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In this paper, two types of polymer-stabilized periodic structures created by photopolymerization of a
nematic liquid crystal confined in a cylindrical structure are presented. Both types of structures were
induced by nematic—isotropic phase transition in liquid crystal doped with gold nanoparticles. The first
type of structure was created by stabilizing periodic phase separation at the nematic—isotropic phase
transition temperature. As a result, a periodic structure with two distinct molecular orientations of
nematic liquid crystal was achieved. The period of this structure was equal to the period induced by
nematic—isotropic phase separation. The second type of structure, also related to the phase transition,

Received 11th February 2023, was created due to an induced periodic density change of gold nanoparticles in the sample volume.

Accepted 18th April 2023 Through photopolymerization it was possible to preclude the dispersion of gold nanoparticles while pre-
DOI: 10.1039/d3sm00173c¢ serving the periodicity. An increased concentration of gold nanoparticles caused periodic defects in

molecular orientation of the liquid crystal. Both types of structures were stable at room temperature.
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1. Introduction

Liquid crystals (LCs) are specific types of materials that possess
some properties of both liquids and solid crystals. LCs can flow
like liquids and have microscopic order typical for crystalline
structures. Molecules of isotropic liquids can move in any
direction and rotate around all their axes, independently of
the axis type, when the external forces are absent. In contrast,
the movement of LC molecules under the same conditions is
restricted and rotation can be achieved around the long axis.">
Due to the molecules’ long-range molecular order and aniso-
tropic shape, LCs can be characterized by optical anisotropy.
The anisotropic properties of liquid crystals can be easily
modified by external factors such as electric, magnetic and
optical fields as well as temperature or pressure.'”

A phase separation phenomenon can occur when LC mixtures
or composites are heated to phase transition temperature.* As a
result, local changes in the concentration of one material with
respect to the other can be induced, which causes modification of
the local phase transition temperature.>>® Such behavior is typi-
cally observed in materials consisting of two or more compounds,

@ Faculty of Physics, Warsaw University of Technology, Koszykowa 75
Warsaw 00-662, Poland. E-mail: milosz.chychlowski@pw.edu.pl

b mstitute of Optoelectronics, Military University of Technology, Kaliskiego 2,
Warsaw 00-908, Poland

3398 | Soft Matter, 2023,19, 3398-3404

Consequently, two types of 1D photonic structures stabilized by photopolymerization are presented.

not only liquid crystalline ones. The phase separation was also
observed in single-compound LCs doped with materials such as
nanoparticles, nanotubes and polymers.>”®

A combination of a LC and stabilizing dopants can extend
the thermal stability of the molecular arrangement of the LC.
For example, monomers are used as stabilizing agents, while
various types of initiators are used to initialize the polymeriza-
tion process under the influence of high energy radiation (UV),
thermal energy, or mechanical impulses.”® This method
allows the preservation of complex LC structures, which can
be obtained by inducing self-assembled 1D or 2D periodic
changes of molecular orientation of the LC confined in a simple
structure."*>'° Thermal or electric tuning of these LC-based
photonic crystals allows for dynamic control of light transmis-
sion that seems to be promising for various applications.**"**

The main purpose of the research presented in this paper is
to stabilize the periodic structures created as a result of the
nematic-isotropic phase separation. The photopolymerization
process was employed to stabilize two types of 1D periodic
structures induced by the phase transition of the LC materials
in silica microcapillaries. The first type was based on stabilizing
the periodic phase separation of the materials during the
nematic-isotropic phase transition. In this case temperature
was controlled to maintain a phase separation until polymer-
ization was finished. The second type was created by stabilizing
periodic local changes of Au nanoparticles (NPs) density

This journal is © The Royal Society of Chemistry 2023
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induced by phase transition. Stabilization of periodically vary-
ing density of Au nanoparticles was performed in nematic
phase 5,8,25-29

2. Experimental details

2.1. Materials

LC materials used in this work were based on a nematic 5CB (4-
cyano-4'-pentylbiphenyl, > 99.5%) doped with a mixture of reactive
monomer BissMA (Bisphenol A dimethacrylate, >98%, Sigma
Aldrich) and UV-sensitive photoinitiator Irgacure 651 (2,2-dimeth-
oxy-2-phenylacetophenone, 99% Sigma Aldrich). 5CB-Au NPs
composites were fabricated by using the method reported in our
previous studies.”®?°*! Au NPs were synthesized in chloroform
using the well-known Brust-Schiffrin method, yielding highly
stable, dodecanethiol functionalized nanoparticles with diameters
of 1-3 nm.*? 5CB-Au NPs composites with specific Au NPs content
were fabricated by mixing a colloidal suspension of Au NPs in
chloroform with liquid crystal and slow solvent evaporation.

2.2. Preparation of materials

The LC mixtures were prepared in two steps. Firstly, the reactive
monomer (RM) and photoinitiator (PI) were mixed in desired
proportions (RM:PI ratio was 95 : 5). Next, 5CB was added to the
RM + PI mixture creating a LC mixture with a high concen-
tration of the RM + PI dopant. This step was necessary to ensure
that the RM and PI amount was measured with high accuracy.
Then, the LC mixture was gradually diluted with pure 5CB until the
final LC mixture with the desired concentration of the RM + PI
dopant was obtained. After every dilution, the mixtures were placed
in ultrasonic bath and mixed for about 20 minutes at a temperature
above the phase transition temperature of 5CB (40-50 °C). This
preparation method provided uniform distribution of the com-
pounds and allowed the creation of LC mixtures with different
dopant concentrations easily. In the next step, the LC mixture
doped with 4 wt% RM + PI was mixed with gold nanoparticles
suspended in 5CB (0.3 wt% AuNP) and undoped 5CB in the desired
proportions to achieve the composite of 5CB with 0.1 wt% AuNP
and 1 wt% RM + PIL. The mixing method for the Au NPs-doped
material was the same as previously. All the LC materials were
stored in dark containers to prevent uncontrolled initialization of
the photopolymerization process.

2.3. Preparation of the samples in capillaries

The LC materials were introduced into 1D structures in the
form of silica microcapillaries characterized by various inner
diameters (from 6 pm to 133 pm). Additionally, external pres-
sure was applied to speed up the whole process. The capillaries
had no surface treatment, thus it resulted in the flow-induced
planar orientation of the LC molecules with respect to the long
axis of the capillary.

2.4. Photopolymerization details

The LC materials were irradiated with UV LED (1 = 365 nm, P =
2.5 mW cm %) using relatively short pulses (0.5 Hz repetition
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rate - 1 s pulse to 1 s cooldown), so that the samples did not
overheat due to radiation absorption. The irradiation time was
chosen to be 40 minutes to make sure that a strong polymer
network was created. The initial material characterization was
performed by polymerizing the samples at room temperature.
A polarizing microscope (Nikon Eclipse Ts2R) with a heating
stage (Linkam THMS600) was used to control temperature
precisely and allow direct observation of the sample during
photopolymerization of the nematic-isotropic phase separa-
tion. In that case the temperature of the samples was adjusted
during the process to follow the changes of phase transition
temperature. The precision of temperature control was 0.1 °C.

2.5. Sample examination

The samples were analyzed under the polarizing microscope
(Keyence VHX 5000) between crossed polarizers as this method
allows to determine orientation of LC molecules. A planar nematic
sample will appear dark when the long axes of the molecules are
either parallel or perpendicular to one of the transmitting axes of
the crossed polarizers. In other cases the brightness of the sample
will change accordingly to the phase delay introduced by the LC,
thus the sample might reach maximum brightness when the long
axes of the molecules are at 45° to the transmitting axes of the
polarizers. In case of the isotropic phase, the sample will appear
dark regardless of its position with respect to both crossed
polarizes as it cannot change the direction of polarization of light
that passes through it.

The polymerized samples were rotated in two axes to allow
precise determination of molecular orientation. The first rota-
tion axis was along the long capillary axis (rotation around the
OY axis) and the second one was perpendicular to the plane of
the polarizers (rotation around the OZ axis) as shown in Fig. 1.

The nematic-isotropic phase transition temperature of each
sample was determined by heating it (1 °C per minute) under a
polarizing microscope with a heating stage. The value of phase
transition temperature was considered in the middle between

Fig.1 Two rotation axes used for analysis of polymerized LC sample
placed between crossed polarizers: rotation around OZ axis and OY axis.
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the temperatures of the beginning and the end of the phase
transition.

3. Results and discussion

3.1. Preliminary results

3.1.1. Material characterization. Initially, the influence of
the RM + PI dopant concentration on the LC’s thermal properties
and the quality of the polymer network was examined. The
mixtures were polymerized in microcapillaries with two different
inner diameters (30 pm and 133 um) to check if the absorption
surface and thickness of the capillary had a visible influence on
the effects of the photopolymerization process. The quality of the
polymer network was determined by comparing the nematic-
isotropic phase transition temperatures before and after irradia-
tion. A significant increase in the phase transition temperature
indicated that the created polymer network was strong enough
to counteract the thermally induced change of the LC order
parameter. The obtained results are presented in Table 1.

It was observed that adding the RM + PI dopant to the liquid
crystal significantly lowered the nematic-isotropic phase transition
temperature of the non-polymerized mixtures, which limited the
maximum useable RM + PI concentration. Presence of the dopant
shifted the temperature range of the nematic phase towards lower
values, which would also affect the nematic-crystal phase transition
temperature. However, UV irradiation of the mixtures increased the
phase transition temperature values to be close to the undoped
5CB. Additionally, it can be noticed that a small difference in phase
transition temperature values of the mixtures polymerized in
different sized capillaries was present. The phase transition tem-
perature values for the samples polymerized in larger-diameter
capillaries were higher than in smaller-diameter capillaries. This
observation proved that both the absorption surface and micro-
capillary thickness had a noticeable effect on the photopolymeriza-
tion process. Moreover, the polymerized material was anisotropic at
room temperature and no nematic-crystal phase transition was
observed. It was most likely due to broader temperature stability of
the nematic phase caused by polymerization or the fact that the
samples might have been supercooled.**>*

On the other hand, the results presented in Table 1 show
that the higher the RM + PI concentration, the stronger the
polymer network. Consequently, the RM + PI dopant of 1 wt%
concentration seemed optimal to create a strong polymer

Table1 Comparison of nematic—isotropic phase transition temperatures
(Tny) before and after 40 minutes of UV irradiation of 5CB LC mixtures with
different RM + Pl concentrations (RM:PI ratio was 95:5). The mixtures
were polymerized in microcapillaries with two different inner diameters

Ty [°C]

Before irradiation  After irradiation

RM + PI [wt%)] Capillary 30/133 um Capillary 30 pm Capillary 133 pm

0 35.5 — —
0.3 35.4 35.7 35.9
1 33.6 35.7 36.0
4 26.1 34.6 35.7
3400 | Soft Matter, 2023, 19, 3398-3404
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network in the LC without significantly lowering its phase

transition temperature, so it was selected for further
experiments.
3.1.2. Stabilization of nematic-isotropic phase separation

in the LC mixture. The 5CB + 1 wt% RM + PI mixture heated to
Tn; (Table 1) undergoes phase separation. If this mixture is
placed in a capillary, then at Ty; the self-assembled periodic
structure (Fig. 2a) can be stabilized using photopolymerization.
Effects of polymer stabilization of nematic-isotropic phase
separation in the LC doped with 1 wt% RM + PI are shown in
Fig. 2b.

The entire polymerized sample returned to the nematic
phase when it cooled to room temperature. However, the
orientation of the molecules in the regions that were isotropic
during irradiation changed compared to the planar orientation
of nematic regions. It is also clearly visible that the periodic
structure was not preserved after photopolymerization. There
are a few missing elements of the periodic structure and the

Fig. 2 Phase separation in LC mixture (5CB + 1 wt% RM + Pl) in a capillary
with the inner diameter of 30 um: (a) before polymerization, (b) polymer-
ized during the nematic—isotropic phase transition and observed at room
temperature.

This journal is © The Royal Society of Chemistry 2023
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thickness of the previously isotropic regions varies. These
changes may be related to the need for high-precision control
of the LC mixture’s temperature during irradiation. Temperature
fluctuations destabilize the phase separation as it is stable in a
very narrow temperature range and the phase transition tem-
perature changes during the polymerization process (Table 1).

A way to solve this problem may be to extend the thermal
stability of the phase separation phenomenon by adding metal
nanoparticles as they can extend the phase separation tempera-
ture range.”*°

3.1.3. Examination of periodicity of nematic-isotropic
phase separation in the LC composite. Au NP dopant was
added to the 5CB + 1 wt% RM + PI mixture to improve the
thermal stability of the self-assembled structures. It was observed
that the 0.1 wt% concentration of the Au NPs extended the
temperature stability range of phase separation.” Howevetr,
adding the monomer to the LC doped with gold nanoparticles
could affect the period of the structures previously observed in
capillaries.” Therefore, the dependence of the structure’s period on
the capillary’s inner diameter was investigated to ensure that a
composite of 5CB + 1 wt% RM + PI + 0.1 wt% AuNP also exhibits
the same behavior.

After preparing a series of samples with capillary diameters
in the range of 6-133 um (Fig. 3), it was shown that the period of
the structure depends linearly on the diameter of the capillary
(Fig. 4) and the slope of the fitted line is the same as for the results
observed elsewhere.” Hence it can be concluded that adding the
monomer to the LC doped with Au NPs does not affect the
periodicity of the self-assembled structure. Thermal fluctuations,
inducing local period change along the long capillary axis, were
the main factor responsible for deviations from the linear trend.

3.2. Stabilization of nematic-isotropic phase separation in
the LC composite

Selected periodic structures, presented in Fig. 3, were subjected
to photopolymerization. The results of 40 minutes of irradiation
of the composite are shown in Fig. 5. The structure’s quality has
been visibly improved compared to Fig. 2b due to increased
temperature stability of nematic-isotropic phase separation. It
can be observed that the structure achieved by phase separation
of the composite was not preserved by polymerization, which
was observed after cooling the sample to room temperature.
Regions where the nematic phase was present have been poly-
merized without any change of molecular orientation (Fig. 5b,
region N). In regions where the composite was isotropic, it
returned to the nematic phase but the orientation of the
molecules changed (Fig. 5, region IN*) similarly to the previous
case (Fig. 2b).

A more detailed analysis of the sample rotated around the
0Z axis between crossed polarizers (Fig. 1) was focused on IN*
region, where the direction of the LC director changed from
parallel in the N region. It was observed that polarization
changes in the R and L sections of the IN* region were not
symmetrical with respect to the M section (Fig. 5b). In the M
section the light intensity changed as in the N region when the
sample was rotated around the OZ axis. Two possible

This journal is © The Royal Society of Chemistry 2023

View Article Online

Soft Matter

Fig. 3 Self-assembled periodicity induced by nematic—isotropic phase
transition of the composite (5CB + 1 wt% RM + Pl + 0.1 wt% AuNP).
The samples are observed at phase transition temperature in capillaries
with different inner diameters: (@) 6 um, (b) 12 um, (c) 20 um, (d) 30 pm,
(€) 45 pm, (f) 60 um, (g) 90 um, (h) 133 pm.

400~

- Self-assembled structure induced by phase transition
P(d)=2.54(0.12)*d [linear approximation]

300

200+ %

100

P [um]

z *

Y T T T T T T
0 20 40 60 80 100 120 140

d[pm]

Fig. 4 Period (P) of self-assembled structure induced by phase transition
of the composite (5CB + 1 wt% RM + Pl + 0.1 wt% AuNP) as a function of
inner diameter of the capillary (d).

explanations of this phenomenon can be concluded: either
the LC orientation in the M section of IN* region was the same

Soft Matter, 2023,19, 3398-3404 | 3401
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Fig. 5 Phase separation of the composite (5CB + 1 wt% RM + Pl + 0.1 wt%
AuNP) polymerized in 30 um microcapillary: (a) polymerized sample
observed at room temperature, (b) zoom on the sample (observed at 0°,
22.5% and 45° with respect to the polarizer's axis). The sample’s regions
and sections are marked for further molecular orientation analysis
(N = nematic during polymerization, IN* — isotropic during polymerization,
L, M, R — left, middle and right section of the IN* region respectively.

as in the N region or perpendicular to the one in the N region.
The investigation of the sample rotated around the OY axis was
performed to check if the IN* region was symmetric along the
long capillary axis (Fig. 1). No changes in the intensity patterns
suggested that the orientation change was independent of axial
rotation. Further examination resulted in the conclusion that
there was a change of the LC director in the L and the R regions.
Considering the two possible LC orientations in the M section,
the one with the director parallel to the director in the N region
had to be dismissed. In that case the molecules would need to
undergo a full rotation between the N region and M section,
resulting in a different intensity pattern than the observed one.
Therefore, the molecules in the M section had to be perpendi-
cular to the ones in the N region as shown in Fig. 6. It follows
that the director rotates between two orthogonal arrangements
of liquid crystal molecules in the L and R regions. A super-
position of twist, bend and splay deformations is present.
Similar behavior was reported by Jeong et al.,*® however, the
LC alignment in that case was different at the boundaries due
to the presence of alignment layers. In the case of the sample
presented in Fig. 5, the LC molecules are planarly aligned at the
capillary surface. Due to the high cylindrical symmetry of this
spatial molecular arrangement, it is liable to any external
factors that may break the symmetry. It might lead to defects
in orientation, especially in the M section where LC molecules
are perpendicular to the ones in the N section.

Additionally, the period of the structures before and after
polymerization was compared and the results are demonstrated
in Fig. 7. It can be seen that the period changed slightly after

3402 | Soft Matter, 2023,19, 3398-3404
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Fig. 6 3D model of the sample presented in Fig. 5 with 1/4 cut out to
show the changes of molecular orientation (top and bottom images). The
images in the middle are cross-sections of N region (left), L and R sections
of IN* region (middle) and M section of IN* region (right).

the structures were stabilized. This observation supports the
claim that small thermal fluctuations during photopolymeriza-
tion caused local period changes along the long capillary axis.

3.3. Stabilization of periodically varying density of Au
nanoparticles

Additionally, Au NPs periodic density variation in a composite
of 5CB LC doped with 1 wt% RM + PI and 0.1 wt% Au NP was
investigated. Heating the composite to Ty; caused a density
change of Au NPs, where higher density corresponds to the
isotropic phase and lower to the nematic phase. The heating
stage controlled the temperature of the composite to preserve
the phase separation until Au NPs were concentrated in isotropic
areas. When the controlled heater suspending the phase separa-
tion was turned off, the Au NPs slowly dispersed in the LC.
Similar behavior was observed when the temperature increased
above the phase transition temperature (Ty;). The Au NPs
separation process in one state of the mixture could have been
achieved only in the nematic phase. Photopolymerization was
used to stabilize the state of the composite with periodically
dispersed Au NPs. There was a need to reduce the temperature
slightly below Ty; and control it so that it did not exceed Tn;
during irradiation due to UV absorption. The samples were

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Comparison of self-assembled structure period before and after
photopolymerization.

irradiated for 40 minutes as previously to make sure that a strong
polymer network was created. After the photopolymerization
process, the sample was examined under a microscope (Fig. 8).
Regions with periodically changing light intensity were
distinguishable in unpolarized light (Fig. 8a). It can be con-
cluded that the Au nanoparticles concentrated in the isotropic
regions during the phase separation and did not disperse after
polymerization, which proves that the sample was stable at
room temperature. Photopolymerization allowed to create a

Fig. 8 Polymerized periodic change of Au NPs concentration along the
long capillary axis in a capillary with an inner diameter of 30 um. The
sample is observed at room temperature under: (a) unpolarized and (b)
polarized light.

This journal is © The Royal Society of Chemistry 2023
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periodic structure with varying concentrations of Au NPs in
the LC with a period identical to the phase separation period.
The defects in the periodicity were caused by the fact that the
nanoparticles started to disperse non-uniformly during the
phase separation process. The sample was placed between
crossed polarizers to examine the optical properties of the
created structure (Fig. 8b). The regions that were nematic with
planar orientation during phase separation remained planar and
were aligned along the long capillary axis after polymerization.
However, the increased Au NPs concentration in previously
isotropic regions changed the LC behavior. It was observed that
the brightness of these parts of the sample did not change
during rotation in the polarizers’ plane (Fig. 1 - rotation around
OZ axis). Constant intensity observed despite changing the
polarization angle could only be achieved by a polarization-
independent process. This effect could have been caused by
the fact that the incident light was scattered on those regions as
high concertation of Au NPs caused random changes in the local
molecular orientation of LC.

4. Conclusions

The results presented in this paper show that it is possible to create
periodic structures by either stabilizing the periodic nematic-
isotropic phase separation or periodically varying Au NPs concen-
tration induced by the nematic-isotropic phase transition in the LC
composites confined in microcapillaries. It was demonstrated that
the period of the structures linearly depends on the inner diameter
of the microcapillary. Thermal stability of the phase separation was
observed to be extended by doping the LC mixtures with gold
nanoparticles. The results clearly demonstrated that the tempera-
ture stability of the sample during the photopolymerization process
was the key issue in preserving the periodicity induced by the phase
separation. The periodicity of the self-assembled structures was
easier to stabilize in larger capillaries as the period of these
structures is greater than in smaller capillaries, thus it is not as
strongly influenced by temperature fluctuations. Moreover, the
influence of monomer concentration on thermal properties and
the strength of the polymer network was demonstrated.

The periodic structures presented in this paper have the
potential to operate as fiber Bragg gratings with electrically or
thermally tunable contrast of refractive indices. Such gratings
can be utilized in various optical devices for the mid-IR range,
especially tunable reflectors, tunable filters or electrically-
controllable intensity modulators.
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