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ABSTRACT: An easy approach to pattern angular-independent,
multicolor re�ective coatings based on cholesteric liquid-crystalline
(CLC) particles is presented. CLC particles are fabricated by
emulsi�cation, which is a scalable, cost-e�ective, and environmentally
friendly synthesis process. The photonic particles can be easily dispersed
in a binder to produce re�ective 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-de�ned 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, re�ective coatings, structural color,
photonic cross-communication

� INTRODUCTION
In the �eld of optical materials, photonic crystals (PhCs) and
polymers are typically used for applications such as optical
sensors,1,2 displays,3,4 and re�ective coatings.5�7 PhCs are used
because they can modulate incident light with speci�c
wavelengths to generate bright re�ected structural colors.
PhCs consist of one-, two-, or three-dimensional, periodic
nanostructured materials, having alternating refractive indices.
Self-assembled colloidal structures8 or spherical colloidal
clusters9 are an example of PhCs that have bright structural
colors because of their sub-micrometer three-dimensional
organization.10 Despite the recent progress in PhCs,11 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 �nal design and increase the cost. In contrast
to PhCs, cholesteric liquid-crystalline (CLC) materials are soft
photonic polymers that exhibit selective light re�ection
because of the presence of a helical molecular organization.12

The re�ected wavelength depends on the pitch of the helical
structure, which can be easily tuned by chemical composition,
temperature, or other external stimuli,13,14 and can be
stabilized by chemical cross-linking (i.e., by using acrylate-
based liquid crystal monomers).15,16 The CLC alignment,
which is crucial for proper re�ection of light of a speci�c

wavelength, requires the use of alignment layers. In addition,
CLC-based re�ective materials have a pseudo one-dimensional
organization, leading to incident-angular-dependent re�ection
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 re�ective 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 re�ective materials.17�23

Such CLC particles can be easily processed and do not
require alignment layers. Furthermore, they exhibit controlled
expansion�contraction e�ects by solvent-swelling with large
color-shifts.3,24 In a recent work, Beltran-Gracia and Parri.25

show a versatile approach to produce blue angular-independent
re�ective �lms based on CLC particles synthesized by
suspension polymerization using organic solvents. In another
research study, Lee et al.26 fabricated green re�ective elastic
�lms based on elastomeric recon�gurable CLC microcapsules.
Nevertheless, the problem remains that the color of CLC
particles-based coatings is, in most of the cases, in�uenced by
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the well-known photonic cross-communication phenomen-
on.27 This phenomenon occurs when o�-normal incident light
is re�ected from one particle at a speci�c angle that can be
re�ected back to the observer by the neighboring particles,
leading to multiple wavelengths reaching the observer.17,27,28

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 re�ective coatings based on
photonic CLC particles have not been reported to date.

In this work, we present a simple and e�ective method to
fabricate angular-independent, patterned, re�ective 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.25,29 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-e�ective
and environmentally friendly water-based emulsi�cation
process, we photopolymerized the CLC droplets into polymer
particles. After the CLC particles were dispersed in a binder,
we were able to fabricate re�ective coatings with pure
structural color re�ection by simple coating techniques that
do not require alignment layers. Moreover, we fabricated
bicolor arbitrary patterns by controlled absorption of the
binder.

� 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 1a). 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 � 7.230)
because it helps to decrease the cholesteric temperature
window to room temperature as can be deduced from the
calorimetric analyses (Figure S1a). Furthermore, NRM acts as
a porogen and by changing its concentration from 20 to 40%,
the near-infrared re�ection 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 �x 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 > Tiso 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 1a),
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�1

(stretching C�C), indicating that all acrylate groups have
reacted. We con�rmed the extraction of NRM by the
disappearance of the C�N stretching peak at 2260�2220
cm�1. The particles show a regular spherical shape with an
average diameter of 15 ± 10 �m, 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

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.
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