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Electro-optic properties of polystyrene particle-
laden polymer-stabilized liquid crystalsy

Alexandra Gruzdenko® and Ingo Dierking ‘=) *

Particle-laden polymer-stabilized liquid crystal (PLPSLC) composites were studied as a means to improve
the electro-optic properties of nematic liquid crystals. Polystyrene nanaparticles possesing no distinctive
physical properties were chosen as nanodopants in order to investigate effects caused solely by the
physical presence of nanoobjects. The threshold voltage, response times, relevant physical properties,
and optical textures were characterized first for polymer-stabilized and particle-laden liquid crystals
(PSLCs and PLLCs) made of target materials and then for PLPSLCs. Polymer stabilization allowed one to
dramatically decrease the overall response time but at the cost of the increased threshold voltage. The
particles alone appeared not to change the properties significantly. At the same time, when the particles
and polymer were used together, interesting effects were observed: the threshold voltage could be
reduced by up to two times in comparison to a polymer-stabilized liquid crystal (PSLC) while the
advantage of the fast overall response time intrinsic to PSLCs was retained. A possible explanation for
such behaviour can be a decrease in the effective polymer concentration caused by either the particle-
induced distortion or particle-induced sparsening of the polymer network. Overall, the reported results
help to shed light on how simple nanoparticles interact with the polymer network and liquid crystal. This
knowledge can potentially aid the creation of more complex PLPSLC composites with desired properties

rsc.li/materials-c in the future.

1. Introduction

Liquid crystals (LCs) are well-known for their applications in
optic technologies which include displays,' smart windows,>
terahertz filters,® photonic crystals,* optical gratings,® lasers,®
and others. With the aim of improving the characteristics of
these devices and developing new technological concepts,
various composites of liquid crystals and other materials are
being studied. In particular, the possibility to optimize the
electro-optic properties of nematic liquid crystals, which are
widely used in LC applications, by adding additional compo-
nents to them is often investigated. Polymers and colloids,
which, as well as LCs, belong to the class of soft matter
materials, are usually used as the additives.

Polymer-liquid crystal composites are commonly divided
into polymer-dispersed and polymer-stabilized liquid crystals
(PDLCs and PSLCs).” Polymer rich PDLCs consist of a polymer
matrix with liquid crystal droplets dispersed within it while LC
rich PSLCs comprise a polymer network filled with a liquid
crystal. Since, in contrast to PDLCs, the alignment of liquid
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crystal molecules is not disturbed in PSLCs, the latter are
considered to be more suitable for tuning the electro-optic
properties.

The influence of polymer stabilization on the electro-optic
performance has been investigated for different devices based
on nematic liquid crystals including the homogeneous,° ver-
tically aligned,'® in-plane switching,'"" and twisted nematic
cells."> For many of the devices, the polymer network has
allowed one to significantly decrease at least one of the
response times and eliminate some undesirable effects such
as the back-flow. However, the introduction of a polymer has
also led to higher driving voltages, a decreased device transmit-
tance, and often increased scattering. Therefore, the composi-
tion of PSLCs usually needs to be optimized to reach the
balance between the advantages and disadvantages.

The combination of LCs and colloids, which will be termed
particle-laden liquid crystal (PLLC) in this work, comprises
nanoparticles dispersed in a liquid crystal. A wide range of
nanodopants has been used in studies on PLLCs including
ferroelectric,"® metal,'* metal oxide'® nanoparticles, quantum
dots,'® and carbon nanomaterials such as fullerenes,'” carbon
nanotubes,'® and graphene oxide flakes.'® For all cases, an
improvement not only in the electro-optic but also in physical
properties has been reported in many articles. For example, it
has been shown that the threshold voltage and response times

This journal is © The Royal Society of Chemistry 2023
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can be lowered; the dielectric anisotropy can be increased
enhancing the effective anisotropy of the system; the
nematic-isotropic phase transition temperature often becomes
higher increasing the stability of the nematic phase.'*™*>1771?
However, the adverse and null effects on the properties have
also been reported.”®>* Notably, different behaviour can be
observed for the same type of nanoparticles and even for the
same pairing of particles and liquid crystal.>*** The inconsis-
tency in the results is usually caused by the high sensitivity of
PLLC systems to the experimental and material parameters.

Overall, both polymer-stabilized and particle-laden liquid
crystals have been extensively investigated in terms of electro-
optic properties, and the advantages and limitations of these
types of composites are generally understood. Therefore, a
natural step forward is to combine all the three soft matter
materials together, and particle-laden polymer-stabilized
liquid crystals (PLPSLCs) indeed start to emerge as a
research direction. The few existing studies®** have demon-
strated that PLPSLCs can not only decrease the threshold
voltage and response times compared to PSLC systems>> >’
but also suppress particle-induced hysteresis effects and the
formation of large particle aggregates thus increasing the
device transmittance.”® Moreover, a temperature independent
threshold voltage has been reported for PLPSLCs in which
nanoparticles have been incorporated into polymer
strands.*®*' However, further research is still necessary to
reveal the full potential of these materials and understand
their behaviour in detail.

To establish reliable methods of producing PLPSLC compo-
sites with desired properties, one needs to understand how
nanoparticles, the polymer network, and liquid crystal influ-
ence each other. Therefore, we decided to study the case of
relatively simple PLPSLC composites doped with polystyrene
nanoparticles which do not possess any specific physical prop-
erties. This should allow one to characterise the pure effect of
the physical presence of nanoobjects in a PLPSLC system. The
dependence of the threshold voltage and response times on the
particle concentration at a fixed polymer content was investi-
gated. Optical textures and some relevant physical properties
including the splay elastic constant, rotational viscosity, dielec-
tric constants, and nematic-isotropic transition temperature
were also characterised to aid the interpretation of the results.
For consistency, the properties of PSLC and PLLC composites
made of the target materials were first studied.

2. Experimental
2.1 Materials

Nematic liquid crystal 5CB (4-Cyano-4’-pentylbiphenyl) with a
phase sequence Cr - 22.5 °C - N - 35 °C — I was purchased from
Fluorochem Ltd and used as the main component for the
composites. Bifunctional, UV-curable monomer RM257 (2-
methyl-1,4-phenylene bis (4-(3-(acryloyloxy) propoxy) benzoate))
with a phase sequence Cr - 70 °C - N - 126 °C - I and
photoinitiator benzoin methyl ether were used as materials

This journal is © The Royal Society of Chemistry 2023
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for polymer networks and procured from Synthon Chemical
and Sigma Aldrich, respectively. Polystyrene (PS) nanospheres
of 150 nm in diameter were purchased from Polysciences in the
form of a water-based dispersion stabilized by an ionisable
surfactant containing sulfate ester. The surfactant molecules
covered the particles and gave them a slight anionic charge due
to the surfactant dissociation into ions.

5 um thick homogeneous cells made of two glass slides
covered with ITO and antiparallelly rubbed polyimide layers
were purchased from AWAT (Poland) and used to prepare
samples.

2.2 Sample preparation

2.2.1 Liquid crystal sample. 5CB was filled in a cell by the
capillary method. During the filling process, the liquid crystal
was kept at 60 °C to ensure that the material was in the
isotropic state. Afterwards, the sample was cooled to the
nematic phase.

2.2.2 Particle-laden liquid crystal samples. To prepare
PLLC composites, the particles were transferred to the liquid
crystal by means of a solvent. Isopropanol was chosen for this
purpose since it does not destroy polystyrene. First, a small
amount of the initial particle-water dispersion was diluted with
a much larger amount of isopropanol to prepare a 0.1 mg mL ™"
particle-isopropanol dispersion. The mixture was sonicated in
an ultrasonic bath (Sonomatic) for 1 h, and then the size
distribution of particles in the system was characterized by
the method of dynamic light scattering (DLS) (Zetasizer Nano
system). The average particle size (Z-average) was found to be
165.6 = 34.70 nm confirming the acceptable quality of the
dispersion. Then the dispersion was transferred to the liquid
crystal in the isotropic phase (at 60 °C) since particle aggrega-
tion did not occur in this case. After that, the obtained mixture
was always kept in this phase to avoid the aggregation. The
mixture was left on a magnetic stirrer (Gallenkamp) at 60-70 °C
for at least 20 h to evaporate the solvent (polystyrene glass
transition and melting points are 100 °C and 270 °C, respec-
tively, therefore, the particles would not be damaged by the
heating). Then the mixture was sonicated for 2 min and stirred
with a spatula for 5 min at 60 °C. At the same temperature, the
composite material was filled in a cell. Only then the sample
was cooled to the nematic phase. This allowed one to supress
the formation of large aggregates which otherwise form natu-
rally during the isotropic-nematic transition. It must be noted
that aggregation still occurred to a certain degree. Overall, four
PLLC samples with particle concentration Cyp of 0.01, 0.05, 0.1,
and 0.2 wt% were prepared following the described method
(Table 1).

2.2.3 Polymer-stabilized and particle-laden polymer-
stabilized liquid crystal samples. First, a polymer-liquid crystal
blend was prepared. The monomers were added directly to the
liquid crystal in the proportion of 5:95 by weight. The mixture
was sonicated for 30 min. Then the photoinitiator dissolved in
isopropanol and presonicated for 1 h was added to the
monomer-liquid crystal blend in the amount of 2 wt% of the
monomer content. The resulting mixture was sonicated for
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Table 1 Composite types and corresponding mixtures studied in the paper. PS stands for polystyrene nanoparticles

Composite type

Studied mixtures

Liquid crystal
PLLC

PSLC

PLPSLC

30 min and then kept at 60 °C on a hot plate (IKA C-MAG HP 10)
until the isopropanol had evaporated. After that the mixture
was sonicated for 15 min, stirred with a magnet at 60-70 °C for
15 min, and finally mixed with a spatula for 2 min. Since the
properties of a polymer network strongly depend on the poly-
mer concentration Cp,, the same mixture was used to prepare
PSLC and all PLPSLC samples to minimize the discrepancy in
this parameter.

A particle dispersion prepared as described in the previous
section was added to parts of the polymer-liquid crystal mix-
ture in the isotropic phase (at 60 °C) in such proportions as to
get mixtures with particle concentration Cyp of 0.01, 0.05, 0.1,
and 0.2 wt% (Table 1). After that, the mixtures were always kept
in the isotropic phase to avoid particle aggregation. The mix-
tures were left on the magnetic stirrer at 60-70 °C for about 22 h
to evaporate the isopropanol. After that, they were sonicated for
2 min and stirred with a spatula for 5 min at 60 °C. At the same
temperature, they were filled in cells. The remaining polymer
mixture was again sonicated for 15 min, stirred with the
magnet at 60-70 °C for 15 min, mixed with a spatula for
2 min at 60 °C, and then filled in a cell at 60 °C in order to
prepare a PSLC sample (Table 1). Since the network properties
are strongly influenced by the polymerisation temperature, all
the cells were polymerized simultaneously at 25.7 °C in the
nematic phase. The polymerisation process lasted for 1.5 h. UV
light of 0.06 mW cm 2 intensity (NeoLab UV lamp) was
employed. It must be noted that the liquid crystal and PLLC
samples were treated with UV light in the same way in order to
take into account any possible influence of the UV irradiation
on 5CB and polystyrene particles.

2.3 Experimental measurements

An LCR meter (Agilent E4980A) set to the parallel equivalent
circuit mode was used to measure the dependence of the cell
capacitance on the applied voltage for the composite of inter-
est. 1 kHz sine signals of different amplitudes were used for the
measurements. The threshold voltage was determined by iden-
tifying the onset of the capacitance rise occurring upon the
increase in the applied voltage. All threshold voltage values
presented in this paper are root mean square voltages. The
capacitance values in the absence of the electric field and in the
limit of its infinitely high amplitude were used to calculate ¢ |
and ¢, respectively, from the equation for a parallel plate
capacitor:

=202 (1)

where C is the cell capacitance, ¢ is the effective dielectric
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5CB

5CB + X wt% PS, where X = 0.01, 0.05, 0.1, 0.2

5CB + 5 wt% RM257

5CB + 5 wt% RM257 + X wt% PS, where X = 0.01, 0.05, 0.1, 0.2

constant of the composite, ¢, is the vacuum permittivity, S is
the area of that part of the cell to which the electric field is
applied, d is the cell gap. C corresponding to the infinitely large
electric field was found by fitting the high voltage region of a

B
C(1/v) plot with C =4 7 where A and B are fitting para-

meters and extrapolating the result to 1/V = 0 (such fitting has
been justified in ref. 34). Finally, the dielectric anisotropy could
be found from the formula Ae = ¢ — ¢, .

To measure the response times, the cell was placed on a
microscope (Leica DMLP) with polarizers crossed at 90°. A
600 nm filter (Thorlab) was placed between the cell and the
analyser to perform measurements with monochromatic light.
A 1 kHz sine carrier signal modulated with a 450 mHz square
wave was applied to the cell by a signal generator (Agilent
332204A) and amplified if necessary. The light intensity relaxa-
tion after the application and removal of the electric field was
recorded using a photodiode connected to a digital oscilloscope
(Tektronix TDS 2024C). The response times were found by
fitting the intensity relaxation curves with theoretical equa-
tions:

2

A(poff _ (A(poff — A(/)on) 1

2 2 0o } T
1 + —1lle =
L)ofrz

I(t) ~ [sin

(2)

for the relaxation upon the electric field application and

— 2\ 12
I([) ~ |:Sin(A(goff . (Aq)off 5 A(/)on)e—fd):| (3)

for the relaxation upon the electric field removal. Apog, A@on
and 6., 0o, are the phase shifts between the ordinary and
extraordinary waves and the angles between the director and
cell plane in the middle of the cell in the absence and presence
of the electric field, respectively; 7, and t4 are the rise and decay
times. The derivations of eqn (2) and (3) are given in the ESL.¥

The theoretical expressions for the response times are:*>"°
7
T = 5
m (4)
80A8E2 — ﬁ[(ll
and
v, d?
V1
T4 = 5
o= ®)

where 7y, is the rotational viscosity, E is the applied electric field,
and K;, is the splay elastic constant. Since 7, depends on E, the

This journal is © The Royal Society of Chemistry 2023
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property was measured using a carrier signal with a fixed root
mean square amplitude of 6 V.

The splay elastic constant K;; was found from the equation
for the threshold voltage:**:¢

— (6)

The rotational viscosity y; was calculated from eqn (5) for the
decay time.

During all the measurements discussed earlier in this sub-
section, the temperature of the cell was kept at 29 °C by means
of a hot stage (Mettler Toledo FP82/HT).

The nematic-isotropic transition temperature Ty; was iden-
tified by heating the sample with the help of the hot stage and
observing corresponding textural changes in the microscope.
Optical images in crossed polarizers were recorded using a
digital camera (IDS uEye camera, 2048 x 1088 resolution)
placed on the top of the microscope. To visualize polymer
networks, if any, the sample was heated just above Ty; into
the isotropic state.

3 Results and discussion
3.1 Polymer-stabilized liquid crystal composite

3.1.1 Electro-optic properties. The electro-optic perfor-
mance of the PSLC composite is compared to that of 5CB in
Table 2. According to the table, the addition of the polymer
network resulted in a 6-fold increase in the threshold voltage.
Such behaviour is typical for PSLCs®®*"™*' and can be
explained by an increase in the internal surface area. Indeed,
the polymer strands provide an additional surface which inter-
acts with the liquid crystal molecules and, like the orientation
layers, keeps the molecules parallel to itself. Due to this fact, a
higher voltage is necessary to induce the reorientation of the
molecules in the electric field.

For the same reason of the additional surface interactions,
the director needs more time to respond to the electric field
and less time to return to the horizontal position favoured by
the network and orientation layers. Therefore, a strong increase

Table 2 Electro-optic properties of the 5CB + 5 wt%RM257 PSLC
composite and 5CB. All measurements were taken at T = 29 °C, f =
1kHz. The rise time 7, was measured using a carrier signal with a root mean
square amplitude of 6 V

Sample Vin (V) 7, (ms) 74 (ms)
5CB 0.630 £ 0.006 0.59 + 0.03 33.3 £ 0.2
PSLC 3.699 £ 0.006 2.1+04 1.5+ 0.1

View Article Online
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in the rise time 7, and a very pronounced decrease in the decay
time 74 were observed.

Importantly, despite the opposite kind of behaviour for 7,
and 14, the overall response time 7, + 74 decreased by approxi-
mately an order of magnitude.

3.1.2 Physical properties. Physical properties measured for
the PSLC composite and 5CB are presented in Table 3. The
dielectric anisotropy Ae decreased with ¢, increasing only
slightly and ¢ substantially going down. Similar observations
have already been reported for PSLCs with the homogeneous
alignment.>”° The slight increase in ¢, may be caused by the
polymer network contribution to the overall value of the
permittivity. The decrease in ¢, may be related to the fact that
the polymer strands significantly hinder the field-induced
rotation of the liquid crystal molecules in their vicinity and
also trap some molecules inside their interior. Such molecules
being strongly affected by the network stay oriented almost
horizontally even in the presence of the field and therefore
contribute ¢ close to ¢5° to the total &> value. This should
result in the decrease of the latter.

The splay elastic constant K;; became two orders of magni-
tude larger upon the polymer stabilisation. Such a dramatic
change is common for PSLCs>*” and means that the system
effectively became more rigid when the polymer network was
introduced. At the same time, the viscosity y; stayed the same
in the limits of error. The slight observed increase may be
caused by the presence of a small number of relatively short
polymer chains which have not been incorporated into the
network. The nematic-isotropic transition temperature Ty was
not affected by the polymer.

The optical textures of the PSLC composite will be discussed
further in the text together with the textures of the PLPSLC
composites.

3.2 Particle-laden liquid crystal composites

3.2.1 Optical textures. The optical textures of the PLLC
samples are shown in Fig. 1(a). One can see that aggregates
were present in the samples, and their number grew with
increasing particle concentration Cyp. Moreover, at high con-
centrations, the aggregates started to form patterns, and at
Cxp = 0.2 Wt%, a well-established texture (Fig. 1(a-vi)) was
observed in some areas of the cell although it was less pro-
nounced in other places (Fig. 1(a-v)).

The patterns may originate from particle aggregation occur-
ring when a sample is cooled from the isotropic to the nematic
state after the cell has been filled (see Section 2.2.2 on PLLC
sample preparation methods). Indeed, during the first order
isotropic-nematic transition, the two phases coexist for some
period of time (Fig. 1(b)). The interface between them separates

Table 3 Physical properties of the 5CB + 5 wt%RM257 PSLC composite and 5CB. All measurements, except those of Ty, were taken at T = 29 °C,

f=1kHz

Sample T (°C) &1 g Ae K11 (pN) 71, (Pa's)

5CB 34.8 + 0.1 7.43 £+ 0.07 19.78 £ 0.08 12.3 £ 0.1 4.40 + 0.09 0.058 £ 0.001
PSLC 34.8 + 0.1 7.51 4 0.04 16.40 £ 0.10 8.9 £ 0.1 109 £1 0.063 £ 0.005

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 (a) Polarised optical textures of the PLLC composites with different
particle concentrations indicated in the images. Images (i—v) were taken at
33 °C; image (vi) was taken at 29 °C. The temperature was chosen such as
to better visualize particle aggregates. White arrows point at elements of
the patterns formed by the aggregates. (b) Evolution of the optical texture
of the 5CB + 0.05 wt%PS PLLC composite during the transition from the
isotropic to the nematic phase occurring at 34.7 °C. The transition lasted
for about 10-20 seconds.

two mediums with different physical properties and
therefore may partially act as a physical wall. Such a wall should
push at least some of the particles forcing them to move along
with it. One can argue that if the number of particles accumu-
lated at the interface becomes too large, reaching a certain
critical value, the particles stop and in this way template the
interface shape at that moment. The higher Cyp, the quicker
this critical particle number is achieved. Therefore, only occa-
sional, if any, dark spots corresponding to the very end of
the phase transition were templated at Cnp < 0.05 wt%,
and circle- and worm-like patterns observed at the earlier
stages of the process were formed at Cyp = 0.1 Wt% and Cnp =
0.2 wt%, respectively (compare Fig. 1(a-iv) and (b-iii), Fig. 1(a-vi)
and (b-ii).

One can expect that some of the particles were pushed by the
moving interface but did not go straight to the boundary
between the two phases. Therefore, the regions inside the
contours formed by the aggregates may be rich in particles.

It must be noted that similar patterns are often observed
during spinodal phase separation in multi-component systems.
This process occurring in PLLC systems upon quenching from
the isotropic phase has been theoretically studied in several
articles,”™* and the formation of regions rich and poor in
particles has been predicted. The spinodal transition may
underlie the process which we described above.

3.2.2 Electro-optic properties. The threshold voltage
dependence on the particle concentration Cyp is shown in
Fig. 2(a). Vi quickly decreased when even a small

5442 | J Mater. Chem. C, 2023, 11, 5438-5449
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Fig. 2 Dependence of the threshold voltage Vi, (a) and response times 14
and 7, (b) on the particle concentration Cyp for the PLLC composites. All
measurements were taken at T = 29 °C, f = 1 kHz. The rise time 1, was
measured using a carrier signal with a root mean square amplitude of 6 V.
(c) Distortions of the director field for the cases when the particles kept (i)
and did not keep (i) the surfactant shells. Note that while in the inset, the
liquid crystal and surfactant molecules are depicted to scale, in the main
figures, not liquid crystal molecules but the director is shown. The fact that
the complete coverage of the glass slides by the particles is not possible at
the concentrations used is taken into account in the figures.

concentration of particles was added and then showed a slight
decline upon the further increase in the particle content. At the
highest particle concentration Cyp = 0.2 Wt%, Vy;, was improved
by only 3% compared to 5CB.

The threshold voltage reduction can be caused by the
sedimentation of the particles and their aggregates onto the
cell substrates, which is common for functionalized
nanoparticles.**>> Once deposited onto the orientation layers,
particles should modify the interactions between the liquid
crystal and the substrates. Particles functionalized with meso-
genic or pro-mesogenic organic molecules are known to induce
the homeotropic molecular orientation due to the coupling
between the organic and liquid crystal molecules (see the inset
in Fig. 2(c-i)).*' Hence, if in our case the particles had
remained covered by the surfactant molecules (which are
organic and mesogenic) after being transferred to 5CB, one
could expect the distortions of the director field schematically
shown in Fig. 2(c-i). On the other hand, if the particles had lost
the surfactant shells but still sedimented, the planar molecular
orientation would be more probable since a certain kind of
surface roughness is necessary to induce the homeotropic
alignment while the particles are expected to be relatively
smooth. The director field corresponding to this case is shown
in Fig. 2(c-ii). Further research would be necessary to distin-
guish between the two options. However, one can see that in
both cases the angle between the molecules and the cell plane
is larger than zero in the areas strongly affected by the particles.
Therefore, the electric torque acting on such molecules is non-
zero which should result in smaller voltages being necessary to
induce the Freedericksz transition.

The behaviour of the response times is shown in Fig. 2(b).
While the decay time 74 demonstrated a rising trend and

This journal is © The Royal Society of Chemistry 2023
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saturated at a value which is 21% higher compared to neat 5CB,
the rise time 7, stayed practically constant. These results can be
explained by the observed increase in the viscosity y; (Fig. 3(c))
and concentration-independent splay elastic constant Kj;
(Fig. 3(b)), which will be discussed in more detail in the next
section. Indeed, according to eqn (5), 74 should increase with y,
if K;, stays constant. At the same time, from eqn (4) follows that
7, should increase as well. However, the expected increasing
behaviour was not observed since the experimental errors were
comparable to the expected changes in 7, which were estimated
from Equation 4 using the measured values of y; and K;;.

3.2.3 Physical properties. As can be seen in Fig. 3(a), the
nanoparticles did not significantly influence the dielectric
properties of the liquid crystal. This result is expected since
very small particle concentrations were used. The slight
increase observed for ¢ and &, cannot be related to the
particles’ contribution to the overall permittivity values since
¢ ~ 3 for polystyrene® is smaller than &]“® = 19.43 and 3°® =
7.43 for 5CB. However, the effect can be assigned to the
particle-induced director field distortions. Indeed, the liquid
crystal molecules in the vicinity of the sedimented particles are
tilted relative to the cell plane and hence should contribute ¢ >

£ °® to the overall value of ¢, increasing the latter. In the case

of g|, the particles may enhance the vertical alignment of the
molecules increasing the permittivity if one assumes that the
surfactant shells were kept. The changes in ¢ and ¢ resulted
in the dielectric anisotropy Ae¢ also slightly increasing.

Since neither the threshold voltage nor the dielectric aniso-
tropy showed a significant change upon the addition of the
particles, the splay elastic constant K;; calculated from these
properties also stayed practically constant (Fig. 3(b)).

The viscosity y; showed a generally rising trend and at Cnp =
0.2 wt%, reached a value which is 16% higher than that for
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Fig. 3 Dependence of the physical properties on the particle concen-
tration Cyp for the PLLC composites: (a) the dielectric constants ¢ and ¢ .
and dielectric anisotropy A¢, (b) the splay elastic constant Ky;, (c) the
viscosity 75, (d) the nematic—isotropic transition temperature Ty;. Al
measurements, except those of Ty, were taken at T = 29 °C, f = 1 kHz.
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5CB. The rising behaviour of the viscosity has often been
observed for PLLCs.”*” It can result from molecular interac-
tions between nanodopants in the bulk and liquid crystal
molecules if one assumes that at least some of the nanospheres
stayed dispersed despite the aggregation and sedimentation.
Notably, the director distortions around the dispersed particles
(see Fig. 2(c)) could also contribute to the threshold voltage
reduction and changes in the dielectric constants.

The presence of the particles also caused a linear decrease in
the nematic-isotropic transition temperature Ty (Fig. 3(d)).
The destabilizing influence of nanoobjects on the nematic
phase has often been reported for particles with no or very
weak anisotropic properties.’* ®° The effect can be attributed to
the fact that the particles in the bulk occupy some volume, and
therefore, decrease the effective number density of liquid
crystal molecules, i.e. dilute the liquid crystal. This should lead
to the reduction of the nematic order, which, in turn, should
cause the decrease in the transition temperature Trr?

3.3 Particle-laden polymer-stabilized liquid crystal
composites

3.3.1 Optical textures. The optical textures of the PLPSLC
samples are shown in Fig. 4(a). One can see that small dots
started to appear in the textures upon the increase in the
particle concentration Cyp, and at the highest particle content,
a stripe pattern developed. In the image which depicts the cell
edge of a PLPSLC sample with Cyp = 0.2 wt% (Fig. 4(b-i)), one

(@) 11 Co=0wt% i [C,;=0.01 wi% iii|€,;=0.05 wi% iv c,_oqvn%
Co=5wt%  Co=Swt% ,_sm% o B

~ 50pm 2 50'|Am'_T ks

5&» 50 pm

Cy = 0.01 wt% [
C,=5wt%

Fig. 4 (a) Polarised optical textures of the PLPSLC composites with
different particle concentrations indicated in the images. Images were
taken at 29 °C. (b) Polarised optical images of the cell edge for the 5CB +
0.2 wt%PS + 5 wt%RM257 composite after (i) and before (i) polymerisation.
Note that two different areas of the cell are depicted. The images were
taken at the room temperature. (c) Polarised optical images of polymer
networks formed in the PLPSLC composites with different particle con-
centrations indicated in the images.
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can see that both stripes and dots are part of the pattern
running along the edge. The same pattern was observed on
the cell periphery in all PLPSLC samples. Notably, the pattern
reminds the one observed for the PLLC sample with Cyp =
0.2 wt% (Fig. 1(a-vi)). The similarity is more evident from the
image of the PLPSLC sample taken before polymerisation
(Fig. 4(b-ii)) (which also indicates that the pattern had devel-
oped before the network was formed). We propose that the
morphological structure in the PLPSLC samples was created
through a mechanism similar to the one for the PLLC compo-
sites. In this case, it is probable that regions rich and poor in
particles are again observed.

In contrast to PLLCs, the worm-like pattern was observed in
all PLPSLC samples and was also more pronounced. These two
facts may mean that the particle aggregation and sedimenta-
tion were enhanced by the presence of the monomers. The
possibility of enhancing the aggregation and sedimentation
confirms the hypothesis that part of the particles stayed in the
bulk in the PLLC systems.

It must be noted that the pattern was much less developed
in the distance from the cell edge (compare Fig. 4(a-ii, iii, iv) and
(b)). This can be related to the fact that the cell gap decreases
when approaching the edge which is confirmed by the colour
changing from green to black. The lack of space may promote the
particle aggregation (for example, by decreasing the maximum
number of particles at the phase interface which the latter can
carry) or in some way make the pattern more visible.

The stripes observed at Cyp = 0.2 wt% appeared to form in
the presumably particle rich regions and resemble linear
defects (disclinations) which often form in nematic liquid
crystals upon cooling from the isotropic state but usually are
unstable and quickly vanish. The stabilisation of such defects
by nanodopants has been observed in some of the studies on
PLLCs where the sedimentation of functionalized particles and
the subsequent creation of the homeotropic alignment have
been reported.**>! Therefore, the appearance of the defects in
the PLPSLC samples indirectly indicates that the particle sedi-
mentation indeed occurred, and the particles most probably
kept the surfactant shells. The fact that the defects were
observed in only one type of regions supports the suggestion
that the discussed areas are rich in particles.

The polarized images of polymer networks formed in the
PLPSLC composites are given in Fig. 4(c). As can be seen, the
pattern was not templated by the networks. However, certain
changes in the network morphology did occur upon the addi-
tion of the particles. One can suggest that the polymer strands
became less well oriented with increasing Cyp, and in the
figures, we observe the deviation of the strands from the cell
plane. This can be caused by the particle-induced alteration of
the surface interactions leading to the distortion of the homo-
geneous alignment which is then templated by the networks.
Since polymer threads are usually about 500 nm in width,*® the
network deformations can additionally be caused by the
presence of particle aggregates of a comparable size which act
as physical obstacles. A schematic of the resulting network is
given in Fig. 5(c-ii) (the particles are not shown).
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Fig. 5 Dependence of the threshold voltage V4, (a) and response times 4
and 7, (b) on the particle concentration Cyp for the PLPSLC composites. All
measurements were taken at T = 29 °C, f = 1 kHz. The rise time 1, was
measured using a carrier signal with a root mean square amplitude of 6 V.
(c) (i) Morphology of a polymer network formed in a PSLC system in the
vicinity of a cell substrate. (i and iii) Two hypothetical morphologies of a
network formed in a PLPSLC system: a distorted network (ii) and a sparse
network with thick polymer strands (iii). The nanoparticles are not shown
for the PLPSLC system.

Another possible interpretation of the observed changes in
the textures is that the polymer strands became thicker, and,
consequently, the network became sparser (Fig. 5(c-iii)). Such
effects have been observed in several previous studies on
PLPSLCs,””*%%* and in study,*? it has been suggested that the
reason behind them is that the particles affect the rate of the
polymer-liquid crystal phase separation occurring during
polymerisation.>?

Finally, from Fig. 4(c) also follows that the dots present in
the PLPSLC textures (Fig. 4(a-ii)-(a-v)) are not observed in the
network images. This fact means that the dots were not large
aggregates occupying the whole space between the glass slides
but areas where the homogeneous alighment was strongly
disturbed. Therefore, they vanished upon the transition to the
isotropic state.

3.3.2 Electro-optic properties. According to the graph given
in Fig. 5(a), the threshold voltage of the PLPSLC samples
showed a noticeable decline with the increase in the particle
concentration Cyp. The value achieved at the maximum particle
concentration Cyp = 0.2 wt% was almost twice smaller than that
for the PLPSLC sample with Cyp = 0 Wt%, i.e. for the PSLC
composite. Such behaviour may be caused by the presumable
network distortions caused by the particles. Indeed, the net-
work is well-oriented in the absence of the nanodopants®°3
(Fig. 5(c-1)), and therefore, through the surface interactions, it
stabilizes the homogeneous alignment making it more difficult
for the liquid crystal molecules to reorient in the direction of
the electric field. This results in the threshold voltage increase
common for PSLCs. On the other hand, in the presence of the

This journal is © The Royal Society of Chemistry 2023
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particles, the homogeneous alignment is distorted: the polymer
strands in the vicinity of the substrates do not lie predomi-
nantly in the cell plane but deviate from it (Fig. 5(c-ii)) due to
the particle-induced director field deformations and the
presence of large aggregates. As a result, the tilted parts of
the strands promote the tilted orientation of the neighbouring
liquid crystal molecules. Since the electric torque acting on
such molecules is non-zero, it becomes easier to induce the
Freedericks transition. Higher particle concentrations should
lead to more significant network distortions, and therefore, Vi,
decreases with increasing Cyp.

Another possibility is that the addition of the particles did
not lead to a distorted but rather a sparser network with thicker
polymer strands®’3? as was discussed in the previous section
(Fig. 5(c-iii)). In this case, the total surface area of the polymer-
liquid crystal interface should decrease with increasing Cxp and
in this way weaken the stabilizing effect of the network. This
should result in a threshold voltage reduction.

Notably, both discussed interpretations of the threshold
voltage decrease mean that the fraction of the network which
stabilizes the homogenous alignment reduces when the parti-
cle concentration increases. This statement is supported by the
way the voltage-capacitance curve C(V) changed with Cyp. It can
be seen from Fig. 6 that in addition to the lower threshold
voltages, the increase in Cyp generally resulted in a faster
capacitance growth (the larger Cyp, the steeper the curve
became), and the larger relative change in C being achieved
at the maximum voltage. This kind of behaviour is usually
observed when the polymer concentration decreases.>”*® The
similarity between the capacitance curve dependence on the
polymer and particle content confirms the above statement. For
simplicity, one can even say that the effective polymer concen-
tration Cp becomes smaller upon the addition of the particles.
Notably, the described changes in C(V) curves have been
observed for other PLPSLC systems too.>%*!

The dependence of the response times on Cyp is shown in
Fig. 5(b). 4 first rose and then levelled off at a value which is

300
223 $
250 R
X o ]
S -
2004 X, .
- N "
L *
L 1501 L
- L
o L]
1 100
(@]
u 5CB+5wt%RM257
50 | & 5CB+0.01wt%sPS+5wt%RM257
® 5CB+0.05Wt%PS+5wtsRM257
A 5CB+0.1wt%PS+5Wt%RM257
0+ v 5CB+0.2W%PS+5wtvRM257
T T T T T
0 5 10 15 20
Voltage (V)

Fig. 6 The dependence of the normalized cell capacitance C-C, on the
applied voltage for the PLPSLC composites. All measurements were taken
at T=29°C, f=1kHz
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about 2 times larger than that for the PSLC composite. At the
same time, its order of magnitude stayed the same. Since the
decay time is known to decline with the polymer
concentration,®*?° the observed rise in the property follows
from our assumption that the particles decreased the effective
Cp. The rise time 7, was observed to be independent of the
particle concentration which may be explained by its weak
dependence on Cp in the vicinity of the employed polymer
concentration Cp = 5 wt%.

3.3.3 Physical properties. The dielectric constants as a
function of particle concentration are shown in Fig. 7(a). Both
¢, and ¢ increased with increasing Cyp. If one assumes that
the networks were distorted by the particles (Fig. 5(c-ii)), the
increase in the constants can be explained by the presence of
the liquid crystal regions influenced by the tilted parts of the
polymer strands. Indeed, in the absence of the particles, all
molecules affected by the polymer lie mainly in the cell plane
and contribute ¢ ~ ¢°° to ¢, and ¢ (Fig. 5(c-i)). On the
contrary, in the presence of the nanodopants, the network
should be distorted, and the molecules affected by the tilted
polymer fibres should contribute ¢ > ¢°°® to the overall values
of the permittivities increasing the latter. Finally, the dielectric
anisotropy showed only a slight decline.

It must be noted that the hypothesis about the sparsening of
networks (Fig. 5(c-iii)) also could explain the increase in ¢ since
in this case, more liquid crystal molecules would be allowed to
reorient in the electric field due to the decrease in the surface
area of the polymer-liquid crystal interface. However, the
hypothesis does not predict the observed increase in ¢, . There-
fore, it is more likely that the addition of the particles resulted
in the distortion and not the sparsening of the networks.

Like the threshold voltage, the splay elastic constant Ki;
decreased significantly and became about one order of
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Fig. 7 Dependence of the physical properties on the particle concen-
tration Cyp for the PLPSLC composites: (a) the dielectric constants ¢ and
¢, and dielectric anisotropy Ae, (b) the splay elastic constant Kij, (c) the
viscosity y;, (d) the nematic—isotropic transition temperature Ty, (d). All
measurements, except those of Ty, were taken at T = 29 °C, f = 1 kHz.
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magnitude smaller at the maximum particle concentration
Cnp = 0.2 wt% (Fig. 7(b)). This agrees with the decrease in the
effective polymer concentration since for PSLCs, K, increases
with increasing Cp.”?”

The viscosity showed a non-monotonic dependence on the
particle concentration (Fig. 7(c)). From the lowest concentra-
tions (Cnp = 0.01 Wt%), it increases, however, later strongly
decreases above larger concentrations (Cyp = 0.1 wt%). This
sudden drop can be related to the formation of stripes (see
Fig. 4(a-v)). For example, the main part of particles which did
not sediment could accumulate in the defects to stabilize the
latter. Therefore, the number of particles left in the generally
homogeneous part of the cell decreased. Since the homoge-
neous part determines most of the optical response, the visc-
osity measured using the electro-optic curves also decreased.

The phase transition temperature Ty; decreased in a step-
wise manner (Fig. 7(d)) when simply adding even minute
amounts of nanoparticles. The nature of this behaviour has
yet to be identified.

3.4 Discussion

Having considered the results for all the three types of compo-
sites, let us compare their electro-optic performance. In Fig. 8,
the best achieved values of the threshold voltage and response
times are given for the PSLC, PLLC, and PLPSLC composites
together with values for neat 5CB. As can be seen, polymer
stabilisation allowed one to reduce the overall response time of
5CB by about one order of magnitude. However, this improve-
ment was achieved at the cost of the threshold voltage increase
by a factor of 6. Such behaviour is common for PSLCs. At the
same time, the influence of polystyrene particles on the
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Fig. 8 Comparison of the best achieved values of the electro-optic
properties measured for 5CB, PSLC, PLLC, and PLPSLC composites: the
best achieved (a) threshold voltages, (b) rise times, (c) decay times, and (d)
overall response times.
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properties appeared to be relatively weak and mostly negative:
Vin improved by only 3% while 7, did not change within the
limits of error, and t4 increased by 21%. Finally, when the
particles and the polymer were used together, interesting
effects were observed: although the threshold voltage was 3
times as large as the value for pure 5CB, it was reduced by a
factor of two in comparison to the PSLC composite. In other
words, the problem of high threshold voltages common for
polymer-stabilized systems was noticeably alleviated in the case
of the PLPSLC composite. Importantly, the response times
appeared to be of the same order of magnitude as those for
the PSLC sample meaning that the advantage of the fast overall
response time provided by the network was retained by the
PLPSLC system. To summarize, the PLPSLC composite was
optimized only in terms of the overall response time when
compared to the liquid crystal. However, its performance was
observed to be better than those for both PSLC and PLLC
composites individually.

Let us now compare the results obtained for the polystyrene-
PLPSLCs with the previous published work on particle-laden
polymer-stabilized liquid crystals. First, the observed threshold
voltage reduction in comparison to a polymer-stabilized system
with no nanoparticles generally agrees with the behaviour of
other PLPSLCs with similar particle concentrations (of less than
3 Wt%).>*?7%%31 The threshold voltage decrease of 50%
reported here is relatively large in comparison with a 10-30%
reduction observed in studies**”*" and in comparison with
studies®”®" was achieved at a smaller particle concentration
(namely, at Cnp = 0.2 Wt%). However, composites exist which
offer better performance. For instance, PLPSLCs doped with
only 0.01 wt% of graphene flakes have been shown to reduce Vi,
by a factor of 7 making the latter smaller than even the value for
a pure liquid crystal.*® At the same time, PLPSLCs containing
0.2 wt% of silver nanowires have demonstrated the threshold
voltage reduction of 90%.>® In relation to the response times, the
increase in 74 and no change in 7, observed in this work contrast
with a decrease or no change in these properties reported for
other PLPSLCs.>>*”*%?! However, in both this study and the other
articles, the magnitude of the changes does not exceed several
tens of percent which is too small to noticably change the speed of
a potential device. In general, PLPSLCs doped with polystyrene
nanoparticles demonstrated relatively good performance in com-
parison with the other systems of the same type.

In the end, it must be highlighted that to explain the
obtained results, we suggested that the polystyrene particles
decreased the effective polymer concentration. This fact raises a
question whether such particles can be of practical use if one
can directly change the polymer content to achieve the same
result. Further research is necessary to reliably confirm the
suggested explanation model and answer this question.

4. Conclusions

In this work, the electro-optic properties of polystyrene particle-
laden polymer-stabilized liquid crystal composites were

This journal is © The Royal Society of Chemistry 2023
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studied. First, we characterized PSLC and PLLC systems made
of target materials. For the PSLC composite, the overall
response time was decreased compared to 5CB but at the cost
of the increased threshold voltage. At the same time, the
electro-optic properties of PLLCs differed from those of the
liquid crystal relatively slightly. Importantly, combining the
particles and the polymer helped to achieve a performance
which is better compared to both PLLC and PSLC systems: the
PLPSLC composites turned out to be almost as fast as the PSLC
system, i.e. much faster than the liquid crystal, but, at the same
time, could be operated by lower voltages.

The observed effects were assigned to the decrease in the
effective polymer concentration presumably caused by either
the particle-induced distortion or particle-induced sparsening
of the polymer network. This fact questions the necessity of
adding polystyrene particles since the polymer content can be
directly tuned instead. However, further research is still neces-
sary to reliably confirm the suggested explanation model.
Nevertheless, we hope that the reported results will help to
shed light on how simple nanoparticles without distinctive
physical properties interact with the polymer network and
liquid crystal since this knowledge can potentially aid the
creation of more complex PLPSLC composites in the future.
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