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ABSTRACT: An easy approach to pattern angular-independent,
multicolor reflective coatings based on cholesteric liquid-crystalline
(CLC) particles is presented. CLC particles are fabricated by
emulsification, which is a scalable, cost-effective, and environmentally
friendly synthesis process. The photonic particles can be easily dispersed
in a binder to produce reflective coatings. Furthermore, a simple strategy
to remove the photonic cross-communication between the particles has
been developed. By incorporating a reactive blue/green absorbing dye
into the network structure of the CLC particles the cross-communication

is absorbed by the dye, leading to well-defined structural colors.
Moreover, we demonstrate the possibility of producing patterned multicolor images by controlled swelling of the particles by

the binder.

KEYWORDS: cholesteric liquid crystal, photonic particles, suspension polymerization, reflective coatings, structural color,

photonic cross-communication

B INTRODUCTION

In the field of optical materials, photonic crystals (PhCs) and
polymers are typically used for applications such as optical
sensors,"” displays,”* and reflective coatings.”~’ PhCs are used
because they can modulate incident light with specific
wavelengths to generate bright reflected structural colors.
PhCs consist of one-, two-, or three-dimensional, periodic
nanostructured materials, having alternating refractive indices.
Self-assembled colloidal structures® or spherical colloidal
clusters’ are an example of PhCs that have bright structural
colors because of their sub-micrometer three-dimensional
organization.'’ Despite the recent progress in PhCs,'' the
assembling of such an ordered periodical structure involves in
most cases complex and time-consuming steps. For instance,
multistep lithographic techniques, which are often used in this
regard, limit the final design and increase the cost. In contrast
to PhCs, cholesteric liquid-crystalline (CLC) materials are soft
photonic polymers that exhibit selective light reflection
because of the presence of a helical molecular organization.'”
The reflected wavelength depends on the pitch of the helical
structure, which can be easily tuned by chemical composition,
temperature, or other external stimuli,"*'* and can be
stabilized by chemical cross-linking (i.e., by using acrylate-
based liquid crystal monomers).'”'® The CLC alignment,
which is crucial for proper reflection of light of a specific
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wavelength, requires the use of alignment layers. In addition,
CLC-based reflective materials have a pseudo one-dimensional
organization, leading to incident-angular-dependent reflection
according to Bragg’s law. To this end, it remains a challenge to
develop a facile method to prepare patterned multicolor
photonic materials with angular-independent reflective proper-
ties.

To meet this challenge, three-dimensional organization of
the helical structure by CLC polymer particles can be used to
fabricate the angular-independent reflective materials.'” >
Such CLC particles can be easily processed and do not
require alignment layers. Furthermore, they exhibit controlled
expansion—contraction effects by solvent-swelling with large
color-shifts.*** In a recent work, Beltran-Gracia and Parri.*
show a versatile approach to produce blue angular-independent
reflective films based on CLC particles synthesized by
suspension polymerization using organic solvents. In another
research study, Lee et al.’® fabricated green reflective elastic
films based on elastomeric reconfigurable CLC microcapsules.
Nevertheless, the problem remains that the color of CLC
particles-based coatings is, in most of the cases, influenced by
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Figure 1. Synthesis and characterization of the CLC particles: (a) compounds and scheme of the synthesis process, (b) SEM image of the particles
and (c) TEM image of the cross section of a particle and POM image of a large-pitch particle including an illustration of the monomer’s orientation

in the cholesteric layers.

the well-known photonic cross-communication phenomen-
on.”” This phenomenon occurs when off-normal incident light
is reflected from one particle at a specific angle that can be
reflected back to the observer by the neighboring particles,
leading to multiple wavelengths reaching the observer.'”””**
This is a clear disadvantage when green and red colors are
intended, as blue light also reaches the observer. Because of
this, patterned and/or full-color reflective coatings based on
photonic CLC particles have not been reported to date.

In this work, we present a simple and effective method to
fabricate angular-independent, patterned, reflective coatings
based on photonic CLC particles. For the synthesis of the CLC
particles, we used the suspension polymerization, because it is
consistent and allows large-scale production of particles in
water.”>”” To minimize photonic cross-communication
between the CLC particles, we added a reactive blue/green
absorbing dye to the CLC mixture. By using this cost-effective
and environmentally friendly water-based emulsification
process, we photopolymerized the CLC droplets into polymer
particles. After the CLC particles were dispersed in a binder,
we were able to fabricate reflective coatings with pure
structural color reflection by simple coating techniques that
do not require alignment layers. Moreover, we fabricated
bicolor arbitrary patterns by controlled absorption of the
binder.

B RESULTS AND DISCUSSION

In order to synthesize the multicolor photonic particles, we
used a CLC mixture containing reactive monomers (RM1 and
RM2), a nonreactive monomer (NRM), a photoinitiator
Irgacure 819, and a thermal inhibitor (2,6-ditert-butyl-4-
methylphenol) (Figure la). The nomenclature and composi-
tion for all the formulations of the study are detailed in Table

S1. We selected the NRM as the chiral dopant (HTP = 7.2°°)
because it helps to decrease the cholesteric temperature
window to room temperature as can be deduced from the
calorimetric analyses (Figure Sla). Furthermore, NRM acts as
a porogen and by changing its concentration from 20 to 40%,
the near-infrared reflection band shifts to the blue region of the
visible spectrum as evidenced by the UV—vis—NIR spectra
(Figure S1b). Finally, we chosen RM1 and RM2 reactive
monomers to fix the CLC alignment and build up a cross-
linked network with a glass transition temperature (Tg) of
around 55 °C as deduced from the calorimetric analyses in
Figure S2.

We used suspension polymerization to synthesize the CLC
particles, because it is a suitable method for large-scale
production of particles. The method makes use of a water-
based continuous phase with polyvinylpyrrolidone (PVP) as
surfactant (Figure 1a). Monomer droplets were obtained after
high-speed stirring for 15 min at T > Ty, and the cholesteric
alignment was further induced on cooling down to room
temperature (1 in Figure 1a). After photopolymerization (2 in
Figure 1a) and further extraction of NRM (3 in Figure la),
porous CLC polymer particles were obtained. The yield of
particles was around 65%. In Figure S3, the IR spectra reveal
the disappearance of the stretching vibration at 1630 cm™'
(stretching C=C), indicating that all acrylate groups have
reacted. We confirmed the extraction of NRM by the
disappearance of the C=N stretching peak at 2260—2220
cm™'. The particles show a regular spherical shape with an
average diameter of 15 + 10 um, measured by scanning
electron microscopy (SEM) (Figure 1b). The cholesteric layers
in the spherical particles follow a radial alignment as deduced
from the existence of concentric circles in the transmission
electron microscopy (TEM) image of the cross section of a
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particle in Figure 1lc. In order to analyze the cholesteric layers
under polarized optical microscopy (POM), we synthesized
particles with a large-pitch of 1.5 yum by using the far-IR
mixture (Figure 1c). The image confirms radial stacking of the
cholesteric layers in concentric rings. Moreover, the presence
of a radial defect line suggests that the alignment follows the
well-known Frank-Pryce model. In this model, the orientation
of the monomers in each cholesteric layer draws a family of
circles corresponding to the intersection of all planes 3passing
through the same point as illustrated in Figure 1lc.”' This
alignment is attributed to the use of PVP as surfactant, which
reduces the energy at the water/droplet interface. Low
interface energy favors planar alignment of the monomers
and enables the growing of the helical structure toward the
center.

In Figure 2, we show POM images of isolated particles
dispersed in a refractive index matching matrix [poly-
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Figure 2. POM images of single blue, green, and red particles in
PMPS as index matching immersion oil (n = 1.53) and a schematic
picture of the alignment of the helical structure within the photonic
particles.

(methylphenyl)siloxane, PMPS, refractive index ~ 1.53]. The
nomenclature of the particles is detailed in Table S1. The
particles show the well-known Maltese cross when observed
between crossed polarizers, which confirms the radial growing
of the helical structure. Moreover, the presence of a defect line
when observed without crossed polarizers confirms the Frank-
Pryce model for the particles reflecting in the visible region of
the spectrum (i, in the red particle). When observed in
reflection mode a bright spot appears at the center of the
particles. This is attributed to the Bragg reflection of the
particles which is angular-independent for the observer. As
stated in the introduction, only incident light reflected into the
plane normal to the observer comes back to the observer as
illustrated in Figure 2. In Figure lc, we show the TEM image
of the cross section of a red particle. The distance measured
between three consecutive circles of the same tonality defines
the helical pitch when the cut goes throughout the center of
the particle. Then, on applying the relation Ay = nP cos 6,
where 6 is the viewing angle, 7 is the average refractive index,
and P is the pitch of the helical structure, the Bragg reflection,
Agey can be calculated. When assuming a typical value of 77 = 1.6
for LC particles, the calculated Ay is around 645 nm, which
matches with the observed red dot of the red particle. It must
be noted that the Bragg reflection of the polymer particles is
blue-shifted from the expected structural color according to the
UV—vis spectra of the CLC mixtures (Figure S1b). This is
explained by the inherent shrinkage of the particles caused by
the extraction of NRM during the synthesis process (step 3,
Figure la).

The preparation of the CLC particle-based reflective
coatings requires a transparent, refractive index matching
binder. We used a commercial high refractive index (n & 1.57)
photo-curable monomer, AgiSyn™™ 2871. To fabricate thin
coatings, we spread a dispersion of 40% in weight of polymer
particles in the binder between glass plates. After photo-
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Figure 3. (a) Pictures of 70 ym coatings made with blue, green, and red particles, respectively, including the POM image of the red coating, (b)
UV—vis spectra of the coatings (dashed line indicates the reflection band of the red particles), and (c) photonic cross-communication between

particle arrays.
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Figure 4. (a) Scheme of the photonic cross-communication absorption mechanism by adding a blue/green-absorbing dye acrylate (DR1A) to the
polymer particles and (b) photographs of 70 ym coatings made of red, green, and blue particles with and without DR1A and the corresponding

UV—vis spectra.

polymerization of the binder, different coatings were obtained
having blue, green, and red particles, respectively (Figure 3a).
The coating made of blue particles clearly shows a dark blue
color according to the particles” Bragg reflection; in contrast,
coatings made of green and red particles both deviate from
their expected colors. The coating made of green particles has
a light blue color, whereas the coating made of red particles is
almost completely white. To better understand the deviation of
the color observed with the color expected, we measured the
UV—vis spectra of the coatings (Figure 3b). The coating made
of blue particles shows a single reflection peak centered at 460
nm in agreement with the observed color. In contrast, coatings
made of green and red particles show a double-peak reflection.
The red-shifted peak is attributed to the Bragg reflection of the
particles, because it matches with the observed colors in Figure
2, whereas the broader, blue-shifted peak is attributed to the
photonic cross-communication. Photonic cross-communica-
tion takes place when incident light nonorthogonal to the
cholesteric plane is reflected toward neighboring particles and
these particles reflect it back to the observer. Total internal
reflection (TIR) can also occur at the binder/air interface,
leading to complex communication patterns. The broad peak
associated with cross-communication extends to the UV
region, explaining the whitish color for the “red” coating and
the bluish color for the “green” coating. Note that cross-
communication of blue particles is not visible to the naked eye
because it is shifted to the UV region.

To further understand the cross-communication phenom-
enon, we have analyzed a thin film of near-IR particles (1> =
796 nm) dispersed in the refractive index matching siloxane,
PMPS, under the optical microscope (Figure 3c). Close to the
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center of the particles (F1), we can observe direct-
communication (DC) as multiple green rays pointing toward
neighboring particles. On focusing toward the top of the
particle (F2—F3), DC rays vanish and green-reddish bright
dots appear closer to the center of the particle in the x—y
plane. This is caused by TIR of the light reflected from one
particle to the PMPS/air interface and reflected back to the
observer by neighboring particles. In general, we observe green
DC rays and red TIR dots, suggesting that DC takes place
around 45° (445c = 689 nm) and TIR around 30° (435 = 562
nm) regardless of the particle size (a detailed explanation is
provided in the Supporting Information, Figure S4). Finally,
we observe two concentric green and red reflection rings
appearing at a certain distance from the center of most of the
particles. This can be related to self-communication (SC) with
the air interface, which occurs when the light is self-reflected
from the PMPS/air interface to the particle and reflected back
to the observer, as depicted in Figure S4b. As can be seen, SC
leads to bright blue, green, and red reflection, which explains
the strong communication peaks observed in the UV—vis
spectra and the blue-greenish reflection surrounding the
particles in the POM image of Figure 3a.

In order to minimize the effect of the photonic cross-
communication, we added a small amount (0.1% in weight) of
a reactive dye (DR1A) to the CLC mixtures before the
suspension polymerization (Figure la). The dye has an
absorption peak between 450 and 600 nm (Figure SS) and,
therefore, is expected to absorb cross-communicating rays
(Figure 4a). Coatings made of red, green, and blue DRIA-
photonic particles were prepared as described before and the
UV—vis spectra were measured (Figure 4b). The coating made
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Figure S. (a) Blue, green, yellowish, and red coatings shown at different angles (top) and zoom in of the coatings (bottom) and (b) bicolor
patterned reflective coating made by using blue DRIA particles and a photomask.

of green DRIA particles shows clearly a green-yellowish color
and the coating made of red DR1A particles has a reddish color
according to the Bragg reflection wavelength. Both spectra
reveal a strong decrease in the reflection band at the absorption
region of the dye, suggesting that the dye is effectively
absorbing the blue and green cross-communication. Note that
the use of 0.1% in weight of DRIA is enough to minimize the
cross-communication while maintaining 80% transmission in
the absorption region of the dye (Figure S5). It must be noted
that the use of DRIA for blue reflective coatings is not
appropriate as the dye absorbs in the green region and
therefore the blue turns into purple as it is observed.
Regardless, the blue reflective coatings do not show cross-
communication in the visible region; hence, the dye is not
required to achieve proper coloration.

By using different structural colored particles containing
DRI1A, we were able to fabricate reflective coatings that exhibit
angular-independent structural colors when observed by the
naked eye (Figure Sa). Additionally, we show the possibility of
tuning the reflected color from the same batch of particles by
altering the absorption of the binder. Swelling of the particles
leads to an increase of the pitch and, therefore, a red shift of
the reflected color. This can be used to prepare patterned
images (Figure Sb). We fabricated a patterned bicolored,
purple and green, image by using blue DRIA particles. First,
we spread a dispersion of 40% in weight of polymer particles in
the binder between glass plates. Then, we placed a photomask
patterned with the tree model on top of the sandwich and the
visible region was exposed to UV light. In the exposed region
the binder was polymerized and the particles were immobi-
lized. Afterwards, we raised up the temperature above the T, of
the particles (Tg ~ 55 °C) and a red shift was observed in the
unexposed regions, demonstrating the absorption of the
unreacted acrylates by the flexible porous particles. We carried
out a second UV-curing process on the entire sample and the
result reveals a bicolor image with defined contours. In certain
areas, both left and right sides, and around the tree crown, a
bluish color is observed instead of green. This is attributed to
an insufficient amount of binder to achieve the maximum
swelling of the particles. During the heating process, the
viscosity of the binder decreases and therefore uncontrolled
flow driven by thickness irregularities in between the glass
plates may take place. It is worth noting that by decreasing the

cross-linking density of the particles, that is decreasing the
RM1 to RM2 relation (Figure 1a), we expect an enhancement
of the swelling capabilities because of an increased flexibility of
the network structure and therefore a larger color change, for
instance, from blue to red.

B CONCLUSIONS

An easy and effective approach for the preparation of angular-
independent full-color reflective coatings based on CLC
particles is shown. The particles are synthesized following a
scalable, cost-effective, and environmentally friendly process.
The optical properties of the particles are easily controlled by
the amount of chiral dopant in the CLC mixture. Particles
from UV to IR reflection can be synthesized and easily
dispersed in a binder to further prepare reflective coatings by
simple coating techniques. The optical properties of the
coatings have been extensively discussed including relevant
insights into the photonic cross-communication phenomenon
between particles and the surrounding medium. It has been
suggested that not only DC or TIR can reach the observer, but
also SC of the particles with the binder/air interface results in
additional light reaching the observer. Thanks to the addition
of a reactive blue/green-absorbing dye the green and blue
photonic-communication is absorbed, allowing the preparation
of reflective coatings with reflections ranging from blue to red
with accurate control on the final color. In addition, a bicolor
patterned image has been prepared from a single batch of
particles owing to the swelling properties of the porous
structure above the glass transition temperature.

B EXPERIMENTAL SECTION

Synthesis of CLC Particles. The CLC particles were synthesized
by suspension polymerization (see scheme in Figure la). The
monomer mixture consists of reactive monomers RMI (mono-
acrylate), RM2 (cross-linker diacrylate), and a nonreactive chiral
dopant NRM, all of them purchased from Merck. Photoinitiator
Irgacure 819 (1% wt) was purchased from CIBA Inc. and the thermal
inhibitor (2,6-ditert-butyl-4-methylphenol, BHT, 0.5% wt) was
purchased from Sigma-Aldrich. All compounds were used without
any further purification. The aqueous phase was formed by dissolving
PVP (M, = 40k, Sigma-Aldrich) in deionized water (1 mM). The
synthesis was carried out in three steps: the formation of the CLC
droplets (emulsification), the polymerization, and the extraction of
the NRM. For the emulsification, the monomers’ mixture, photo-
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initiator, and thermal inhibitor were first dissolved in dichloromethane
and sonicated for 3 min. Then, the solvent was flushed with air and
completely evaporated by raising the temperature up to 80 °C for 10
min. Afterwards, the preheated aqueous phase at 80 °C was poured on
the melted monomers and the droplets were formed and stabilized by
stirring with an IKA Werke (Ultra-Turrax T8) at 15000 rpm for 15
min. Finally, the cholesteric alignment was induced by slowly cooling
down the emulsion to room temperature. For the polymerization, the
emulsion was poured in a thin glass container placed inside a nitrogen
box with continuous magnetic stirring (300 rpm). The polymerization
was triggered by shining UV light at maximum intensity with a
mercury lamp (EXFO OmniCure 52000, 4 = 350—450 nm) for 30
min to ensure full conversion of the acrylate groups. Note that the
thin glass container helps the UV light to cross throughout the
sample. Once the polymerization is over, the particles were washed
first with ethanol to remove the surfactant and then twice with
tetrahydrofuran to extract the NRM.

Preparation of the Coatings. Particles-based coatings were
prepared by dispersing the particles in a commercial photocurable
monomer, AgiSyn®*™ 2871 (O-phenylphenoxyethyl acrylate mixture),
with the refractive index matching the refractive index of the particles
(n = 1.571) and transparency in the visible region. One drop of the
dispersion was poured on the center of a clean glass plate and four
small droplets of a dispersion of 70 pm particles in the photocurable
resin were added to the corners of the plate as spacers. Then, a second
clean glass plate was carefully placed on top and slightly compressed
following regular circular movements until the 70 pm particles are in
contact with both glass plates. Finally, the cell was exposed to UV
light for 5 min in order to polymerize the acrylates. The coatings were
left in between the glass plates for the further measurements.

Characterization Methods. Thermal transitions of the liquid-
crystalline mixtures and the particles were analyzed by differential
scanning calorimetry (DSC) using a TA Instruments Q2000
calorimeter with constant heating and cooling rates of 10 °C/min.
Optical images of the cholesteric phases were taken by POM using a
microscope (Leica DM2700M) equipped with a Leica MC170 HD
high-resolution camera in reflection mode under crossed polarizers.
The conversion of the acrylate groups and the extraction of the NRM
were studied by infrared spectroscopy using a Varian 670 IR
spectrometer equipped with a microscopy setup over a range of
4000—650 cm™". POM images of the particles were taken in reflection
and transmission modes either under crossed polarizers or without.
The particles’ size population was analyzed by SEM using a JEOL
SEM JSM-IT100: the particles were dispersed in sticky conductive
film and sputter-coated with a gold target at 60 mA over 30 s. The
internal configuration of the cholesteric layers was analyzed by TEM
of the particles’ cross section using a Tecnai 20 (type Sphera) by FEI
operating with a LaBg filament at 200 kV under slight under-focus
conditions. The particles were embedded in an EpoFix epoxy media.
Cross sections were cut at room temperature using an ultra-
microtome (Reichert-Jung Ultracut E) with a 60 nm setting thickness.
The obtained cross sections were transferred to a carbon film-covered
grid (Electron Microscopy Sciences, CF200-CU). The reflection of
the CLC mixtures and particles-based coatings was measured through
ultraviolet—visible spectroscopy (UV—vis) by using a PerkinElmer
LAMBDA 750 with a 150 mm integrating sphere over a range of
250—1000 nm (wavelength) at room temperature.
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