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Polymer-dispersed liquid crystals (PDLCs) stand at the intersection of polymer
science and liquid crystal technology, offering a unique blend of optical versatility and
mechanical durability. These composite materials are composed of droplets of liquid crystals
interspersed in a matrix of polymeric materials, harnessing the optical properties of liquid
crystals while benefiting from the structural integrity of polymers. The responsiveness of LCs Polymer
combined with the mechanical rigidity of polymers make polymer/LC composites—where the X\, Dispersed
polymer network or matrix is used to stabilize and modify the LC phase—extremely important i
for scientists developing novel adaptive optical devices. PDLCs have garnered significant
attention due to their ability to modulate light transmission properties, making them ideal
candidates for applications ranging from smart windows and displays to light shutters and
privacy filters. The incorporation of different ferroelectric, thermoelectric, magnetic, and
ferromagnetic nanoparticles, quantum dots, nanorods, and a variety of dyes in the PDLC
matrix has gained momentum over a span of few decades, as it lowers the otherwise-required
high operating voltage and reduces the electro-optical response time of these devices. Due to better contrast in the transmittance of
these materials in the field-off and on states, they find extensively wide application in a variety of photonic applications, viz., optical
shutters and smart windows, photorefractives, modern displays, microlens arrays encompassing polymer-gravel lenses, and many
other. Since the functional parameters of these devices embrace the thermophysical attributes of PDLC networks, it therefore
becomes necessary to perform a detailed analysis of the properties of PDLCs and their ameliorations upon the addition of different
dopants. This Review aims to review the recent advances in PDLCs and their enrichment in terms of their performance parameters
upon the addition of a variety of dopants, as well as the improvement of different photonic applications owing to superior parametric
implementation of these networks.

polymer-dispersed liquid crystals (PDLCs), phase separation techniques, polymer-gravel lenses, PDLC based sensors,
smart windows, normal-mode PDLCs (NPDLCs), polymer-stabilized liquid crystals (PSLCs), nematic liquid crystals

of alignment layers because of the anisotropic behavior being
dependent on the alignment and anchoring conditions of LC
molecules.'” ™" Also, the requirement of polarizers with these
materials limits their applicability, as the polarizers absorb a
large portion of transmitted light. This reduction of the
transmitted light intensity affects the electro-optical properties
of LCs adversely. Several guest entities like nanoparticles,
quantum dots, dyes, nanorods, chiral compounds, and many
others possess the capability to enhance this anisotropic
behavior and tune the properties of liquid crystals through
interaction.'”*°~>* The purpose of exploring the guest—host
interaction with LC molecules is to control their optical

Liquid crystalline (LC) materials have been a topic of extensive
research for a variety of scientific and technological
applications for more than a century due to their remarkable
optical and dielectric anisotropy. External stimuli like electric
and magnetic fields are capable of causing molecular
reorientations in the LC matrix by virtue of electric torque
exerted on the induced dipoles in LC molecules." The traveling
speed of a light wave incident on uniformly aligned LC
molecules is altered on account of the optical anisotropy of the
material, the angle of incidence of the light wave, and its state
of polarization. These splendid properties make LCs a
promising choice for different industrial and nonindustrial
applications like spatial light modulators, flexible and dual-view September 16, 2024
displays,”™* 2D/3D autostereoscopic displays and HD November 8, 2024
screens,”® adaptive lens technologies and smart windows,” "3 November 13, 2024
augmented reality,'¥"" different terahertz (THz) devices, November 27, 2024
etc.'”'® However, certain limitations inherent to the inclusion

of these materials in practical devices include the requirement
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Figure 1. Classification chart of LC—polymer composite systems.

Figure 2. SEM images exhibiting the morphology of (a) a polymer-dispersed liquid crystal and (b) a polymer-stabilized liquid crystal. (a)
Reproduced from ref 33. Available under a CC-BY license. Copyright 2019 H-Q Zhang and H. Yang et al. (b) Adapted with permission from ref 34.

Copyright 1996 American Chemical Society.

properties using an external electric or magnetic field. Few
researchers also explored this field by confining or dispersing
liquid crystalline droplets in anisotropic solids or isotropic
liquids.”**”

In this regard, the idea of using polymeric films with LC
droplets embedded into them was proposed and studied
further by different researchers.”* ™" Polymers consist of long
chains of identical units, often known as monomers, flexibly
joined to each other. The interactions of polymers and liquid
crystals depend on several parameters, such as the amount in
which they are combined, the technique of phase separation,
the extent of polymerization, and others.”"

As shown in Figure 1, liquid crystal—polymer composite
systems can be broadly categorized in two ways depending on
whether the polymeric chain itself shows liquid crystallinity.
For nonmesogenic polymers, in accordance with the
morphology of the derived system, LC—polymer composites
(LCPCs) belong to two classifications: polymer-stabilized
liquid crystals (PSLCs) and polymer-dispersed liquid crystals
(PDLCs), with the former having very small content of
polymers (generally lower than 10%) and the latter consisting
of polymers and liquid crystals in almost comparable
concentrations.”> This difference in the amount of polymers
in these two subgroups of LCPCs changes the morphology of
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the prepared composites and has been illustrated with the help
of SEM images, as shown in Figure 2a and b.

A continuous matrix of properly phase-separated polymer
tends to incorporate liquid crystalline droplets into itself in the
case of PDLCs, whereas for preparing PSLCs the LC is
dispersed with a photoreactive monomer whose molecules
align themselves along the director of the LC. The two
situations can also be clearly seen in Figure 2. The large pores
in the microscopic image shown in Figure 2a represent the
regions of LC droplets formed in the continuous polymer
matrix (seen in the image as mesh surrounding the large
domains of LC droplets) after phase separation during
polymerization.”> Smooth polymer strands in the liquid
crystalline matrix can be observed in case of PSLC systems,
as shown in Figure 2b.** From the point of view of practical
applications, the liquid crystal—polymer composites (LCPCs)
have proven their utility in different sectors like optical fiber
telecommunications, optical shutters, spatial light modulators,
switchable windows, etc.>>™*

Apart from these two classifications, a whole new category of
LC—polymer systems came to light with the incorporation of a
mesogenic group into the polymer structure, i.e., when the
polymer itself exhibits mesogenic properties. These systems are
termed as LC elastomers and can be further classified into two
groups depending on the position of the mesogenic group: the
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mesogenic moieties can be either attached as a side chain to
the monomer (side-chain elastomers) or directly linked within
the polymer (main-chain elastomer). These systems find great
utility in soft actuators, microelectric-mechanical systems,
artificial muscles, etc.**™* Different research groups have
beautifully reviewed the properties and scope of applicability of
these materials.”” ™ Therefore, to maintain the comprehensive
nature of this Review, further discussions will be limited to
PDLCs only.

Polymer-dispersed liquid crystals (PDLCs) represent a
cutting-edge class of materials that are at the forefront of
modern optics and materials science. These composite
materials combine the unique optical properties of liquid
crystals with the mechanical resilience of polymers, offering
versatile solutions for light modulation, display technologies,
and beyond.”*~>* PDLCs have garnered significant interest and
applications across various industries due to their ability to
dynamically control light transmission and scattering proper-
ties, making them integral components in smart windows,
display devices, privacy filters, and adaptive optics.”*™>’
PDLCs are engineered materials with LC droplets having
dimensions of micrometers dispersed within a solid polymer
matrix. In PDLCs, the LC droplets are suspended in a polymer
matrix, forming a heterogeneous structure where the optical
behavior can be controlled by external stimuli such as electric
fields, temperature changes, or mechanical stress.’”®! The
morphology and distribution of liquid crystal droplets within
the polymer matrix play a crucial role in determining the
optical and mechanical properties of PDLCs.’> The formation
of PDLC:s typically involves dispersing liquid crystal molecules,
which are often rod-shaped and anisotropic, into a polymer
solution or melt. Upon phase separation, the liquid crystal
molecules nucleate and grow within the polymer matrix,
forming droplets with diameters ranging from nanometers to
micrometers.”> The size, shape, and spatial distribution of
these droplets significantly impact the optical response of the
PDLCs. Small, uniformly dispersed droplets tend to enhance
the optical clarity in the transparent state, while larger or more
clustered droplets may induce light scattering and opacity. The
optical behavior of PDLCs arises from the unique interaction
between liquid crystal droplets and external stimuli. In their
transparent state, PDLCs align their liquid crystal domains to
minimize light scattering, allowing light to pass through with
minimal distortion. This transparency can be rapidly altered by
applying an electric field,"* which reorients the liquid crystal
molecules within the droplets, causing them to scatter light and
turn the PDLC opaque. Such electro-optical switching
mechanisms enable PDLCs to function as dynamic light
control devices, finding applications in glare reduction systems,
privacy windows, and adaptive optics. Beyond static light
modulation, PDLCs exhibit tunable optical properties that can
be tailored to specific applications. By adjusting parameters
such as liquid crystal composition, polymer matrix type, and
droplet size distribution, researchers can optimize PDLCs for
enhanced contrast, faster response times, and broader
wavelength sensitivity. Advances in material synthesis and
fabrication techniques have led to the development of PDLC
variants with improved optical clarity, lower operating voltages,
and extended durability, expanding their utility in consumer
electronics, automotive glass, and architectural coatings.

PDLCs represent a transformative class of materials with
unparalleled capabilities in optical modulation and light
control. By harnessing the synergistic properties of liquid
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crystals and polymers, PDLCs offer scalable solutions for
diverse applications, ranging from smart windows and displays
to advanced optical sensors and light management systems.
Research on PDLCs is crucial for advancing technology in a
variety of industries. Characterizing the optical and mechanical
properties of PDLCs is essential for optimizing their
performance and reliability in practical applications. Techni-
ques such as optical microscopy, spectroscopy, and ellipsom-
etry provide insights into droplet morphology, refractive index
matching between phases, and electro-optical response
dynamics. Mechanical testing, including tensile strength
measurements and durability assessments under varying
environmental conditions, ensures that PDLCs meet perform-
ance standards for long-term operation in harsh or dynamic
environments. Important relevant research on polymer-
dispersed liquid crystals is in smart windows, photorefractives,
soft actuators, ultrasound imaging, bioimaging, res7ponsive
sensors, dynamic optical regulation windows, etc.®>™7° Until
now, PDLC films have been established to offer superior
mechanical and electro-optical qualities.”' ~”> This research can
lead to advancements in fields such as healthcare, tele-
communications, and energy efficiency, and it is essential for
creating innovative and efficient products that can positively
impact the overall health and well-being of occupants. Though
the PDLC systems have certain shortcomings, such as the
requirement of high driving voltage, longer response time,
optimization of phase separation technique, etc., that limit
their commercial applications, several attempts in this field are
continuously made by different research groups to overcome
these drawbacks and increase the commercial utility of these
systems. The vast literature available on the ongoing research
on PDLCs necessitates some comprehensive reviews to
provide a complete and systematic summarized comparative
analysis dedicated to this field.

In this Review, we delve into the fundamental principles
governing the behavior of PDLCs, from the formation and
morphology of liquid crystal droplets within the polymer
matrix to the mechanisms underlying their optical response.
Understanding the chemistry and physics of these macro-
molecules is a prerequisite for the development and application
of new materials in the current scenario. With this aim, we
explore recent advancements in PDLC technology, including
novel fabrication techniques and emerging applications across
different industries. Furthermore, we discuss challenges in
PDLC research, such as achieving uniform droplet distribution
and improving response times, and we propose future
directions for optimizing their performance and expanding
their functional capabilities. By synthesizing current research
and technological developments, this Review aims to provide a
comprehensive overview of PDLCs, highlighting their potential
as dynamic materials for next-generation optical devices and

beyond.

The fundamental principle underlying PDLCs lies in the
control of the liquid crystal orientation within a solid polymer
matrix. Liquid crystals exhibit distinct optical characteristics
based on their molecular alignment, which can be influenced
by external electric fields, temperature changes, and mechanical
stress. In PDLCs, liquid crystal droplets are dispersed at a
microscopic scale throughout a polymer host, forming a
heterogeneous composite structure. This arrangement allows
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Figure 3. (a, b) Schematic representation of normal-mode PDLC in (a) OFF-state and (b) ON-state. (c, d) Schematic representation of reverse-

mode PDLC in (c) OFF-state and (d) ON-state.

PDLCs to switch between transparent and opaque states by
altering the alignment of liquid crystal molecules within the
droplets, thereby controlling light transmission. By encasing
micrometer-sized (or smaller) LC droplets in a continuous
polymer matrix, PDLC films are created.”””> The concept of
creating a random orientation of optically anisotropic LC
droplets by embedding them in optically isotro7pic polymer
matrix was first introduced by Fergason in 1984.”° The thus-
formed PDLC films have great technological importance, since
they couple the peculiar anisotropic properties of LCs with the
high mechanical and structural strength of polymers. PDLC
films can alternate between their transparent and light-
scattered states based on how LC molecules react to an
external electric field and the degree of mismatch between the
refractive indices of LC and polymer.”” PDLCs are further
classified as normal-mode PDLCs (NPDLCs) and reverse-
mode PDLCs (RPDLCs).”*”®

The working principle of NPDLCs devices can be
understood as when the system is turned OFF, the majority
of incident light is scattered because of the LC droplets’
irregular orientation in the polymer matrix (Figure 3a) and the
film appears to be in opaque state or the so-called light-
scattered state. On the contrary, the refractive index (R.1.) of
the polymer matches with that of the LC (ordinary (n,) and
extraordinary (n,) RI. for LCs with positive and negative
birefringence, respectively) in the ON state. This matching of
the two refractive indices results in the film being transparent
upon the application of an electric field of appropriate strength,
as depicted in Figure 3b. The LC birefringence affects the
amount of light scattering in the voltage-OFF state of a
normal-mode PDLC; the greater the birefringence, the greater
the scattering efficiency. However, a continuous power supply
is needed in case of NPDLCs for the light transmission state,
which accounts for the high power consumption by the
optoelectronic devices based on NPDLCs. On the other hand,
contrary to the basic property of conventional NPDLCs, the
RPDLC films are transparent in the OFF-state and become
opaque upon applying an external electric field.”®”” This
situation is illustrated in Figure 3¢ and d. Althrough RPDLCs
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have some drawbacks, like a difficult-to-use process, a poor
yield, and the need for specialized LCs like cholesteric or dual-
frequency LCs, they also have some unique qualities, like a
higher contrast ratio than NPDLCs, good stability, superior
mechanical qualities, and—most importantly—better environ-
mental protection due to light transmission in the OFF-state.
Because of this, RPDLCs are potential candidates for various
optoelectronic uses.” ™%

In addition, a brand-new class of PDLCs known as
holographic PDLCs (HPDLCs) was created by fusing laser
holography with traditional PDLCs. In these systems, phase
separation by photopolymerization in PDLCs is triggered by a
laser holographic interference light field. As a result, a periodic
distribution-based refractive index-modulated grating is created
in the polymer-rich region, and the LC-rich region corresponds
to the laser interference’s bright and dark stripes. It is usually
referred to as HPDLC grating.*"*” Since these systems have
exceptional optical control properties, they are widely used in
the field of optical-fiber switches and associated applica-
tions.”” ™ To maintain the comprehensive nature of the
Review, further discussion in the subsequent sections will be
limited to NPDLCs only.

The spatial variations of refractive indices of the materials
account for the scattering in LCPCs.*® The scattering in a
PDLC is caused by the mismatch of R.I’s of liquid crystals and
polymers, while in the case of PSLCs the RI. mismatch
between the LC and polymer and that between LC domains
both are the main causes of scattering. This section is
dedicated to the qualitative discussion of this scattering in
PDLCs.

During the propagation of light waves through a medium, a
dipole moment is induced in each particle of the medium due
to interaction with the electric field of the incident wave. As a
consequence, each dipole oscillates with the frequency of
incident wave, and these oscillating dipoles radiate light in all
directions.®® The net electric field at any point can be given as
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Figure 4. Different configurations of nematic droplets in PDLCs: (a) bipolar structure, (b) toroidal structure, (c) radial structure, and (d) axial

structure.

the vector sum of field produced by all of the dipole radiators.
For an incident light wave whose electric field is given as eq 1,

Ein(?i t) — E’oe(—iza.?+ia)t) (1)
the net scattered field can be represented as
E(R,t) = —LZVe("“”‘”z?)IQ' x [k x {a@(k) x E,}]
&RA
@)

where &(Es) = é f (7)™ d denotes the Fourier compo-
nent of polarizability @ V is the volume of the scattering
medium, and k, is the wave-vector of the incident light. For a
spherical droplet of an isotropic medium with refractive index
n and radius g, surrounded by an isotropic medium of
refractive index n,, the scattered light can be mathematically
expressed using eq 3 given below, where the integrals can be
calculated within the limits [0, #/2] and [z, #/2] for forward
and backward scattering, respectively.

o = na(2m An)? / (cos;fA;i- 1) {sin[ZAsin(H/Z)] — 2Asin(6/2)cos[2Asin(6/2)] }Zsin 0do

The above calculations can also be extended for LCs by
taking their dielectric tensor into consideration.®”*® However,
it is important to mention that the formulations given above
based on Rayleigh—Gans scattering make use of two
assumptions: (1) In/n, — 1l < 1, i.e., the refraction at the
droplet interface is negligible, and (2) 2k,aln — n,] < 1 and &
< 1, which means the light intensity at any point inside the
medium is the same and multiple scattering does not occur
inside the droplet. However, in the case of PDLCs, the droplet
diameter is about 1 um, and for visible light In — n| ~ 0.2,
which means that 2k,aln — n,| > 1. Thus, for PDLC systems,
the Rayleigh—Gans scattering theory does not hold true. The
scattering through PDLC devices can be explained in a better
way using anomalous diffraction theory,*”” which is based on
the following assumptions: (1) In/n, — 1l < 1, ie, the
refraction at the droplet interface is negligible, and (2) k,a >
1, which means a light ray can be retraced. As per the
assumptions of this theory, the light wave, incident on a LC
droplet, passes through the droplet without any scattering, but
the phase in the wave beyond the droplet gets modified by the
anisotropic LC. According to Huygen’s principle, all the points
on this emergent wave emit secondary spherical waves, and the
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sin’(0/2) (3)

scattered field is the sum of all of these waves. Multiple
scattering can also take place if there is a sufficient number of
scattering droplets in the medium, and it tends to make the
scattering profile broader.”"”*

Though different mesophases, such as nematic, cholesteric,
smectic-A, smectic-C*, ferroelectric, and antiferroelectric LC
phases, are used in PDLC devices, the most commonly
employed one is the nematic phase.’””*™"® Therefore, this
section discusses the different droplet configurations of
nematic liquid crystals (NLCs) in the polymer matrix. The
orientation of the director in a nematic droplet is affected by a
number of factors such as droplet size, shape, anchoring
conditions on the droplet surface, externally applied electric
field, elastic constants of the host LC, etc.

For tangential anchoring conditions, generally two types of
droplets are observed; one is the bipolar droplet structure
shown in Figure 4a. In these droplets, the bipolar axis defines
the axis of rotational symmetry, and the unit vector along that
axis denotes the director.”” ™" Two point defects are seen at
the extremities of the diameter along the bipolar axis when

https://doi.org/10.1021/acsmaterialsau.4c00122
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Figure S. (a—d) Transition of droplet configuration from (a) bipolar (in the absence of an electric field) to (d) radial (at ~25 Vp—p) configuration
with increasing electric field. Reproduced with permission from ref 108. Copyright 2004 Elsevier.

strong anchoring conditions are met. Along the diameter of the
droplets, the director is parallel to the bipolar axis, while it is
tangential to the circle along the circumference of the droplets.
The orientation of the director at all of the other places is such
that it minimizes the total energy of the system. The other
droplet structure observed in case of tangential anchoring is
the toroidal droplet structure illustrated in Figure 4b. In this
instance, a line defect appears along the diameter, and
rotational symmetry surrounds the defect as the director aligns
in concentric circles on planes perpendicular to the
diameter.'” However, the occurrence of toroidal droplets is
quite rare because of the fact that this droplet structure exists
when the bend elastic constant is smaller than the splay elastic
constant of the LC, which is not generally the case in most of
the LCs. Nevertheless, there are few reports where the
existence of toroidal droplets in PDLCs has been found.'*"'**

On the other hand, two different kinds of droplets, i.e., axial
and radial droplets, can be observed when the anchoring
conditions are perpendicular. The configuration where a point
defect exists in the droplet center and the director is positioned
along the radial direction through the entire droplet is called a
radial droplet structure, as depicted in Figure 4c. In this case,
the rotational symmetry exists around any diameter of the
droplet, and it has been observed through polarized optical
microscopy (POM) that the POM image does not change
upon rotating the microscope stage. In the radial droplets, only
splay elastic deformation exists, and there is a small region at
the center of the droplet where the director is parallel to any
one of the polarizers.”>'** This region appears dark in the
POM image. In contrast to radial droplets, there is a line defect
along the equator in axial droplets, as shown in Figure 4d.
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Rotational symmetry exists around the diameter perpendicular
to the plane of the equator. The radial and axial droplets
appear to be almost same through POM, with the only
difference being that the dark cross at the center is wider in
case of axial droplets.”®'*® Tt has previously been noted that a
spontaneous transition from radial to axial ordering occurs
when the LC droplet size falls below a certain value.'”’
Previous research has also shown that the application of an
external electric field causes an LC droplet to undergo a
transition from one configuration to the other. The size of the
LC droplets in the PDLC systems determines the strength of
the field needed to cause this transition.'”*'°*™'%® One such
change has been reported by P. Malik et al.,, who observed a
transition of the LC droplet from a bipolar structure (in the
absence of the field) to a radial configuration at the center at
sufficiently high field (~25 V,_,), as illustrated in Figure 5,108

Besides the aforementioned droplet structures, there are
some other configurations that also exist under a given set of
conditions, such as the formation of twisted bipolar droplets
upon the reduction of splay and bend elastic energy due to the
inclusion of twist deformation, removal of point defects in the
radial droplets from the center for the minimization of total
free energy, etc.! 02110

Polymer-dispersed liquid crystals refer to a specific form of
liquid crystal technology that utilizes microscopic liquid crystal
droplets scattered throughout a polymer matrix. These
droplets can be manipulated to change the orientation of the
liquid crystals, resulting in a device that is capable of fast
response times and high contrast ratios. The fabrication of
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PDLCs involves precise control over the dispersal and
alignment of liquid crystal droplets within the polymer matrix.
Fabrication techniques for PDLCs encompass a range of
approaches tailored to achieve specific droplet sizes and
distributions. Initially, a homogeneous isotropic solution of LC
and prepolymer (or monomer) is prepared, and a variety of
methods can be adopted in order to persuade the formation of
nucleated LC droplets in the polymer matrix after phase
separation. The technique employed for phase separation plays
a key role in determining the performance and attributes of the
prepared PDLC devices. It has been experimentally verified
that the morphological and physical attributes of LCPCs
depend effectively on the chemical nature of LCs/polymers
and the technique of phase separation, along with its extent,
employed in the formation of these composites. Besides that,
there is an additional significant influence of the surface
anchoring conditions on the phase separation dynamics. In the
conventional PDLC cells without a polyimide (PI) layer or
with a PI layer (without rubbing), the LC droplets flow and
coalesce with the other droplets after phase separation to form
larger droplets; thus, the size distribution in such PDLC cells is
not uniform. On the contrary, in the twisted-nematic (TN)
cells and homogeneously aligned (HA) cells, the strong
anchoring force of the alignment layers prevents the
coalescence of droplets, which results in the very uniform
surface morphology of the PDLC cells with the formation of
smaller LC droplets after phase separation.'"

Generally, there are four commonly employed conventional
routines of crafting phase separation in LCPCs: polymer-
ization-induced phase separation (PIPS), solution-induced
phase separation (SIPS), temperature-induced phase separa-
tion (TIPS) and encapsulation. The schematic illustration of
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each of the techniques is presented in Figure 6. In the PIPS
technique, a homogeneous solution of LC and monomers (or
oligomers) with acrylate or methyl acrylate end groups (in
addition to a suitable photoinitiator) fills a typical capacitor-
type LC cell. The sample holder is irradiated with ultraviolet
light of suitable energy and intensity for a stipulated time
duration (see Figure 6a). The incident radiation induces the
process of polymerization, and the growing polymeric chains
separate the LC droplets in the form of isolated islands."'*~""*
In the SIPS method of phase separation, the mixture of LC and
polymer is prepared in any appropriate organic solvent. A
suitable technique is adopted to pour the solution onto an
optically transparent and conducting substrate (see Figure 6b).
Phase separation after polymerization occurs upon heating of
the substrate and evaporation of the solvent, and the thus-
prepared film is covered with another substrate.''> The rate of
heating/cooling tailors the morphology of the PDLC system.
Thermoplastic polymers are found to be suitable for the
fabrication of PDLC films using the TIPS technique. The
solution of such polymers and LCs is prepared at high
temperature to form a homogeneous and clear solution, which
is then filled in LC cells, as illustrated in Figure 6c. During the
cooling cycle, the phase separation occurs between the two
entities. Despite being easy to perform, this method is less
preferred because the physical properties of the thus-formed
PDLC films are not reproducible and such films do not offer
fair electro-optical properties. In contrast to the methods of
phase separation discussed above, the encapsulation or
emulsion-based method involves the preparation of an
inhomogeneous solution of LC and polymer. To begin with,
the host LC is mixed in an aqueous solution of polymer such as
poly(vinyl alcohol) (PVA) by rapid stirring as an emulsion.
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This emulsified mixture is deposited on conducting electrodes
and dried. The nucleated LC droplets (see Figure 6d)
surrounded by the solid polymer are produced on the
substrates, and the dimensions of these droplets are controlled
by stirring speed and time.''°”"'® Lamination of another
conductive substrate onto this film finally forms the final
PDLC device.

Each approach offers unique advantages in terms of droplet
size distribution, scalability, and compatibility with different
polymer systems. The detailed advantages and disadvantages of
these procedures are listed in Table 1.

Apart from the aforementioned conventional techniques,
some novel nonconventional routines for the preparation and
fabrication of PDLC devices, such as microfluidics,'"” coaxial
electrospinning,'*’ and aerosol jet printing,'*' have also been
followed in past decades. Out of all of these methods, a
standard approach that is commercially adopted to achieve
phase separation during the production of PDLCs as well as
PSLCs is PIPS. Though this process requires high precision
and the consideration of all the governing factors in the
involved chemical reaction, the easy-to-conduct manipulation
of this technique and the adequate morphologies of the finally
prepared PDLC make it the most appropriate choice.'*” In this
process, the intensity and duration of UV illumination
determine the extent of polymerization in the heterogeneous
mixture of polymer and LC'*»'** and thus determines the
morphology as well as various electro-optical properties, which
are also affected by other external stimuli like the anisotropy
and birefringence of the LC involved, the temperature of the
surroundings, the applied electric field intensity, and others.
The concentration of photoinitiator also tends to affect the
phase separation process and hence controls the morphological
and electro-optical performance of the thus-formed PDLC
systems.125

However, using polymers as additives to the LC matrix
provides rigidity to the system and thereby increases its
threshold voltage and operating voltage, which is not desirable
for practical purposes.'””'*” To overcome this problem,
different researchers have added a variety of dopants, such as
quantum dots, metallic and nonmetallic nanoparticles of
different sizes and properties, dyes, etc., to enhance the
operating parameters of the composites and make them a
suitable choice for device applications."”*™"** This will be
discussed in a subsequent section of this Review.

For commercial purposes, a PDLC device must be capable of
demonstrating superior optical switching characteristics with a
smaller operating voltage and optimally better response time
attributes. For controlling these elements, a careful choice of
raw materials and the addition of suitable dopants have been
performed and analyzed by different research groups in recent
years. The same have been classified and discussed
comprehensively in the subsequent subsections.

Different LCs have been used, in recent decades, to explore the
effect of different mesophase configurations on the perform-
ance of PDLCs for the sake of technical utility. Among
different mesophases, the nematic LCs (NLCs) have been
used the most because of their large optical anisotropy and
adaptable applications.'*> Out of all of the available NLCs and
polymers, the combination of E7/NOAG6S is the most explored
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Table 1. Advantages and Disadvantages of different conventional techniques of phase separation

encapsulation

SIPS

PIPS

TIPS

parameters

no.

rate of drying of LC—polymer emulsion

solvent evaporation due to temperature variation

UV irradiation for stipulated time-

temperature variation

cause of phase sepa-

ration

span

speed and duration of stirring while emulsification of
polymer—LC composite.

rate of extraction of solvent which, in turn, depends upon the rate of
heating/cooling

UV curing time and intensity

abrupt change in this rate would lead

rate of cooling/heating dependent (any
to distorted morphology)

surface morphology
of PDLC (size of
microdroplets)

2

since LC is insoluble in aqueous solutions, equilibrium

this technique provides a scope to alter the dimensions and

low activation energy, broader

simplicity

advantages

3

phase separation is easily achieved using this
technique, no polymer plasticization observed

configurations of LC droplets even after one cycle of phase
separation with the help of repeated heat/cool cycles

working temperature range, good
control over final properties

significant change in the volume of the film due to
water evaporation

lack of appropriate polymers for this technique

deformations in droplet structure

expense and complexity
EO performance degraded because of thermoplastic resin polymers

solvent recycling requires additional equipment that increases the

less stable surface morphology due to temperature dependence

materials play key role, which is

curing conditions and choice of
typical to optimize

less stable surface morphology due to
temperature dependence

reduced thermal stability of devices

disadvantages
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Figure 7. Schematic illustrations of different polymer structures: (a) linear, (b) branched, and (c) cross-linked polymer structures.

one. This is because the R of polymer NOA6S (1.524)
matches well with the ordinary R.L (n, = 1.525) of the LC
mixture E7 and thus provides a good contrast between the
hazy (or opaque) and transparent states of the films. The
versatility of cholesteric LCs (CLCs) and smectic lphases in the
PDLC systems has been widely explored.”*"'%'*%"” A bistable
smectic A (SmA) LC mixture was prepared by mixing 8CB,
10CB, 12CB, SOCB, and CTAB (for ionic doping), and the
performance of the PDLC film based on this LC was analyzed
by Y. Lu et al. in a recent study,’” where they optimized the
performance of the film using monomer concentration as well
as functionality, curing temperature, and curing intensity.
Similar studies have been performed on polystyrene (PS)/
10CB- and PS/12CB-based PDLC composites to study the
phase transitions in the composites, and relevant theory has
been provided."**

Ferroelectric liquid crystals (FLCs) have also been explored
for their potential applications in PDLC systems.”” The effect
of polymer concentration on the performance parameters of
polymer-dispersed FLCs has been studied by P. Malik et al,
who observed a decrease in FLC droplet size with increasing
polymer content that hinders the helicoidal motion of FLC,
thereby influencing the dielectric property, conductivity, and
higher energy band gap of the system."**~'*' The group also
reported the enhancement of the spontaneous polarization,
dielectric strength, and anchoring energy coeflicients of the
polymer-dispersed ferroelectric liquid crystal (PDFLCs) on
account of dispersion of different nanomaterials such as ZnO
nanoparticles and porous carbon nanoparticles
(PCNPs). 13142

Different terminal groups on the mesogenic units also play
an important role in determining the performance parameters
of PDLC films. As per the study conducted by J. Xu. et al,,'*
the substituted fluorinated mesogenic units (containing >10
wt % fluorine component) exhibit low driving voltages at low
temperatures but poor contrast at high temperatures, whereas
the cyano-LC molecules in PDLC films show excellent contrast
at higher temperatures as well.

To achieve better contrasting modes (light scattering and light
transmitting modes) in a PDLC-based device, the material
choice plays a crucial role. While choosing appropriate
polymers, it is kept in mind that the R.I. of the polymer
must match with either of the two refractive indices (n, or n,)
of the used LC so that the resulting PDLC films can exhibit a
controllable scattering effect. For this purpose, different
polymers have also been explored in a wide range of LCs;
however, before analyzing the effect of different polymers on
the performance of PDLC devices, it is important to
understand the different polymer structures and the corre-
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sponding variations in their chemistry caused by their
structural changes. This is explained in the following
subsections.

4.2.1. Polymer Chemistry. We are already aware of the
fact that polymers are composed of very large molecules called
macromolecules, which are multiples of simpler repetitive units
known as monomers. In the case of sufficiently regular
structures, caused by a lack of variation in the monomer (as in
case of many homopolymers), the polymeric chains tend to
form ordered crystallites. Therefore, polymers can be
considered to be consisted of small crystalline domains
connected by amorphous regions. The amount of these
crystalline and amorphous domains plays a decisive role in
the determination of the polymer structure and, hence, its
properties. Polymers having crystalline regions exhibit a
melting transition temperature (T,,) and a second-order
phase transition at the glass transition temperature (Tj), with
T, < Ty At Ty, a slow change in the mechanical properties of
the polymers is observed, as this transition is a consequence of
the sudden onset of increased molecular motion of the
polymer chain above this characteristic temperature. Most of
the polymers used in PDLC devices absorb the LC (indication
of good solubility of the LC in the polymer), and therefore
both the T, and T, of the polymer are lowered by a process
called plasticization. It is likely that the polymers in PDLC
systems have strongly suppressed T, and T, values. However,
an exception is found when the polymer itself is mesogenic (as
in case of LC elastomers). Such systems include main-chain or
side-chain polymers as well as highly cross-linked mesogenic
diacrylate materials, but further discussion on these systems is
out of the scope of this Review.

Numerous monomers connect and interlink together in
several ways to form a variety of polymer structures. The
resulting polymer chains can be linear, branched, or cross-
linked, where different linear chains are connected to each
other as shown in Figure 7.

Linear and branched polymers are generally soluble in
different solvents. On the contrary, cross-linked polymers have
very high molecular weights and therefore do not get dissolved
in solvents. In fact, they maintain their network structure in
solvents as they swell after absorbing solvents. Thus, they are
tough, durable, and resist any mechanical deformations. For
these reasons, cross-linked polymers are preferred for emulsion-
based and polymerization-induced phase separation techniques.
In contrast, the linear polymers can easily be deformed by the
slippage of polymer chains or by variation in the crystallite
structure. Therefore, solvent-induced and temperature-induced
phase separation techniques make use of linear and branched

polymers.'**
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Figure 8. Different polymerization reactions and schematics of their related kinetic schemes. (a) Addition polymerization, in which a free radical
(Te) is formed due to thermal or photoinitiated activation of the initiator (I). This free radical reacts with the species R and activates it to (Re),
which further combines with the monomer M and causes rapid chain growth. (b) Step-polymerization (schematic for the reaction between
monomers with reactive groups X and Y). (c) Ring-opening polymerization (reaction scheme for conversion of glycolide to polyglycolide).

(2)

(b)

Figure 9. Molecular structures of some monomers that undergo addition polymerization and are commonly employed in PDLC films: (a) n-butyl
acrylate, (b) methyl methacrylate, and (c) vinyl acetate. The first two are generally used in the PIPS process, while the third one acts as a precursor

of poly(vinyl alcohol) for emulsion-based systems.

4.2.2. Polymers in PDLCs. We have seen in the previous
section that different structures exist for a monomer, and the
fundamental requirement for a molecule to act as a monomer
is its ability to connect with other molecules in a repetitive
manner. Three basic strategies can be adopted by a molecule
to achieve such multifunctional character: (i) addition
polymerization (or free-radical polymerization), which involves
the opening and activation of molecular double bonds through
external stimulus (such as heat or light) for linking with other
similar bonds via either cationic, anionic, or free radical
reactions; (i) step-polymerization, where each reactive species
can couple to only one other monomer; and (iii) ring-opening
polymerization (refer to Figure 8).

In addition to polymerization, LCs are mixed with the
monomer prior to reaction in order to form a polymerized
PDLC film. The system is exposed to either heat or light for
the reaction to be initiated to form free radicals. Generally, a
suitable initiator is used to facilitate the creation of free radicals
in the composite system upon exposure to external stimuli.
While many different types of unsaturated species can be used
in addition polymerization, the most commonly used are those
derived from acrylate, methacrylate, or vinyl families."** The
molecular structures of these monomers are shown in Figure 9.
The substituents attached to these reactive groups can be
varied, possessing a range of polarities, containing other
reactive species, or being liquid crystalline by themselves. The
use of multifunctional acrylates or vinyl groups (i.e., more than
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one reactive group per monomer) allows for cross-linking to
occur between them.'**'*’

Norland Optical Adhesive 65 (NOAG6S) is one of the most
employed commercially available photocurable polymers for
these purposes because its R.I. (~1.5) is close to the n, value of
most of the commercially available LC mixtures.®® It is a mix of
an acrylate monomer and a mercaptan ester radical
manufactured by Norland Products Inc. It is a liquid
prepolymer that facilitates the formation of a photopolymer
upon UV irradiation. It is preferred generally because using
NOAGS eliminates premixing, drying, and heat curing
operations common to other optical adhesives, and the
polymer exhibits a very fast curing time. Due to its better
flexibility, it exhibits fairly good electro-optical properties when
coupled with LCs for the formation of PDLC films."**~"** The
inclusion of methacrylate monomers tends to enhance the
electro-optical (EQ) properties of PDLC films more than the
acrylate monomers.'>"">* It has been observed that fluorinated
monomers also boost the EO performance of the PDLC
devices.'>® Furthermore, it was reported recently that
hydroxylated acrylate monomers tend to enhance the adhesion
strength of PDLC films significantly, without any compromise
with their high EO p1roperties.154_156 Besides that, increasing
cross-linking agent also tends to reduce the LC droplet size,
resulting in low operating voltage requirements."*’

In contrast to addition polymerization, step-polymerization
makes use of multifunctional reactants for cross-linking
purposes. However, this strategy is generally less preferable
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for PDLC systems because these reactions are followed by the
release of a small molecule (such as water) as a byproduct, and
it will be a difficult task for the PDLC film to get rid of these
byproducts.'>*

The ring-opening polymerization reaction involves the
reactants containing a cyclic structure as observed in the case
of the epoxide group (three-membered ring with an oxygen
atom as one of the members, see Figure 8). The reactant is
attacked by any nucleophilic group (such as thiol group) so
that its ring is opened for cross-linking.'*”'** Optimization of
the structure of curable epoxy polymers can help in the
regulation of EO properties of PDLC systems.'®"'%*

Increasing the functionality of thiol monomers tends to
increase both threshold voltage (Vy,) and saturation voltage
(Viae), 7' but this rate of increment of Vy, is generally low
in case of increasing the functionality of acrylate monomers.
Both Vy, and V,,, decrease evidently on increasing the chain
length of flexible cross-linker used during PDLC formation.'**
Chen et al.'®® probed the mechanical and electro-optical
attributes of PDLC films upon the integration of rigid
monomers and found that the optimization of polymer, LC,
and dopant concentrations with the polymerization process
results in reduced driving voltage, enhanced contrast ratio, and
faster response time, making these films suitable for novel
smart optical materials. Not long ago, a novel approach for
improving the electro-optical attributes of PDLC films was
reported by implanting the polyhedral oligomeric silsesquiox-
ane (POSS) microstructure into the polymer matrix. The
polymer meshes broaden with the increasing content of POSS
microstructures, and the anchoring effect gets reduced, which
serves as the driving force for optimized electro-optical
performance.'®’

Recently, Y. Wu proposed the fabrication of a triple-layer
PDLC film having appreciable ag)plication value in the field of
progressing driving display.'®® Three UV curing agents
(UV6301, UV6SN, and UV64-5) with two different functional
cross-linkers (PEGDA400 and PEGDA1000) were mixed in
NLC SLC1717 for this purpose with a small quantity of
photoinitiator Irgacure 651. The fabricated PDLC film
displayed a progressive drive function in which the trans-
mittance can be controlled by applying low voltages only. It
displayed around 31% and 56% reduction in the threshold and
saturation voltage, respectively, with a 20% reduction in OFF-
state response time and 21% increase in contrast ratio. Another
similar comparative study was recently conducted by N.
Balenko et al.,, where the influence of three different polymers
(PDMS, PU, and plasticized PVA) on the mechano-optical
response of a polymer-dispersed cholesteric LC were studied
and the PU-based composites were found to be the most
promising for application purposes.'®” The effect of different
polymers on the dielectric and electro-optical properties of
PDLC composites has been studied by different research
groups, and the same is tabulated in Table 2. For molecular
structures of different LCs and polymers utilized in the PDLC
systems, please refer to Supporting Information (SI) Figures
S1 and S2, respectively.

From Table 2, we see that the optimization of superior EO
properties can be achieved by using a suitable monomer or
oligomer for the preparation of PDLC films. Also, it has been
observed that the replacement of conventional non-liquid-
crystalline monomers in PDLC films with acrylate-based LC
monomers provides a good control over the morphological and
EO behavior of the system.'”” Such systems also exhibit
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Table 2. Effect of Different Polymers on the Dielectric and Electro-Optical Properties of LC—Polymer Composites in the PDLC Systems

refs

M. Saeed et

results

polymer

LC
SLC 1717

163
al.™®

(<8 ms)

response time |
polyvinyl acetate (PVAc) (49.5 wt %); metal NPs: AgNPs (globular, 150 nm), CuNPs (globular, 150 nm), SiNPs (spherical, 30—50 dielectric anisotropy Ae 1, response time |

driving voltage | (24 V), high contrast ratio 1 (97),

pentaerythritol tetrakis (2-mercaptoacetate) (4SH), trimethylolpropane triacrylate (TMPTA), and polyethylene glycol diacrylate
(PEGDA 600)

Kalashnikov

et al 170
R. Kumar et

S. V.

nm); dielectric NPs: SiO, (spherical, 30—50 nm); composite NPs: TaSi,/Si, Ag/Si (1 wt %)

SCB (49.5
wt %)

171
al.

S. Kumar et

electrical tuning of photoluminescence achieved, better
optical stability and improved off-state scattering

poly(dimethylsiloxanecoalkylmethylsiloxane) (PDMS); silica NPs (5—15 nm)

ZLI-3239

172
al.

transmission f, response time |, power consumption |

triethylene glycol diacrylate (TEGDA), trimethylolpropane diallyl ether (TMPDE), trimethylolpropane tris(3-mercaptopropionate) fractal-structured geometry in droplets, relative
(TMPTMP), and NOA6S; AR1 (red) and AB4 (blue) dichroic dyes
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exceptional bending resistance and flexibility with outstanding
EO properties.'”* Furthermore, it is proven that the length of
the alkyl chain of acrylate monomers affects the contrast ratio
of PDLC systems significantly, and the inclusion of branched
chains can also help in the reduction of driving voltage.'”

Ferroelectric poly(vinylidene fluoride) (PVDF) polymer has
also appeared as a viable prospect for LC device design. As
reports suggest, several interesting optical and electro-optical
effects resulted from the interaction between the LCs and the
mechanically rubbed PVDF layers. Afterward, it was observed
that the copolymer of PVDF and trifluoroethylene (P(VDE-
TrFE)) may crystallize in the ferroelectric phase during
solidification from solution. Thus, replacing the homopolymer
PVDF with this copolymer may lead to better EO properties of
PDLC systems, as confirmed experimentally.176 It was shown
how significantly the remnant polarization of P(VDF-TtFE)
copolymer-based PDLCs affected the samples.'”® When
piezoelectric and electro-optical effects combine, the electric
field produced by the mechanical stress alters the way the
PDLCs transmit.”’

A large variety of organic and inorganic additives have been
doped in PDLC systems in order to enhance their performance
parameters. Intriguing electronic, optical, and magnetic
properties are exhibited by inorganic nanoparticles (NPs)
depending on their shape, size, composition, and concentration
in the system. For this purpose, different kinds of nano-
particles, such as plasmonic nanoparticles, noble metal-based
nanoparticles, ferroelectric and ferromagnetic nanoparticles,
etc., were added to PDLC systems to modulate their optical
and electro-optical properties.””'**'7*~'%* The size of nano-
particles or quantum dots (QDs) doped into LCPCs
significantly affects the properties of thus-formed PDLC
devices. Nanoparticles (NPs) or QDs that are larger in
dimension increase the amount of scattered light and thereby
improve the contrast ratio of the PDLC system between the
hazy and transparent states. The addition of smaller NPs or
QDs adjusts the effective refractive index matching of the
composite system. This gives the PDLC systems some special
properties such as enhanced luminescent attributes, better EO
performance, and many others. The remnant polarization of
ferroelectric NPs effectively perturbs the LC alignment,
decreasing the operation voltage and response time of the
PDLCs. Gold NP (AuNP) doped PDLCs, as examined by
THz time domain polarization spectroscopy, exhibit a faster
and more uniform relaxation response to a high-frequency
electric field, making them a suitable option for tunable THz
LC phase and polarization devices.'™ The high electrical
conductivity of graphene oxide (GO) leads to the production
of a higher internal electric field in a PDLC system, yielding
superior photorefractive and third-order nonlinear optical
properties.'*° Apart from being an excellent doping agent,
GO has also been proven as a great alternative as a transparent
electrode in PDLC films in place of the highly expensive
indium tin oxide (ITO) electrodes owing to the low resistivity,
high chemical stability, fairly high optical transmittance, and
mechanical strength of the GO layer.'®’~"*” The doping effect
of different cation exchange capacity (CEC) clays on the
morphological and electro-optical properties of E7/NOA6S-
based PDLC films have been studied by T.-Y. Tsai et al.'”"
They used two different natural clays, viz.,, CL120 and CL42,
as inorganic nanofillers in different concentrations and
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observed a huge reduction in the driving voltage and dynamic
response time of the PDLC films. The comparative analysis of
organic and inorganic dopants influencing the optical,
dielectric, and electro-optical performance of PDLCs is
provided in Table 3.

Owing to their electrically switchable properties, PDLC
composites have garnered enormous interest in the fields of
smart windows, optical shutters, switchable glazing, organic
photorefractives, polymer gravel lenses, and many
others.”**°>**” Huge success has been achieved in the
fabrication of PDLC-based devices for commercial purposes.
The development and creation of innovative modes and
performance regulation have always been the main goals of
PDLC research and manufacturing, notwithstanding the
commercialization of certain associated products. There are
some certain shortcomings inherent with PDLC systems, such
as higher operating voltage, low UV-shielding, lack of flexibility
due to ITO-based electrode requirements, smaller working
temperature range, complexity in designing large-scale devices,
etc. Several efforts have been made to overcome these
drawbacks and enhance the technical utility of these materials.
The subsequent sections discuss the development of PDLCs in

different fields.

Through variation of the microstructures of polymer—LC
composites, the unique characteristics of PDLC and PSLC
systems can be modified. These systems can be used to prepare
tunable photorefractives or flexible photovoltaic films with the
potential for large-scale manufacturing in future technologies.
One such technique was proposed by H. Yang’®® by
combining the advantages of both PDLCs and PSLCs. They
proposed a novel coexistent system of polymer-dispersed and
stabilized LCs prepared using NLC monomers (TMHA and
BDDA), LC monomer (C6M), and SmA-N*LC [SmA LC
(8CB/10CB/12CB/8OCB = 19.7:8.0:13.0:59.2)/SLC 1717/
chiral dopant (S811) = 69:18:13] and photoinitiator (I651) in
different compositions. The desired homeotropically aligned
polymer network (HAPN) was achieved within the LC
droplets after phase separation for the film containing
(TMHA+BDDA)/C6M/(SmA-N*LC) in the ratio of (16.0
+ 4.0)/3.0/77.0 wt %. The thin flexible film prepared by such
systems exhibited reversible transmittance within transparent
and opaque states via thermal controlling. Figure 10a—f show
the schematic illustrations of the film, before and after UV
curing, at different stages to achieve the final HAPN network
illustrated in Figure 10g. The images of transparent and light-
scattering states are displayed in Figure 10i and j, respectively,
and the film was reported to display a strong shearing strength.

PDLCs have potential use in the development of flexible LC
gratings. It was previously reported that PDLC composites
filled in a flexible cell composed of ITO-PET substrates exhibit
very low driving and saturation voltages (0.8 and 12 V for 1D;
2.5 and 16.5 V for 2D) and modulated grating diffraction order
with faster response.””’

A switchable glazing (or window) that switches between
transparent and opaque states upon the application and
removal of electric fields has been one of the most common
applications of PDLC devices used for energy-efficient
purposes. Dye-doped PDLCs generally exhibit a high contrast
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Figure 10. Pictorial representation of the film preparation. (a) Homogeneous isotropic mixture positioned between two plastic sheet pieces (b)
The liquid crystalline mixture and polymer matrix undergo a microphase separation. (c) Random orientation of LC mixture within a particular
droplet (d) Homeotropic alignment of LC mixture. (f) Slow conversion of N* phase into SmA phase upon utilization of monomers that are
photopolymerizable. (g) Homeotropic alignment of the SmA phase within a LC droplet. (h) The focal-conic texture exhibiting the formation of N*
phase within LC droplets due to induction by heat. (i, j) Photographs of the film (at temperature lower than the Ty;) in the transparent and opaque
states, respectively. Reprinted with permission from ref 208. Copyright 2017 American Chemical Society.

ratio and find extensive applications in smart windows due to
their greater haze and ability to achieve better privacy.
However, dye contamination affects the performance of these
devices. The encapsulation of dye in monodispersed capsules
has been proposed to overcome these challenges and enhance
the degree of commercialization of electric smart windows.*®
Furthermore, the exploitation of salt and photochromic
dichroic dye-doped CLC in the fabrication of hybrid photo-
and electrical-controllable smart window leads to better
switching characteristics from OFF-state to ON-state, enabling
the window to automatically dim when sunlight gets
intense.”"’

Since the indium—tin oxide (ITO) layer, which serves as the
transparent conducting electrode (TCE), accounts for more
than half of the cost of the technology, existing LC-based smart
windows have not yet gained momentum in the consumer
market. In recent years, the implementation of low-cost hybrid
TCEs based on different nanomaterials such as aluminum-
doped zinc oxide, conducting polymer, graphene, carbon
nanotubes, etc, has been proposed as a revolutionary
alternative for ITO, with no loss of device performance in
contrast to traditional ITO-based devices. These newly
engineered electrodes offer the advantages of increased near-
infrared heat shielding and superior light manage-
ment.”**"'7*'” However, the deployment of these materials
is quite complicated, involving an expensive fabrication
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procedure, and the materials possess low stability, less
transparency, and nonuniform electric field distribution.”*’
TiO,/Ag(Cu)/TiO, (TCAT)-based PDLC devices exhibited
81.9%, 84.9%, 81.9%, and 79.9% ON-state transmittance for
thicknesses of Ag(Cu) varying as 7, 9, 11, and 13 nm
respectively. The device exhibited excellent heat shielding
capability by providing a 4.6 °C lower temperature in the ON-
state when compared with their ITO counterparts.”'’ I
Mondal et al. proposed the deployment of a solution-processed
SnO, film coated on a gold mesh electrode as a replacement
for conventional ITO-based electrode in PDLC-based smart
windows. Their group fabricated a large scale PDLC device
(10 X 10 cm?®) with Al mesh electrodes spray-coated with
SnO,, exhibiting 13 and 161 ms response and recovery times,
respectively, and high stability even after 400 days of
storage.””' Recently, Park and Kim*** designed a highly
stretchable PDLC system suitable for smart windows. Polyur-
ethane (PU) substrates were coated with Ag NWs mixed with
PEDOT:PSS to form highly transparent and stretchable hybrid
electrodes superior to the conventional ITO/PU electrodes.
The so-fabricated smart windows were found to exhibit 56%
(at 80 V) and 2% (at 0 V) transmittance in the ON- and OFF-
states, respectively, with stretching ability up to 30% without
any damage. The results are illustrated in Figure 11, where
Figure 11a and b compare the optical transmittance of the two
systems (conventional ITO-based electrodes and the novel Ag

https://doi.org/10.1021/acsmaterialsau.4c00122
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Figure 11. (2) Transmittance of PDLC-based smart window was a function of applied voltage. (b) On and off-state transmittance of a PDLC-based
smart window for the two different type of electrode materials as a function of wavelength. Photographs of PDLC-based smart windows in the off
and on-state (c) with ITO electrodes and (d) with Ag NW/PEDOT:PSS hybrid TSEs. Reproduced from ref 222. Available under a CC-BY 3.0

license. Copyright 2018 J. Park and H. Kim.

NW/PEDOT:PSS electrodes) with increasing AC voltages and
increasing wavelength (from 400 to 800 nm), respectively.
Corresponding images of the two PDLC systems in the ON-
and OFF-states are depicted in Figure 11c and d, respectively.
Despite demonstrating a greater ON-state transmittance than
the PDLC-based smart window utilizing Ag NW/PEDOT:PSS
hybrid transparent and stretchable electrode (TSE) materials,
the brittleness of the ITO electrode precludes its application in
stretchable PDLC-based smart windows.

Generally, small-scale windows were prepared by different
researchers using capillary action for injecting PDLC samples
in the windows. However, this method could not be used the
large-scale production of windows/shutters with greater
dimensions. For this purpose, lamination of PDLC onto a
flexible plastic sheet (attached to a rigid glass plate) via a roll-
to-roll process has been used; however, this method also
possesses some disadvantages for long-term use of the material,
as the atmospheric conditions affect the plastic used in the
shutters adversely and start degrading it over a period of time.
Along with this, the constant exposure to ultraviolet radiation
leads to a yellowish appearance of the glazing that deteriorates
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its physical appearance. To eliminate these limitations, Naila
Nasir et al. developed a large (15 X 15 cm?) switchable
window using the vacuum glass coupling technique employing
a wire-bar coater containing LC E7, polymer NOA6S, and
SiO, NPs (60%, 35%, and S wt %, respectively) and observed
around 70% change in its transmittance of OFF- and ON-
states when driven at 60 V and 60 Hz AC signal, as shown in
Figure 12.2%

MXenes have also attracted significant attention as novel
potential candidates in the fabrication of transparent and
flexible devices. S. Kumar and his group combined the highly
transparent and conducting properties of Ti;C,Ty MXene with
the flexibility of polyethylene terephthalate (PET) film for the
fabrication of a PDLC-based smart window with an extremely
low threshold voltage (<10 V) and high contrast ratio.”**
Furthermore, to make the PDLC-based switchable glazing
suitable for retrofit building integration, the use of an acrylic
sheet was previously proposed, which resulted in a reduction of
overall weight of the system by 21% with overall heat transfer
coefficients below 1.1 W/m*K in ON- and OFF-states and the
lowest solar heat gain coefficient of 0.23.”*°
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Figure 12. PDLC device developed using the vacuum-glass coupling technique: (a) opaque in off state and (b) transparent in on state. The
corresponding change in the transmittance of the device as a function of (c) the applied voltage and (d) the angle of incidence of light. Reproduced
with permission from ref 223. Available under a CC-BY 3.0 license. Copyright 2020 Y. Seo et al.

The real-time commercial applications of PDLCs in smart
windows are limited because of their low UV-shielding
characteristics. A breakthrough in this field occurred with the
demonstration of novel PDLC composite films doped with
TiO, NPs chemically functionalized by 3-aminopropyltriethox-
ysilane (APTS) and 3-methacryloxypropyltrimethoxysilane
(MPTS), respectively. TiO,(MPTS)/PDLC composite films
were observed to shield UV light by 95.9% in the ON-state and
by 99.16% in the OFF-state with enhanced response time and
contrast ratio.'”> Smart windows with a radiative heat
management capability have gained prominence. PDLC-
based smart switchable glazing windows have become an
alternative energy-saving solution for achieving visual comfort
and reducing energy consumption.'*”***"*** Energy con-
servation in smart windows can also be achieved if the smart
windows are coupled with switchable passive radiative cooling
(PRC) technology, so that the transmission of sunlight
through the window can be modulated electrically along with
spontaneous heat emission to the outer space. The
introduction of mid-infrared emitting reactive monomers
(such as cyclohexyl methacrylate (CHMA), 2,2,3,4,4,4-
hexafluorobutyl methacrylate (HFMA), and PEGDA 600)
into the conventional PDLC matrix can help in yielding such
properties.233 It is worth contemplating a recent report
published by Ube et al, where they developed LCPC-based
smart windows showing a high photoresponsive property to
incident visible light. They introduced the cis—trans photo-
isomerization property of azobenzene derivatives in the system,
by virtue of which the device exhibited optical switching from
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the transparent to opaque state without any artificial operation
or any external power supply.”**

Since their introduction, LC-based adaptive lenses have offered
numerous features, including low weight, inexpensiveness,
electrical-tunability of focal length, etc., as compared to the
conventionally employed mechanical lenses. Different methods
of LC lens fabrication have been proposed so far, such as
spherical electrode,”* polymer network,*® hole-patterned
electrode (HPE),”*’ multiple ring electrodes,”*® etc. However,
the solid lens and LC layers that make up spherical electrode
LC lenses need large volumes. The strong anchoring of
polymer networks necessitates high addressing voltages for
polymer network LC lenses. An HPE lens also requires a high
voltage for expanding the fringing electric field to the lens’
center, since an active electrode and an LC layer encase a thick
dielectric layer in an HPE LC lens to create a quadratic phase
distribution. LC lenses with many ring electrodes feature
intricate addressing methods and electrode topologies. A radial
gradient pretilt angle (RGPA) distribution on the cell substrate
surface can simplify the electrode construction of an LC lens
and greatly lower its operating voltage. C.J. Hsu et al. utilized
the features of PDLCs with these lensing systems by using a
photopolymerization technique for the generation of polymer
gravels on the substrates to create the RGPA distribution.”* A
photocurable prepolymer NOA65-dispersed NLC E7 was filled
in a cell fabricated with vertically aligned substrates. To create
the RGPA distribution, the authors used a radial variable
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Figure 13. Sensing capabilities using weak gas flow stimulations and mechanism. (a) Variation of drain current (I,) with time under stimulation
with nitrogen gas flows (gas intensity of 0.3—5.0 sccm for S s) for the flexible PDLC-i-OFET devices. (b) Variation of drain current change (Alp)
with gas intensity before and after nitrogen gas stimulations. (c) Change of SCB alignment in the channel region of PDLC-i-OFET devices as per
variations in applied voltages and nitrogen gas stimulations: (top) polarized optical microscope images and (bottom) illustrations of the possible
orientation of SCB molecules in the LC microdots in the channel layers. Reproduced with permission from ref 253. Available under a CC-BY 4.0
license. Copyright 2017 Kim et al.
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neutral density (RVND) filter during UV irradiation, which
resulted in the preparation of self-assembled polymer gravels
on the substrates. The proposed lens structure with aperture
size of S mm displayed a low operating voltage (<4 V), good
focusing quality, faster switch-off time (around 0.27 s using
overdriving scheme), and smaller wavefront error (<0.084).

The phase modulation of an optically isotropic nano-PDLC
has been utilized in the fabrication of polarization-dependent
microlenticular lens arrays (MLAs).”** The GRIN lens thus-
formed, using interdigitated electrode systems, was found to
exhibit 22 pm focal length with a very fast switching time (~1
ms) between the transparent and lenticular lens state.

PDLC technology has been found to be an efficient
breakthrough for the development of active-matrix transparent
display devices due to their good visibility, high transparency,
polarizer-free operation, and low power consumption. On
changing the driving voltage of the device, it can be controlled
between the scattering state and the transparent state.”*' C. W.
Su et al. utilized this PDLC technology for designing a 11.4 in.
color active-matrix thin-film transistor (TFT) transparent LCD
with 104 pixels per inch (PPI) and a resolution suitable for
wide-screen video graphics array (WSVGA).”** Monolithic
integration of a CNT thin-film transistor driver circuit with
PDLC pixels has been reported by S. Cong et al,”** who also
demonstrated the employment of these CNT TFTs in the
fabrication of active-matrix seven-segment PDLC displays.

Organic light emitting diodes (OLEDs) have recently seen
the development of a revolutionary light-enhancing film based
on PDLC systems. This film exhibits selective scattering in the
directions of large incident angles, with LC droplets aligned
unidirectionally along the normal direction of the film. Such
films are found to demonstrate reduced total internal reflection
(TIR) and hence their use in OLED systems may tend to
increase the light efficiency of the display.”** Furthermore, a
switchable antipeeping film to facilitate the development of
LCDs with a switchable viewing angle was prepared by L.
Zhou et al, making the use of switching characteristics of
PDLC films.”* To prepare this film, nematic liquid crystalline
material SLC-1717 was mixed in photocurable monomers Bis-
EMA 15/PEGDA 600/HPMA/LMA in the ratio 50:4:6:24:16
along with 2.5 wt % Irgacure TPO photoinitiator, and the
mixture was filled in a 7 pm thick cell via roll-to-roll process,
followed by a photopolymerization process (365 nm, S mW/
cm® intensity, 15 min duration). This film exhibited several
excellent features over conventionally available antipeeping 3
M films, as it could be switched between a share mode and an
antipeeping mode by the application of very small voltage (~$
V) at a much faster speed and the viewing angle of the thus-
developed LCD was found to be switchable between +30° and
+60°. For the development of multicolored patterned displays,
the fabrication of a dual-responsive electrochromic PDLC
device has been proposed, which exhibited four switchable
states corresponding to the application of different AC and DC
fields. The light transmittance of the device was found to be
altered with the AC field while the DC field aided in varying
the color of the device.”*

PDLCs have been proven to exhibit a great potential to be
employed in modern cost-effective, easy-to-fabricate, and more
versatile sensors and actuators. The inclusion of different
dopants also tends to enhance the properties of these systems,
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as discussed earlier. One such soft actuator film has been
prepared by Z. Cheng et al”*’ by making use of the
photothermal and photochemical properties of GO-doped
PDLC systems owing to the phase transitions induced by its
responsiveness to NIR-Vis-UV light. It was previously
demonstrated that the PDLC structure formed by mixing a
low-polarity LC, multiwalled carbon nanotubes (MWCNTs),
and polydimethylsiloxane (PDMS) in an appropriate ratio
leads to the construction of conductive paths in the active
layer, which now behaves as a resistive pressure sensor
exhibiting sensitivity up to 5.35 kPa™!, faster response (<150
ms), great endurance, and showcases potential for use in
wearable devices.”*® Many other such reports are available
where functionalized CNTs and other nanoparticle-integrated
PDLCs behave as sensing elements for different gaseous
analytes such as acetone, ethanol, NO,, dimethyl methyl-
phosphonate (DMMP), etc. via measurement of alterations in
the electrical resistance of the doped PDLC systems upon
exposure to these analyte gases.”*’~>>?

M. Song et al.”*’ demonstrated the possibility of
simultaneous multisensing by combining the OFETs and the
PDLC sensing layers through an innovative design of PDLC-
integrated OFET-based flexible sensors ultrasensitive to
different stimuli including weak N, gas flow (0.3 sccm),
physical touch (0.6—4.8 g load), light, and heat (at a
temperature of 25—70 °C). These wearable sensors have
been designed on 200 um-thick poly(ethylene naphthalate)
(PEN) substrates with poly(methyl methacrylate) (PMMA)-
dispersed 4,4'-pentylcyanobiphenyl (SCB) layers on the
poly(3-hexylthiophene) (P3HT) channel layers of OFETs.
Figure 13 presents the sensing performance of these devices
upon exposure to very weak gas (N,) flow. It has been
illustrated that the net change in drain current (Alp) was
directly proportional to the nitrogen gas intensity, as a quick
increment in the drain current of devices can be seen with the
slightly increased intensity of N, exposure from 0.3 to 5 sccm
(see Figure 13a and b); the simultaneous records of polarized
optical micrographs are shown in Figure 13c. Several bright
ellipsoid-like microspots were measured in the channel region
in the field-off state, and a significantly darker channel area in
the field-on state (Vg = —5 V and V, = —1 V) converting again
into a bright area upon exposure to N, gas is illustrated in
Figure 13c. Song et al. observed the sensors to offer
multisensing capabilities due to their responsive nature to
two different stimulations at the same time. However, the
selectivity for real multifunctionality requires further measure-
ments in this field.

Several other researchers have also explored the potential
applications of doped PDLC systems in sensors, displays, and
polymer random fiber lasers. ZnCdSeS/ZnS-alloyed QD-
doped PDLCs display such characteristics with a random
laser threshold as low as 50 uJ/ cm2 Pt A magnetic NP-doped
PDLC system exhibits exclusive features for a tunable
microdevice whose locomotion can be controlled using a
magnetic field of 30 mT.”>

In summary, PDLCs represent a versatile class of materials
with unique optical modulation capabilities derived from their
composite structure of liquid crystal droplets dispersed within
a polymer matrix. The ability to switch between transparent
and opaque states makes PDLCs valuable for applications
ranging from privacy windows and adaptive eyewear to
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dynamic signage and electronic displays. The electro-optical
switching mechanism of PDLCs enables rapid and reversible
transitions between transparent and opaque states, making
them ideal for applications requiring adjustable light
modulation. The response time of PDLCs—the speed at
which they switch between states—depends on factors such as
liquid crystal viscosity, droplet size, and applied electric field
strength. However, the electro-optical properties of PDLCs are
strongly dependent on a number of factors such as the type
and structure of the LC, the molecular structure of the
polymerizable monomer, and polymerization conditions.
These factors can seriously affect the microstructures of the
polymer matrix, the size and shape of LC domains, and
molecular interactions between the LC molecules and the
polymer matrix. Advances in material design and fabrication
techniques have led to PDLC variants with improved switching
speed, lower operating voltages, and enhanced optical clarity.
The selection of materials and fabrication techniques plays a
pivotal role in optimizing the performance and functionality of
PDLCs. Liquid crystal chemistry, polymer type, and processing
methods influence droplet size distribution, mechanical
strength, and electro-optical response dynamics. Common
polymers used in PDLC matrices include acrylics, polyur-
ethanes, and epoxies, chosen for their compatibility with liquid
crystal phases and mechanical durability. Despite their
promising characteristics, PDLCs face several challenges that
hinder their widespread adoption and further development.
Issues such as nonuniform droplet distribution, voltage-
dependent switching behavior, and limited operational life-
times under continuous stress necessitate ongoing research
efforts. Improving droplet dispersion techniques, enhancing
electro-optical response times, and exploring novel polymer
chemistries are critical areas of focus for advancing PDLC
technology. Future directions in PDLC research aim to
overcome these challenges while exploring new applications
and functionalities. Emerging trends include the integration of
PDLCs with flexible substrates for wearable electronics, the
development of environmentally sustainable materials, and the
incorporation of advanced control algorithms for responsive
light management systems. Collaborative efforts among
academia, industry, and government sectors are crucial for
accelerating innovation in PDLC technology and translating
research discoveries into practical applications that address
global challenges in energy efficiency, communication, and
environmental sustainability. Continued research into optimiz-
ing fabrication techniques, enhancing electro-optical perform-
ance, and expanding application domains holds promise for
unlocking the full potential of PDLCs in next-generation
optical technologies.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsmaterialsau.4c00122.
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LC Liquid crystal/liquid crystalline material

2D/3D Two dimensional/three dimensional

HD High-definition

THz Terahertz

PSLCs Polymer-stabilized liquid crystals

PDLCs Polymer-dispersed liquid crystals

LCPCs Liquid crystal—polymer composites

PI Polyimide

TN Twisted-nematic (LC cells)

HA Homogeneously aligned (LC cells)

PIPS Polymerization-induced phase separation

TIPS Temperature-induced phase separation

SIPS Solvent-induced phase separation

EO Electro-optical

LCD Liquid crystal display

Bis-EMA 15 Bisphenol ethoxylate dimethacrylate

PEGDA Polyethylene glycol diacrylate

TMPTA Trimethylolpropane triacrylate

HPMA Hydroxypropyl methacrylate

LMA Lauryl methacrylate
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TEGDA Triethylene glycol diacrylate

TMPDE Trimethylolpropane diallyl ether

TMPTMP  Trimethylolpropane tris(3-mercaptopropionate)

APTS 3-Aminopropyltriethoxysilane

MPTS 3-Methacryloxypropyltrimethoxysilane

4SH Pentaerythritol tetrakis(2-mercaptoacetate)

GO Graphene oxide

NLCMs Nematic liquid crystal monomers

TMHA 3,5,5-Trimethylhexyl acrylate

LA Lauryl acrylate (LA)

BDDA Butane-1,4-diyl diacrylate

Cé6M 2-Methyl-1,4-phenylene bis(4-((6-(acryloyloxy)-
hexyl) oxy)benzoate)

1651 Irgacure 651

HAPN Homeotropically aligned polymer network

PU Polyurethane

PEN Poly(ethylene naphthalate)

PMMA Poly(methyl methacrylate)

P3HT Poly(3-hexylthiophene)

POSS Polyhedral oligomeric silsesquioxane

CHMA Cyclohexyl methacrylate

HFMA 2,2,3,4,4,4-Hexafluorobutyl methacrylate

WSVGA Wide-screen video graphics array

TFT Thin-film transistor

TSE Transparent and stretchable electrode

PPI Pixel per inch

RGPA Radial gradient pretilt angle

RVND Radial variable neutral density

MLA Microlenticular lens array

MWCNTs  Multiwalled carbon nanotubes

PDMS Polydimethylsiloxane
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