.30 cm™! can be assigned to the symmetric stretching mode of
gaseous CO,, usually originating from atmospheric contamination during FTIR measurement. FTIR spectra
of Mn, O, nanoparticles subjected to Ar plasma for 2, 7, and 14 min revealed no appearance of new absorption
bands or disappearance of the intrinsic Mn-O lattice vibrations (444-668 cm™ '), confirming the structural
stability of the oxide framework. The only notable modification was a progressive reduction in the intensity of
the O-H stretching band at 3431 cm™ ! and the C-O/C-O-C related band at 1121 cm™ ! after 14 min of treatment.
The attenuation is attributed to plasma-assisted desorption and sputtering of surface-absorbed water, hydroxyl
groups, and residual organic species, indicating the Ar plasma primarily induces surface cleaning rather than
bulk structural alteration.

XRD

XRD analysis (Fig. 3) revealed that the positions of the diffraction peaks remain unchanged after plasma
treatment, confirming that the crystal structure of Mn,O, nanoparticles is preserved. However, the peak intensity
and width are sensitive to plasma exposure time: the intensities increase for 2 and 14 min but decrease at 7 min,
which reflects modifications in crystallinity and surface defect density.

Using the Scherr equation®**, the size of the crystals under plasma showed that initially the size of the
nanoparticles was about 31.95 nm. By applying plasma for 2,7 and 14, respectively, the size of the nanoparticles
reached 31.28, 32 and 31.24 nm. Thus, the size of the nanoparticles under the influence of plasma not show a
regular trend, it initially decreases and increases with the application of plasma for 7 min and decreases again
with the application of plasma for 14 min.

Scanning electron microscopy (SEM) analysis

SEM images (Fig. 4) reveal that the morphology of Mn,O, nanoparticles is strongly influenced by Ar plasma
treatment. In the untreated sample (t=0), the particles predominantly appear as large, irregular agglomerates
with rough surfaces. After 2 min of plasma exposure, the agglomerates begin to fragment, resulting in smaller
and more compact structures with improved homogeneity. Extending the treatment to 7 min leads to secondary
growth and partial re-agglomeration of the particles, forming larger, more spherical structures. However, with
prolonged treatment up to 14 min, the morphology undergoes a significant transformation toward finer and
more uniformly distributed nanoparticles, accompanied by a substantial reduction in agglomeration. These
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Fig. 2. FTIR of liquid crystal samples under influence of Ar plasma at different times.

observations indicate the plasma exposure time plays a critical role in tailoring the particle morphology, with an
optimal time it is possible to achieve a uniform and stable nanostructure.

Transmission electron microscopy (TEM) analysis

TEM analysis (Fig. 5) revealed that the untreated Mn,O, nanoparticles were highly agglomerated with an
average particle size of about 88 nm. After 2 min of Ar plasma exposure, the agglomerates were effectively
broken apart, leading to well-dispersed and more uniform nanoparticles with a reduced average size of 65 nm.
Extending the treatment time to 7 min resulted in particle growth up to 75 nm, which can be attributed localized
heating the promote surface diffusion and particle sintering. At 14 min, the average size slightly decreased to
70 nm, likely due to the competing effects of sputtering and re-agglomeration. Overall, the results indicate
that short plasma treatment improves dispersion and reduces particle size, while prolonged exposure favors
coalescence and growth. The discrepancy between the particle sizes obtained from XRD (using Scherrer
equation) and TEM analysis is mainly attributed to the fact that these two techniques probe different structural
features. XRD provides the average crystallite size, which corresponds to coherently diffracting domains within
the nanoparticles. In contrast, TEM directly visualizes the overall particle size, which may include multiple
crystallites, amorphous surface layers, or agglomerated structures. Furthermore, peak boarding in XRD can also
arise from lattice strain and crystal defects, leading to an underestimation of crystallite size. Therefore, the larger
values, observed in TEM compared to XRD are expected and reflect the distinction between crystallite size and
actual particle or agglomerate dimensions.
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Fig. 3. X-ray diffraction (XRD) patterns illustrating structural modifications in liquid crystal samples after
exposure to argon plasma for different time intervals.

Temperature-dependent permittivity and dielectric anisotropy under the influence of ar
plasma

According to Fig. 6, the parallel (g;) and perpendicular (¢ ) components of the permittivity of Mn,0, doped
liquid crystal samples exhibit distinct temperature-dependent behavior. Across the entire temperature range,
g, remains consistently higher than ¢, highlighting the dominant polarizability along the molecular long axis
and its key contribution to dielectric anisotropy. With increasing temperature, ¢, initially rises due to enhanced
molecular mobility and longitudinal polarizability, then decreases near the nematic-to-isotropic transition and
finally stabilizes in the isotropic phase. Conversely, €, exhibits the opposite trend. The temperature dependence
of the perpendicular permittivity (¢, ) can be attributed to dipolar correlations. As temperature increases, reduced
orientational order weakens cooperative dipolar interactions, causing an initial decrease in €. Near the nematic
-isotropic transition, molecular reorientations become less constrained, leading to a slight increase before
reaching a constant value in the isotropic phase. The 2-minute plasma-treated sample exhibits the highest ¢, at low
temperatures and the largest difference from ¢ , while longer plasma treatments modify nanoparticle dispersion
and surface structure, reducing the parallel component and slightly enhancing the perpendicular component. In
general, this behavior at 2 min is attributed to the increased molecular mobility at elevated temperatures, which
allows the longer plasma-induced surface modifications and improved nanoparticle dispersion to maximize the
polarizability along the molecular long axis. Therefore, the difference in ¢ enhancement between low and high
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Fig. 4. Scanning electron microscopy (SEM) micrographs of liquid crystal samples treated with argon plasma
at (a) t=0 min, (b) t=2 min, (¢) t=7 min, and (d) t=14 min, showing morphological evolution over time.

temperatures arises from the combined effects of surface modification and temperature-dependent molecular
mobility.

The experimental results (Fig. 7) indicate that dielectric anisotropy (Ae) reaches its maximum for the
2-minutes plasma sample, followed by the 14-minute, 7-minute, untreated nanoparticles, and pristine liquid
crystal. This trend aligns with the enhanced local polarizability and reduced energy barrier for molecular
reorientation observed in the short plasma exposure, whereas longer treatments partially mitigate these effects
due to surface restructuring and minor aggregation. XRD analysis (Fig. 4) revealed that the positions of the
diffraction peaks remain unchanged after plasma treatment, confirming that the crystal structure of Mn,0,
nanoparticles is preserved. However, the peak intensity and width are sensitive to plasma exposure time: the
intensities increase for 2 and 14 min but decrease at 7 min, which reflects modifications in crystallinity and surface
defect density. SEM (Fig. 5) images further show that the average particle size initially decreases upon 2-minutes
plasma treatment, increases slightly at 7 min, and then decreases again after 14 min. The non-monotonic trend
suggests that short plasma exposure removes surface impurities and activates nanoparticle surfaces, leading to
improved dispersion and reduced size, while longer exposure (7 min) promotes partial aggregation, increasing
the apparent size. At 14 min, further plasma-induced etching and surface restricting dominate, resulting in
reduced size and enhanced surface activation. These structural and morphological evolution are consistent
with the permittivity results, as short plasma exposure enhances order and polarizability, whereas prolonged
treatment introduces competing of aggregation and surface modification, which modulate both dielectric
anisotropy and activation energy.

The frequency-dependent permittivity of Mn,0,-doped liquid crystal samples (Fig. 8) exhibits distinct
behaviors in low-and high-frequency regions, strongly influenced by Ar plasma treatment time. At low
frequencies, € decreases with increasing frequency, with the highest values observed for the 14 min plasma-
treated sample, followed by 2 min, 7 min, untreated, and pure LC. At higher frequencies, € approaches a constant
value, with the maximum observed for the 2 min plasma-treated sample. The loss spectra also decrease with
frequency and asymptotically approach zero. This behavior is consistent with our structural analyses (XRD, SEM,
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Fig. 5. TEM images of (a) Mn,O, nanoparticles without plasma treatment, (b) Mn,O, under influence of
plasma for t=2 min, (c) Mn,0, under influence of plasma for t=7 min, (d) Mn,0, under influence of plasma
for t=14 min.

TEM): short plasma treatment (2 min) improves nanoparticle dispersion and enhances interfacial polarization
at high frequencies, whereas prolonged exposure (14 min) favors interfacial; polarization at low frequencies due
to partial aggregation and surface restricting. These results confirm that plasma-induced surface modifications
govern the dielectric response across the entire frequency spectrum.

Moreover, Activation energies (E,) were exacted from nonlinear fitting of Ae(T) to the Vogel-Fulcher-
Tammann model®®. The activation energy values found to be 143.58 k]J/mol for the pure LC, 129.93 k]/mol for
the liquid crystal doped with Mn,O, nanoparticles, 83.831 kJ/mol for the nanoparticle sample treated with argon
plasma for 2 min, 108.95 kJ/mol for the plasma treatment of 7 min, and 88.90 kJ/mol for the plasma treatment
of 14 min. The 2-minute plasma sample exhibits the lowest E , indicating facilitated molecular reorientation
and enhanced local order along the molecular axis. Longer plasma treatments (7 and 14 min) increase E, to
the 2-minute sample, reflecting modifications in nanoparticle samples show the highest activation barriers.
Overall, short-duration plasma treatment optimizes nanoparticle dispersion and surface activation, maximizing
molecular dynamics and dielectric anisotropy, whereas prolonged plasma exposure partially diminishes these
effects.

The obtained results demonstrate that the variations in permittivity components, anisotropy, and activation
energy are directly governed by the order parameter and molecular interactions in the presence of Mn,0,
nanoparticles and their plasma-induced surface modification. With increasing temperature, the order parameter
decreases, leading to a reduction in long-range molecular alignment. Consequently, the parallel component,
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Fig. 6. Temperature dependence of the parallel (¢) and perpendicular (¢, ) components of the permittivity of
liquid crystal samples subjected to argon plasma treatment at varying exposure durations.

which reflects polarizability along the molecular long axis, exhibits higher values at lower temperatures but
decrease as the nematic-isotropic transition is approached. The incorporation of nanoparticles, particularly with
short plasma treatment (2 min), enhances intermolecular interactions and improves nanoparticle dispersion
within the matrix, thereby maximizing parallel polarizability and dielectric anisotropy. Under these conditions,
the activation energy decreases, indicating facilitated molecular orientation and reduction of the energetic
barriers for dipolar motion. However, with prolonged plasma exposure (7 and 14 min), surface restructuring
and partial aggregation of nanoparticles reduce the degree of uniform interactions, diminishing positive effect
observed at short treatment, which in turn increases or stabilizes the activation energy at intermediate values. In
addition, the inclusion of nanoparticles and plasma treatment shifts the nematic-isotropic transition temperature
to higher values. This effect arises from stronger coupling between the host molecules and plasma-activated
nanoparticles, which increases the order parameter and stabilizes the nematic phase, thereby requiring thermal
energy to disrupt the molecular order and induce the isotropic state.

In most earlier studies (Table 1) in oxide nanoparticle-LC composites, the dielectric anisotropy was primarily
controlled by varying the nanoparticle concentration. For example, ZnO, TiO,, and Fe,O, nanoparticles enhanced
Ae as their loading increased, whereas CuO and MgO showed concentration-dependent reductions or non-
monotonic behavior. These trends confirm that the extent of dielectric anisotropy in conventual nanocomposites
is strongly dependent on dopant concertation and dispersion quality. In contrast, the present work demonstrates
a distinct approach: by applying argon plasma treatment to Mn,O, nanoparticles, Ae can be effectively tuned
within a defined time window, even at fixed nanoparticle concentration. The results reveal that plasma activation
modifies the nanoparticle surface chemistry, thereby strengthening nanoparticle-LC interactions and enabling
control over dielectric anisotropy beyond simple concentration effects. This highlights the novelty present study,
where Ae tuning is achieved through plasma processing rather than concentration variation, offering a new
strategy for engineering permittivity in LC-nanoparticle systems.

Impedance spectroscopy study under the influence of ar plasma

As shown in Fig. 9, both the real and imaginary parts of the impedance were measured at different frequencies of
the applied Ac electric field using the spectroscopic impedance technique. According to Fig. 9, the changes in the
real and imaginary parts of the impedance the impedance depend on the applied frequency and duration of Ar
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Fig. 7. Variation of dielectric anisotropy (Ae) as a function of temperature for liquid crystal samples under
argon plasma irradiation at multiple exposure times.

plasma application on the doped nanoparticle in the nematic liquid crystal under study. A comparison between
the results obtained from impedance spectroscopy for the sample without plasma effects versus the sample
caused by Ar plasma shows that plasma effects lead to spectral shifts. Despite the spectral shift, a similar trend
of changes with frequency changes was observed in all liquid crystal samples. The real part values of impedance
of liquid crystal samples containing Mn,O, nanoparticles gradually decrease with increasing frequency and
finally asymptotically approach the horizontal axis. Although a relatively regular behavior was observed in the
changes in the real part values, no such behavior was observed in the imaginary part. With increasing frequency,
the values of the imaginary part of the impedance of the samples initially show an increasing trend, then a
decreasing trend, and finally reach a constant value with increasing frequency. In this case, as the duration
of argon plasma application increases, the values of the real and imaginary parts of the impedance gradually
decrease. These changes at low frequencies can be caused by the interaction between liquid crystal molecules at
the interface with the electric field, and at high frequencies by the interaction of the dipole moment in the bulk
state with the electric field*. Furthermore, by plotting the values of imaginary part of the impedance in terms
of the values of the real part, we can obtain the Cole-Cole curves (Fig. 10). In order to simulate the behavior of
liquid crystal samples containing nanoparticles, an equivalent electrical circuit is constructed as shown in Fig.
10, which consist of six components as follows:

Ry: Indicates the specific resistance of external elements and electrode connections.

R, .: Indicates the resistance of the bulk liquid crystal.

C,: Indicates the capacitance of the bulk liquid crystal.

Cpy: Double layer polarity caused by the accumulation of charges near the electrodes.

W: Representation of the Warburg element to describe the drift of charged species in a doped liquid crystal
system.

In general, the Cole-Cole plots of the LC-Mn,O, samples exhibit a semicircle frequency and an inclined line
at low frequencies. The high-frequency semicircle arises from the parallel combination of the bulk liquid crystal
resistance and capacitance, representing fast charge transfer processes within the active material. The plot stats
from the origin at the left-hand side because, at very high frequencies, the capacitive impedance of the bulk
approaches zero, and the system behaves predominantly as the series resistance of the electrodes and connectors;
minor deviations from ideality can be attributed to parasitic effects. The low-frequency inclined line corresponds
to the Warburg element in parallel with double-layer capacitance, reflecting diffusion-limited ionic transport
at the electrode-electrolyte interface. This behavior is fully consistent with the proposed equivalent circuit
comprising the series resistance of the electrodes and connectors, the parallel bulk resistance and capacitance,
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Fig. 8. The curves of (a) permittivity and (b) loss as a function of frequency for planar liquid crystal cell.

and, in series, the parallel combination of double-layer capacitance and Warburg impedance, and aligns with
previously reported results®”*%,

According to the simulation with the equivalent circuit, the diameter and the edge of the semicircle of the
Cole-Cole curves represent R .

and R, respectively. The straight line in the diagrams is also related to the
changes of the parallel set W and Cy,; . As can be clearly seen in Fig. 10, the symbols represent the experimental
data and the solid curves represent the results obtained from the fitting based on the equivalent circuit. The
values obtained for the best fit (with an error of less than 5%) are shown in Table 1. The resistance values
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Fig. 9. Frequency-dependent changes in the real and imaginary components of the impedance of liquid crystal
samples exposed to argon plasma at different time intervals.

due to electrodes and connectors are almost constant as expected. According to the data in Table 2, just as
the diameter of the Cole-Cole curves decrease with increasing plasma application time in the samples under
plasma, the R, . values also decrease with increasing Ar plasma application time. The results obtained show that
by applying plasma to nanoparticles, the conductivity of the liquid crystal matrix increases. In addition, the
capacitance of the liquid crystal matrix containing Mn,O, nanoparticles increases with the application of Ar
plasma compared to the case without plasma effects. The highest value is related to the time of 14 min, which is
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in liquid crystal under argon radio frequency plasma (This \fror3k) Plasma treated ML-0648 (2 min) with plasma | enhanced (max
q Y 8 q YP (2-14 min) treatment at 2 min plasma)
Ag increases,
E_ffect of y-Fe, 0, panopartlcles on morphological, electro-optical and y—Fe§O3 (0-0.05 6CHBT | Concentration ¢ increases improving
dielectric properties wt% electro-optical
properties
Concentration E strongly
Dielectric and electrical properties of nematic LC-6CB doped with y-Fe203 | y-Fe,O, 6CB Cell 2a dependenton | -
8P cell thickness
Semiconducting CuO nanoparticles in nematic 5CB CuO 5CB Concentration € decreases Ae decreases
TiO,, ZnO and MB doping in 8CB nematic TiO2, ZnO 8CB Concentration e increases Ae increases
Ferric Oxide (Fe,0,) in 80CB nematic for displays Fe,0, (0-1wt%) | 8CB Concentration € increases Ag increases
MgO nanoparticles in nematic LC MgO (0-0.6 wt%) | 5CB Concentration ¢ increases Ae Variable

Table 1. Comparative studies on permittivity of nematic LCs doped with metal oxide nanoparticles!*-22.
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Sample R, (MQ) | C,. (nF) | C (uF) | W _(MQS™ %)
LC 191 3.18 486 0.53
LC+Mn,0, | 3.16 144 0.03 6.63
LC+Mn,0; |5 46 1.86 0.05 5.27

t=2 min

LC+Mn,0; |5 o6 1.87 0.37 6.43

t=7 min

LC+Mn,0; | 59 214 0.24 3.57

t=14 min

Table 2. Extracted equivalent circuit parameters obtained by fitting the impedance spectroscopy data of
Mn,O; nanoparticle-doped liquid crystal samples subjected to argon plasma treatment.

proportional to the change in the values of the vertical component of permittivity with the application of plasma.
The changes can be due to the interactions between liquid crystal molecules and nanoparticles, which change
with the application of plasma effects. The values obtained for the double layer capacitance also increase with the
application of plasma, which can be related to the different effects of plasma on the size nanoparticles and surface
morphology at different application times. These results show that the magnitude of capacity at the interface at
low frequencies is larger than the capacity of liquid crystal in the bulk. The irregular changes in the W values
can be due to molecular interactions with different intensities in the presence and absence of plasma effects. The
series resistance R ., representing resistance of electrode contacts and connections, is small (~ 80-90 Q) relative
to R, . (1-3 MQ) and therefore negligible in the analysis. The overall quality of the fitting (error <5%) confirms
that the equivalent circuit reliably separates bulk, interfacial, and diffusion contributions, demonstrating that the
observed changes in impedance upon plasma treatment are primarily due to modifications in R, ., C, , Cpy; , and
W rather than the electrode/contact resistance.

LC ~LC

As evidenced by equivalent circuit analysis (Table 2), increasing the plasma treatment time leads to a decrease
in the resistance of the liquid crystal layer (R, ) and a simultaneous increase in the double-layer capacitance
(Cpy)- This behavior indicated that plasma treatment removes surface impurities and ionic centers from Mn,O,
nanoparticles, thereby improving their dispersion and interfacial interactions within the liquid crystal host.
Consequently, the ionic contribution to the permittivity diminishes, while the capacitive polarization becomes
more dominant. The trend, observed in Fig. 10, is consistent with the previous findings. From an application
point of view, such a reduction in ionic effects can be considered a beneficial aspect of plasma treatment, as it
enhances electrical stability and improves permittivity values in nanoparticle-doped liquid crystals.

Conclusions

In this study, permittivity, and structural characteristics of Mn,O, doped nematic liquid crystals under
varying Ar plasma treatments were systematically investigated. The parallel (g) component of permittivity
consistently exceeds the perpendicular (e ) component across all temperatures, resulting in enhanced dielectric
anisotropy, which is maximized for short plasma exposure (2 min) due to optimal nanoparticle dispersion and
surface activation. Frequency-dependent measurements of permittivity reveal that low-frequency interfacial
polarization dominates, whereas dipolar orientational polarization governs the intermediate frequency range,
both modulated by plasma-induced surface and structural changes. Nonlinear fitting of the dielectric anisotropy
with Volgel-Fulcher-Tammann model shows that short plasma treatment significantly reduces the activation
energy (E ), facilitating molecular reorientation, whereas longer plasma durations partially restore the energetic
barrier due to surface restructuring and nanoparticle aggregation. XRD results confirm that the crystal structure
remains unchanged while vary with plasma duration, and SEM images show non-monotonic changes in particle
size, reflecting plasma-indued etching and aggregation effects. Impedance spectroscopy and equivalent circuit
analysis further demonstrate that plasma treatment decreases bulk resistance and enhances both bulk and
interfacial capacitances, indicating improved charge transport, molecular alignment, and electrical stability.
Overall, controlled Ar plasma treatment provides a versatile strategy to tune nanoparticle dispersion, surface
activation, molecular dynamics, and permittivity values, highlighting its potential for optimizing electro-optical
performance in nanoparticle-doped nematic liquid crystals.
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Data is provided within the manuscript file.
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