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Abstract - This critical review provides a comprehensive comparative evaluation of zinc oxide (ZnO) and titanium dioxide
(TiO:) nanoparticles (NPs) dispersed within modern high-birefringence (An) nematic liquid crystal (LC) hosts, marking a
substantial paradigm shift from traditional low-birefringence matrices like EBCA. We evaluate how the intrinsic
electronic configuration, spatial morphology, and surface charge properties of ZnO and TiO: nano-dopants differentially
modulate the host's long-range orientational order, dielectric anisotropy, rotational viscosity, and threshold voltages.
Crucially, this work integrates rigorous multi-spectroscopic and optical characterization methodologies—specifically
Fourier-Transform Infrared (FT-IR) spectroscopy for order parameter determination, Ultraviolet-Visible (UV-Vis)
spectrophotometry for band-gap and transmittance profiling, and Polarizing Optical Microscopy (POM) for phase
transition kinetics and texture morphology mapping. Finally, the state-of-the-art applications of these hybrid colloidal
suspensions are scrutinized across electrical modulation, advanced electro-optical shutters, broadband optical sensors, and
emergent biomedical/interfacial diagnostic platforms.
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1. INTRODUCTION

The coupling of nanotechnology with soft-matter physics has opened groundbreaking avenues for developing adaptive optical and
photonic media. Among these, nanoparticle-doped liquid crystals (NPLCs) represent a prominent class of self-assembled hybrid
materials [1]. By introducing metallic, semiconducting, or ferroelectric nanoparticles into a liquid crystalline matrix, researchers
can dramatically alter the macroscopic electrical, optical, and thermodynamic parameters of the mesophase without losing its
fluid-like responsiveness. Historically, p-ethoxy benzylidene-p-cyano aniline (EBCA) or alternative legacy Schiff-base matrices
served as critical baseline models for establishing fundamental concepts in liquid crystal physics, including molecular ordering,
dielectric relaxation, and basic electrohydrodynamic instabilities [2].

However, modern technological demands for ultra-fast displays, high-speed optical modulators, and high-frequency
communication devices operating in the microwave, terahertz, and millimetre-wave bands require a transition to advanced, high-
birefringence (An = 0.2 to 0.7 in the near-infrared and microwave bands) nematic liquid crystal systems [3]. These modern hosts
typically utilize rigid aromatic cores containing multiple conjugated m-electron systems, often linked via ethynyl bridges and
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terminated with highly polar groups such as isothiocyanates (-NCS), cyanides (-CN), or fluorinated elements. These formulations
exhibit massive optical anisotropy and significantly modified dielectric configurations compared to traditional frameworks. When
transition metal oxide nanoparticles such as zinc oxide (ZnO) and titanium dioxide (TiO-) are introduced into these state-of-the-art
high-birefringence systems, they induce complex, non-linear electro-optic phenomena that are fundamentally distinct from those
observed in classical matrices like EBCA [4].

2. FUNDAMENTAL MATERIAL CHARACTERISTICS: ZNO VS. TIO:

To comprehend the distinct macroscopic alterations observed in NPLC mixtures, one must examine the localized structural and
electronic attributes of zinc oxide and titanium dioxide. ZnO is an intrinsic n-type semiconductor crystallizing predominantly in
the hexagonal wurtzite structure at ambient conditions, exhibiting a direct wide bandgap of approximately 3.37 eV. A defining
feature of ZnO nanoparticles is their substantial spontaneous polarization and high exciton binding energy (60 meV), which
induces strong localized electrostatic fields [5]. These fields interact aggressively with the permanent and induced dipoles of the
surrounding liquid crystal molecules, profoundly influencing the surrounding molecular anchoring.

Conversely, TiO: typically manifests in three primary polymorphic configurations: anatase, rutile, and brookite, with anatase and
rutile being the primary focuses in soft matter dopant research. Anatase TiO- exhibits an indirect bandgap of ~3.23 eV, whereas
rutile presents a narrower direct/indirect transitional gap of ~3.02 eV. TiO: nanoparticles are highly regarded for their
exceptionally high static dielectric constant (reaching up to 180 for rutile), which far surpasses that of ZnO [6-8]. Consequently,
when TiO: nanoparticles are dispersed into a liquid crystal matrix, they distort the local permittivity landscape much more
severely than ZnO. This induces localized variations in the internal electric field distribution when an external bias is applied,
modifying the collective switching behavior of the host.
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Fig 1:(a) Crystal lattice diagrams showing the three primary polymorphs of titanium dioxide TiO.: Anatase (tetragonal),
Brookite (orthorhombic), and Rutile (tetragonal).

Fig 1:(b) A mechanism schematic illustrating the process of photoreforming plastic waste over the semiconductor catalyst to
simultaneously degrade the plastic into value-added chemicals (like acetate/acetic acid and terephthalate) while generating
hydrogen gas H;

Beyond their distinctive static dielectric properties, a critical yet frequently overlooked parameter when deploying these transition
metal oxides is their active behavior under actinic electromagnetic radiation. Anatase and rutile polymorphs of TiO: exhibit highly
potent photocatalytic activity when exposed to near-UV probing radiation or ambient lighting during multi-hour UV-Vis and
optical characterization loops [9-10]. In the presence of ambient moisture or trace oxygen, unpassivated TiO: cores undergo rapid
photo-induced electron-hole separation, generating highly reactive radical pathways and reactive oxygen species (ROS). These
volatile species aggressively attack the chemically vulnerable linkages within advanced high-birefringence hosts, such as ethynyl
bridges (-C=C-) or highly conjugated terphenyl/tolane ring structures, leading to irreversible photochemical degradation, phase
separation, and rapid clearing point (T_NI) depression [11]. Consequently, mitigating this degradative aging pathway mandates
rigorous encapsulation protocols or the synthesis of core-shell architectures (e.g., TiO-@Si0-) that isolate the catalytic core while
maintaining the desired macroscopic dielectric alterations.
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3. ANALYTICAL CHARACTERIZATION METHODOLOGIES

3.1 Fourier-Transform Infrared (FT-IR) Spectroscopy

Fourier-Transform Infrared (FT-IR) spectroscopy provides invaluable insight into the intermolecular interactions and the degree
of orientational order within the hybrid system. To quantitatively map the influence of metal oxide nano-inclusions on the long-
range orientational architecture of the host, the microscopic scalar order parameter (S) must be strictly evaluated using polarized
infrared absorption spectra [12-13]. For contemporary high-birefringence nematic systems, this is achieved by isolating the highly
localized terminal stretching vibrations—specifically the prominent isothiocyanate (-NCS) band appearing between 2050-2150
cm™ or the sharp cyano (-CN) nitrile mode localized at ~2226 cm™. By collecting absorbance profiles parallel (Ay) and
perpendicular (A.) to the rubbing-induced director axis (1), the experimental dichroic ratio (R = A/ AyL) is calculated. Assuming
the transition dipole moment of the target functional vibration is aligned parallel to the long molecular core of the mesogen, the
scalar order parameter is explicitly defined via the foundational expression [14]:
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Fig 2: optimally oriented geometries and conformational metrics

High-precision FT-IR auditing reveals that ultra-low loading regimes (< 0.5 wt.%) of wurtzite ZnO nanoparticles systematically
elevate S. This structural optimization is driven by strong dipole-dipole coupling between the permanent molecular dipoles of the
conjugated liquid crystal rings and the intense intrinsic spontaneous polarization of the ZnO crystal facets [15]. Conversely, the
introduction of TiO: particles, particularly at elevated mass fractions, induces local steric constraints and spatial microdomain
distortions, manifested spectroscopically as asymmetric broadening and attenuation of these terminal vibrational modes, signaling
a localized breakdown of the long-range nematic matrix order.

3.2 Ultraviolet-Visible (UV-Vis) Spectrophotometry

Ultraviolet-Visible (UV-Vis) spectrophotometry serves as the primary mechanism for auditing the optical transmission window
and assessing the electronic band-edge shifts of the NPLC complex. Neat high-birefringence liquid crystals with highly
conjugated aromatic structures possess inherent absorption bands in the near-UV spectrum. Dispersing ZnO nanoparticles
introduces a distinct, sharp excitonic absorption peak around 360-380 nm, which can be leveraged to compute the optical bandgap
using Tauc plot formulations [16-17].
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Fig 3: Tauc plot of (a) ZnO-D and ZnO-D-CNT, (b) ZnO-D-PEDOT: PSS, (c) ZnO-A and ZnO-A-CNT, and (d) ZnO-A-
PEDOT: PSS.

UV-Vis profiling is essential for evaluating scattering losses; aggregation of either ZnO or TiO: leads to Rayleigh and Mie
scattering, which manifests as a broad baseline elevation in the absorbance spectrum across the visible spectrum (400-700 nm).
Furthermore, TiO: incorporation shifts the optical absorption edge deeper into the visible range, facilitating photo-responsive
applications by engineering light-harvesting thresholds [18].

3.3 Polarizing Optical Microscopy (POM)

Polarizing Optical Microscopy (POM) enables real-time visual mapping of the liquid crystal mesomorphic textures, phase
transition temperatures, and defect nucleation. Pure high-birefringence nematic mixtures exhibit highly characteristic schlieren or
threaded textures under crossed polarizers. When ZnO nanoparticles are cleanly dispersed, they maintain texture uniformity while
causing shifts in the isotropic-nematic clearing temperature (Tni), indicating changes in the thermal stability of the mesophase.
However, beyond a critical concentration threshold, POM clearly resolves the appearance of dark, non-birefringent colloidal
aggregates that act as anchoring defects [19-20]. TiO: nanoparticles often induce localized pseudoisotropic domains or surface-
mediated homeotropic alignment regimes, visible under POM as a darkening of the optical field that dynamically recovers its
nematic birefringence upon the application of a threshold voltage.
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Fig 4: Effect of shape of ZnO nanoparticle on electro-optic and dielectric properties of nematic liquid crystal

4. PHYSICAL PROPERTY MODIFICATIONS & PROPOSED MECHANISMS

4.1 Electrical and Dielectric Properties

The modifications of dielectric anisotropy and ionic conductivity represent the primary mechanisms by which nanoparticles
change liquid crystal functionality. In traditional hosts, ion accumulation at the alignment layers frequently causes screening
effects, resulting in image sticking and slow relaxation. Dispersing ZnO nanoparticles significantly alters this dynamic. Due to
their surface charge properties, ZnO particles act as efficient ion scavengers, trapping free mobile ions within the bulk fluid [21-
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22]. This ion scavenging reduces the total ion density, leading to a suppressed low-frequency dielectric relaxation peak and a
dramatic reduction in unintended electrical conductivity.

TiO: nanoparticles follow an entirely different mechanism dominated by their high internal permittivity. When an external electric
field is applied, the large dielectric constant of TiO- nanoparticles induces massive local electric field enhancement in the
surrounding LC medium. This amplifies the effective torque acting on the molecular directors, leading to a substantial increase in
the net dielectric anisotropy of the composite system [23]. However, TiO: nanoparticles can also increase the baseline rotational
viscosity if the concentration exceeds optimal levels, causing a trade-off between electrical sensitivity and structural fluid drag.

4.2 Electro-Optical Response and Switching Kinetics

The threshold voltage required to initiate the Freedericksz transition is governed by the classic relationship balancing elastic
forces and dielectric torque. In a conventional planar-aligned nematic configuration subjected to a perpendicular electric field, this
electro-mechanical threshold is quantitatively isolated through the continuum expression [24]:

Kii
gole

Vin=II

where Ki; represents the specific governing elastic constant (Ki1 for splay or Kss for bend deformations), g is the vacuum
permittivity, and Ae is the macroscopic dielectric anisotropy of the composite fluid.
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Fig 5: a Optical retardance vs applied voltage; d = (2.9 £0.1) pm; f =200 kHz, square wave; 170 °C. b Rate of retardance
change demonstrating a threshold at 0.24 V. ¢ Fitting the voltage dependence of retardance I'(U)yields A = 0. 8.

Deconvoluting the operational mechanisms reveals that ZnO and TiO: act upon completely orthogonal vectors of this equation
[25]. ZnO nano-dopants minimize screening fields within the bulk by acting as potent traps for mobile ionic impurities, thus
stabilizing the effective voltage dropped across the active liquid crystal layer; however, they concurrently introduce elastic
variations (AKj) by imposing localized micro-anchoring conditions on the surrounding director field. In sharp contrast, TiO:
inclusions dramatically amplify the denominator (Ag) through massive local electric field enhancements driven by the enormous
static permittivity of the titania core. This localized field amplification generates a severe drop in Vth, minimizing driving voltage
requirements, though a fine balance must be maintained to prevent parasitic increases in the fluid's rotational viscosity (y1).

Table 1: Deep Comparative Matrix of ZnO and TiO: Nanoparticle Effects

Dielectric Anisotropy Modulations ~ Moderate enhancements.  Massive local enhancements due
Dominated by wurtzite surface to the exceptionally high static
charge alignment and dipole dielectric constant of rutile/anatase

coupling. cores.

lon Transport Behavior Acts as a highly potent ion  Concentration-dependent ionic
scavenger, trapping free mobile  profile; can act as an ion scavenger
ions and suppressing low- at <0.2 wt.%, but promotes ion
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frequency parasitics.

Moderate reduction; primarily
achieved by minimizing screening
charges via ion trapping.

Sharpens terminal stretching bands
(2050-2225 cm™); systematically
increases  the  scalar  order
parameter S.

Exhibits sharp wurtzite excitonic
band edge (~370 nm); excellent
transparency across visible
spectrum.

Preserves high-definition schlieren

hopping at higher concentrations.

Drastic reduction in driving and
threshold voltages due to field
amplification via high particle
permittivity.

Induces  localized  anchoring
deviations; can broaden core
vibrational modes at elevated
weight percentages.

Broad red-shifted  band-edge
configuration; prone to Rayleigh
scattering if cluster mitigation
fails.

Promotes localized homeotropic

structures;  slight upshift in  domains; generates dark
clearing temperature. pseudoisotropic spots under high
load regimes.

5. STATE-OF-THE-ART APPLICATIONS

5.1 Electrical and Electro-Optical Modulators

The development of hybrid NPLC media has led to major advancements in advanced photonics. For high-birefringence nematic
systems, the reduction in driving voltages translates directly to lower power consumption for large-area smart glass windows,
phase modulators, and adaptive telecommunication switches. Using ZnO-doped formulations allows the fabrication of polymer-
dispersed liquid crystal films that require substantially lower clear-to-opaque transition fields [26]. Meanwhile, TiO2-doped high-
birefringence systems are actively utilized in laser beam steering arrays and optical phase retarders, where minimizing cell
thickness is critical.

5.2 Optical-Sensing and Photodetectors

The semiconducting nature of both ZnO and TiO: transforms the liquid crystal cell from a passive light modulator into an active,
photo-responsive detection platform. Under UV light irradiation, these nanoparticles generate electron-hole pairs, which interact
with the terminal polar groups of the high-birefringence host [27]. This photo-induced charge generation alters the local electric
field, triggering a visible texture change under POM without requiring an external electrical power supply. This mechanism
enables the design of self-powered UV photodetectors and highly sensitive environmental light sensors.

5.3 Potential Biomedical-Sensing Frameworks

Biomedical and interfacial sensing represents a highly active frontier for NPLC applications. Liquid crystals are highly sensitive
to surface anchoring perturbations; the introduction of biological analytes (such as proteins or glucose) at the aqueous-LC
interface can disrupt long-range nematic ordering, causing a visible change in texture from homeotropic to planar. Incorporating
biocompatible ZnO nanoparticles enhances this interfacial sensitivity by providing highly structured, functionalized docking sites
for biomolecules [28]. This disruption alters the localized surface anchoring energy, which can be monitored via real-time FT-IR
shift profiling or direct POM optical readout, forming a rapid, label-free diagnostic platform.
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6. CRITICAL RESEARCH GAPS AND STRATEGIC PRIORITIES

Despite significant progress, several fundamental research gaps prevent the widespread industrial adoption of nanoparticle-doped
liquid crystals. First, long-term colloidal stability remains a major challenge. Because transition metal oxide nanoparticles possess
intense surface energies, they are highly prone to irreversible aggregation over extended thermal cycles, causing fatal optical
scattering defects [29-30]. Mitigating this issue requires developing advanced surface functionalization protocols—such as
capping nanoparticles with mesogenic ligands or long-chain alkyl surfactants tailored specifically to mirror the molecular
architecture of modern high-birefringence matrices.

Second, there is an urgent need for standardized, systematic studies that evaluate these systems under identical experimental
conditions. A critical strategic priority is the rigorous validation of photogenerated charge transport mechanisms. Future research
must systematically isolate the relative contributions of ion trapping versus local electric field enhancement, establishing reliable
structure-property relationships that accelerate the design of next-generation soft-matter optoelectronics.

7. CONCLUSIONS

In summary, migrating from traditional liquid crystal hosts like EBCA to advanced high-birefringence nematic matrices represents
a major leap forward for nanoparticle-doped soft-matter technologies. Dispersing ZnO and TiO: nanoparticles introduces distinct,
highly tunable changes in physical properties: ZnO acts as a potent ion scavenger that suppresses parasitic conductivity and
optimizes electrical stability, while TiO. leverages its high dielectric permittivity to enhance local fields and lower operational
driving voltages. Integrating complementary analytical techniques—FT-IR for order parameter mapping, UV-Vis for tracking
excitonic absorption, and POM for mapping texture morphology—provides a powerful framework for optimizing these hybrid
materials. Addressing colloidal stability challenges will unlock the full potential of these advanced NPLC systems.
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