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ABSTRACT

The reflection properties of cholesteric liquid crystals (CLCs) encapsulated in poly(methyl methacrylate)
(PMMA) by solvent evaporation were investigated both experimentally and theoretically. The geometry
of the CLC/PMMA microcapsules significantly influenced their reflection characteristics. Spherical CLC/
PMMA microcapsules exhibit a color corresponding to the CLC intrinsic wavelength A at the center of the
microcapsule with the color changing to colorless at the fringes, whereas flattened spherical CLC/PMMA
microcapsules only show vivid color at their centers. By recognizing the effect of the interactions
between PMMA and CLC, an alignment model was developed and analyzed. The high correlation
between the experimental and modeled color data confirms a high degree of ordering of the CLC
molecules inside the microcapsules. The calculated results for a single CLC/PMMA microcapsule were in
good agreement with the experimental reflection spectra of the CLC/PMMA microcapsule films. These
results show how the shapes of CLC/polymer composites determine their optical properties.

Selective reflection
Modeling

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Cholesteric liquid crystals (CLCs), with their unique property of
selective light reflection, have attracted a great deal of attention
because of their potential optical applications in areas, such as color
displays [1—7], temperature indicators [8], environment monitors
[9], tunable laser devices [10], optical filters [11] and supplemen-
tary tools for medical diagnosis [12]. The use of CLCs in displays is
commonly achieved by incorporating CLCs into a polymer matrix to
protect them against adverse environmental effects and to provide
a flexible matrix [13,14].

The reflection spectra of CLCs are directly related to their helical
pitch and to the direction of the incident light [10,11,15—19].
Introduction of CLCs into a polymer matrix significantly influences
their optical properties. Dispersing CLCs in a polymer matrix often
initially results in the formation of spherical droplets, however
numerous experimental studies have shown that non-spherical
CLC droplets, such as flattened spheres [13,14,20—25] and ellipses
[26,27], are crucial to achieve the outstanding reflection properties
needed for CLC displays (CLCDs). So far, no explanation for this
phenomenon has been given. Interactions with the polymer matrix
further influence the optical properties of CLC systems by causing
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interface-induced deformations of the CLC supermolecular struc-
ture [28]. However, there are no experimental studies on the optical
properties of CLC/polymer microcells [29]. Theoretical treatment of
the reflection characteristics of CLC/polymer films is also a compli-
cated problem.

A great deal of work has been done to simplify calculations of
the optical properties of CLC/polymer composites. Zharkova et al.
[30] investigated the optical properties of aqueous dispersions of
CLC microcells. The theoretical and experimental spectral curves of
polarized light transmission were consistent throughout the whole
visible range, which confirmed a high degree of ordering of the CLC
molecules in the spherical cells. Agez et al. [31] reported on the
color selectivity of CLCs by monitoring interface-induced defor-
mations. The interactions between the CLCs and the other
substances were calculated to evaluate changes in the distribution
and to explain the changing colors of the CLC films obtained under
various quenching conditions. Chevallard et al. [32] noted that the
disappearance of the interface translational invariance or of the
reflection symmetry along the wall axis might induce new inter-
facial patterns. Cox et al. [33] modeled the effect of microencap-
sulation on the electro-optical behavior of CLC/polymer flakes. The
field acting on the flakes was significantly altered by various
encapsulating materials and boundary conditions. However, all
these calculations ignored the effects of geometries on the optical
properties of the CLC microcells.
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CLCs can be confined in a polymer matrix by microencapsula-
tion (emulsification) [34—36] or phase separation methods
[37—39]. The solvent evaporation method has been used to prepare
spherical microcapsules with high core loadings, and controllable
particle sizes and shell thicknesses. When a “hard” material such as
poly(methyl methacrylate) (PMMA) or polycarbonate (PC) is
employed as the shell, deformation of the CLC microcapsules may
occur upon drying for their thin shells, leading to a controllable
microcapsule geometry. In this work, the reflection color charac-
teristics of CLC/PMMA microcapsules obtained by the solvent
evaporation method are reported. A model for a single CLC/PMMA
microcapsule was constructed to explain the observed phenomena.
The reflection spectra of spherical and flattened spherical CLC/
PMMA microcapsules were estimated using the model.

2. Experimental
2.1. General

Poly(methyl methacrylate) (PMMA, My =5.0x 10°—1.0 x
10% gmol ™, refractive index 1.49) and poly(vinyl alcohol) (PVA,
My = 8.8 x 10°-9.2 x 10* gmol !, 88% hydrolyzed) were used as
received without further treatment. The red cholesteric liquid crystal
(R-CLC) and green cholesteric liquid crystal (G-CLC) (Chengzhi Yong-
hua, China) have mean reflection wavelengths, Ag, of 640 and 550 nm
respectively. Their refractive indexes of the ordinary (n,) and
extraordinary (1) light are 1.51 and 1.49 respectively. All other
solvents were reagent grade and were used without further
purification.

The morphologies of the microcapsules were analyzed with
a scanning electron microscope (SEM, S4800, JP-Hitachi Limited)
and an optical microscope (OM, Lv-UEPI, JP-Nikon). The color
images of the CLC/PMMA microcapsules were obtained by using
a stereo microscope (SMZ1500, JP-Nikon). The reflection spectra of
CLC/PMMA microcapsule films were recorded with a UV/VIS/NIR
spectrophotometer (UV3600, JP-Shimadzu).

2.2. Preparation of CLC/PMMA microcapsules

PMMA (0.20 g) and CLC (1.00 g) were successively dissolved in
dichloromethane (10 mL). Then the solution was added dropwise to
a 2 wt% PVA aqueous solution (40 mL) at 20 °C while stirring at
1500 rpm. An O/W emulsion formed after stirring at 1500 rpm for
20 min. Thereafter the agitation rate was decreased to 300 rpm and
another aliquot of 2 wt% PVA aqueous solution (40 mL) was added
to dilute the emulsion. The emulsion was then heated to 35 °C in
20 min. Afterwards, the organic solvent was removed by evapora-
tion at 35 °C for about 10 h under atmospheric pressure. Finally an
aqueous dispersion of CLC/PMMA microcapsules was obtained by
washing repeatedly with water via precipitation and decantation.

2.3. Fabrication of CLC/PMMA microcapsule films

The CLC/PMMA microcapsule aqueous dispersion (50 wt%) was
added to an aqueous PVA solution (1 wt%) in the weight ratio of 1:1.
The mixture was coated on a glass plate and dried to form CLC/
PMMA microcapsule films.

2.4. Determination of the core loading of CLC/PMMA microcapsules

About 0.5 g of dry microcapsules were cracked by squeezing,
and then extracted with ethanol. The residual solid was collected,
dried and weighed. The CLC loading in the microcapsules (C:%) is
calculated as follows:

C% = (1—W,p/Wy) x 100% (1)

where W), and W, are the weights of the residual solid and the dry
microcapsules, respectively.

3. Results and discussion
3.1. Characterization of the CLC/PMMA microcapsules

The ratio of polymer shells to CLC cores was adjusted to control
the core loading, shell thickness and morphology. As shown in
Table 1, the core loading is in good agreement with the initial CLC
content. For a mononuclear CLC/PMMA microcapsule with a core
loading of C:%, the shell thickness (t) can be calculated using Eq. (2),
where R is the microcapsule radius and p. and pp, are the densities
of the CLC cores and PMMA shells respectively. Hence microcap-
sules with different shell thickness can be easily obtained by
controlling the initial CLC content.
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OM images of the R-CLC/PMMA microcapsules dispersed in
water were obtained and are shown in Fig. 1. SEM images of the
dried and fractured R-CLC/PMMA microcapsules were also
obtained and are shown in Fig. 2. All the microcapsules dispersed in
water have a spherical core/shell structure, which indicates that
initially a spherical CLC droplet is encapsulated in each microcap-
sule. After drying, the spherical CLC/PMMA microcapsules became
flattened if the core loading is >95.25% (Fig. 2b), whereas the
microcapsules with lower core loadings (<83.37%) were still
spherical (Fig. 2a). This is probably due to the different shell
thicknesses (Table 1). The microcapsule with thin shell is not strong
enough to keep its spherical shape when it is dried, which results in
the shape deformation of the CLC droplet in the microcapsule
(Fig. 2d). On the contrast, the microcapsule with thick shell is still
spherical after drying, so its core keeps spherical too (Fig. 2¢). If the
shell thickness is reduced even further, the microcapsules crack
even more easily during drying.

3.2. Reflection colors of the CLC/PMMA microcapsules

Reflection color images of the CLC/PMMA microcapsules were
obtained with a stereo microscope and are shown in Fig. 3. The
microcapsule diameters were between 5 and 30 pm. As shown in
Fig. 3a, the spherical R-CLC/PMMA microcapsules in water are red
at the center, change to yellow or green moving away from the
center and are colorless at the fringes (for interpretation of the
references to colour in this figure, the reader is referred to the web
version of this article). The spherical G-CLC/PMMA microcapsules
have a central green-blue spot with achromatic rings at the edges
(Fig. 3b). The dried R1-CLC/PMMA microcapsules are typically

Table 1
Properties of microcapsules prepared with different R-CLC/PMMA ratios.

Samples Initial addition CLC content® C.% P Average R Average t©
A ke (wt%) (um) ~ (nm)
R1-CLC/PMMA 0.20 1.00 83.33 83.37 14.7 372
R2-CLC/PMMA 0.10 1.00 90.91 90.67 13.2 176
R3-CLC/PMMA 0.05 1.00 95.24 95.25 129 88
R4-CLC/PMMA 0.03 1.00 97.09 97.10 10.6 44

¢ Initial CLC content, which is the ratio of the weight of the initial addition of R-
CLC to the total addition of R-CLC and PMMA.

b R-CLC loading in microcapsules calculated from Eq. (1).

¢ Average shell thickness calculated from Eq. (2).
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100 pm

Fig. 1. OM images of the R-CLC/PMMA microcapsules dispersed in water. The core
loadings are 83.37wt% (a) and 95.25wt% (b) respectively.

spherical because of their thick shells and have similar colors to the
aqueous spheres (Fig. 3c). However, the dried R3-CLC/PMMA
microcapsules are flattened spheres because of their thin shells and
show only a red center (Fig. 3d).

Furthermore, the dried films prepared with R1-CLC/PMMA
microcapsules were white, whereas the dried films of R3-CLC/
PMMA microcapsules showed a clear red color. This is obviously
due to the different geometries of the dried microcapsules. As
observed previously, the dried R3-CLC/PMMA microcapsules are
flattened spheres whereas the R1-CLC/PMMA microcapsules
maintain their spherical geometry during drying (Fig. 3c and d).
These phenomena are consistent with results in the literature
showing that non-spherical droplets such as flattened spheres or
ellipses are favorable for colorful CLCDs [13,14].

3.3. Calculation of the reflection characteristics of a single CLC/
PMMA microcapsule

Mathematical modeling of films made from CLC/PMMA micro-
capsules is very complex because there are so many factors that can
influence the reflection characteristics of the films, including the
size and shape of the microcapsules, the interactions between the
CLC core and the PMMA shell, the shell thickness, the number of
layers of microcapsules, multiple light scattering among the
microcapsules and other uncontrollable effects during the pro-
cessing. A model for a single CLC/PMMA microcapsule was
designed and analyzed. To simplify the calculations, the absorption,
refraction and scattering of the PMMA shell were all ignored. These
influences are minor since the PMMA content in the microcapsules
is low.

It was assumed that the CLC aligned in a planar texture with the
shell because of the interactions between the CLC and PMMA.
Specifically, the rod-like CLC molecules are parallel to the support
surface and change regularly in space to form a three-dimensional

Fig. 2. SEM images of dried R-CLC/PMMA microcapsules and corresponding fractured microcapsules. The core loadings are 83.37wt% (a, c) and 95.25wt% (b, d).
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Fig. 3. Stereo microscope images of R-CLC/PMMA microcapsules in water (a), G-CLC/PMMA microcapsules in water (b), dried R1-CLC/PMMA microcapsules (c) and dried R3-CLC/

PMMA microcapsules (d).

helix. These interactions have been reported in many experiments
[28,31—33,40,41], and similar alignments of CLC have also been
proposed to explain related phenomena [31].

3.3.1. Spherical CLC/PMMA microcapsules

The model used to investigate the optical properties of the
spherical CLC/PMMA microcapsules is shown in Fig. 4. The planar
geometry function is given by

X/r = sina (3)

where X denotes the projective length, r is the radius of the
spherical CLC droplet, and « is the angle between the helical axis
and the incident light as shown in Fig. 4.

Using the Bragg reflection property, the mean reflection wave-
length A of the CLC at the position with projective length X can be
expressed as

A(X) = Pn-cos a (4)

where P is the helical pitch, and n is the mean refractive index.
Obviously, the mean reflection wavelength at X = 0(A(0) = Pn) also
represents the intrinsic mean reflection wavelength Ay (19 = Pn) of
the CLC. Thus, the relationship between the mean reflection
wavelength A(X) and the projective length X can be expressed as

A(X)/Ag = coslarcsin(X/r)] (5)

Plot of this equation is shown in Fig. 5. The ratio of A(X) to A¢ can
vary from 1 to 0 when X increases from O to r. That is, for spherical
CLC/PMMA microcapsules, the mean reflection wavelength A(X) can
vary from 640 to 0 nm when Ap = 640 nm (for R-CLC), or from 550
to 0nm as Ag=550 nm (for G-CLC). These results are in good
agreement with the experimental changing colors of the spherical
CLC/PMMA microcapsules.

For a mononuclear CLC/PMMA microcapsule with a core loading
of C.% and a radius of R, the radius of the spherical CLC droplet, r,
can be calculated by

9 1/3
r— ( CElpe ) R. (6)
(1= Cc%)/pm + Cc%/pc

By combining Eqgs. (5) and (6), the ratio of the projective length X
to the microcapsule radius R can be expressed as

incident light direction

helical axis

PMMA shell

Fig. 4. An ideal spherical CLC/PMMA microcapsule model.
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Fig. 5. Plot of the ratio of A(X) to Ao versus the ratio of X to r for spherical CLC/PMMA
microcapsules.
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Table 2 lists the experimental data from the stereo microscope
images of the CLC/PMMA microcapsules together with the corre-
sponding theoretical results from Eq. (7). Considering the errors
introduced by the visual resolution, there is good agreement
between the calculated data and the experimental results for all
four systems.

Mathematically, the ratio of projective area from X; to Xj 1 to the
whole projective area of the CLC droplet can be expressed as

1/3
) x sin[arccos(A(X)/Ag)]-  (7)

o, -
¢ = L ®)
which combined with Eq. (5) and rearranged gives
2A4-1
?(AX, A, %9) = 2 (410, 4o]) 9)
0

where AA=A;— Ai;1, and A= (A1 + 4;)/2. Here % and ;.1 corre-
spond to the mean reflection wavelengths at positions with
projective lengths of X; and X;, 1 respectively.

Taking into account the birefringence and the pitch gradient of
the CLCs, it can be seen that the practical reflection wavelength of
a given CLC is a function of ne, ng and p. Since 4 is used to represent
the detected reflection wavelength of the CLC, it can be expressed as

A = f(ne,ng,p) (10)

Table 2
Experimental and calculated results for CLC/PMMA microcapsules.

Samples C% Ao Color of image A(X)* X/R
(wt%) (nm) fringe

Mathematical® Experimental®

1 83.33 640 Yellow 580 0.4014 0.4036
2 90.91 550 Blue-Green 490 04313 0.4425
3 95.24 640 Yellow 580 0.4170 0.4181
4 97.09 550 Blue-Green 490 0.4480 0.4517

2 Wavelength corresponding to the visual below-limit of the color image fringe. It
is employed as the mean reflection wavelength at the corresponding position with
a projective length of X.

b Calculated according to Eq. (7) with p.=1.00 gcm 3, py = 1.19 gcm 3 (20 °C).

¢ Data is the average value obtained from 200 microcapsules.

Moreover, for a given CLC, there is a corresponding selective
reflectivity ¥(4;), which is approximated by the case of the normal
incidence of light on the planar layer of the cholesteric [26].
Therefore, A; and y(4;) for different CLCs can be determined by their
reflection spectrum. Then, the reflectivity (I') for a given incident
wavelength (1) can be expressed as

i

o) =

o

V(i) ¢ (A4 2 4 )] (11)

_

i=
Fig. 6 shows the reflection spectrum of the R-CLC. When A2 is set
as 1 nm, which is a reasonable value corresponding to the test
conditions, the reflection spectrum of a single spherical R-CLC/
PMMA microcapsule can be calculated with Eq. (11) by numerical
methods. Fig. 7 shows the calculated reflection spectrum of a single
spherical R1-CLC/PMMA microcapsule together with the experi-
mental reflection spectrum of the films prepared with spherical R1-
CLC/PMMA microcapsules. The simulated result (Fig. 7a) is similar
to the experimental reflection spectrum (Fig. 7b). The small
discrepancy between curves may be caused by the large number of
microcapsules, which leads to multi-scattering among the micro-
capsules, absorption and scattering of the light by the PVA, and
other uncontrollable effect during the processing.

3.3.2. Flattened spherical CLG/PMMA microcapsules

An ideal model of a flattened spherical CLC/PMMA microcapsule
with its planar geometry parameters is shown in Fig. 8. The planar
geometry parameters for an elliptical CLC droplet with a long axis
a and a short axis b can be expressed as

X2 y2
=1 (12)
tan g = % (13)
Y a?Y
I~ b (14)

where X, Y and L denote the lengths shown in Fig. 8, § represents
the angle between the helical axis and the incident light. Thus, the
relationship between the mean reflection wavelength A(X) and the
projective length X is given by

50

40 4

Selective reflectivity (y)

T T T
600 800 900 1000
Wavelength 2 (nm)

T T T
400 500 700

Fig. 6. Reflection spectrum of the planar layer of the R-CLC.
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Plots of Eq. (15) for different ratios of b/a are shown in Fig. 9. The
region to reflective wavelength around Aq increases as the b/a ratio
decreases. Considering the visual resolution, this could explain the
phenomena that the dried R3-CLC/PMMA microcapsules only
showed a red color at their centers.

Similarly, the ratio of the area of the circle with a projective
length from X; to X;,1 to the whole projective area of the CLC
droplet can be expressed as

AX)/2Ag = cos (arctan

o,
I (16)
which combined with Eq. (15) and rearranged gives
b2 52 -1 -1
o(b/a,Ad A %) = | 5| —2—-1] +1
as\(A—-AA/2)
-1 -1
b2 2
—|=|—-1 +1| , (A€[0,4 17
[az<(“w2)2 (%< [0.40) (17)

incident light direction

AMX)

helical axis

PMMA shell

Fig. 8. An ideal flattened spherical CLC/PMMA microcapsule model.
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Fig. 9. Plots of the ratio of A(X) to Ao versus the ratio of X to a for flattened spherical
CLC/PMMA microcapsules.

Taking into account the practical reflection spectrum y/(A;) of the
CLCs, the reflectivity I" with a given incident wavelength A can be
expressed as

[V(Aci)-0(b/a,AA, A, A 5) ] (18)
i=1

Eq. (18) can be used to calculate the reflection spectrum of
a single flattened spherical R3-CLC/PMMA microcapsule. The
calculations used the following physical parameters: AA=1 nm,
b/a=0.45 (estimated from the flattened R3-CLC/PMMA microcap-
sules), Y(Ar;) and A;; of the R-CLC obtained from Fig. 6. A comparison
of the calculated and experimental results is shown in Fig. 10. There
is good agreement between the simulated results for a single flat-
tened spherical R3-CLC/PMMA microcapsule (Fig. 10a) and the
experimental results from the films constructed from flattened
spherical R3-CLC/PMMA microcapsules (Fig. 10b). In fact there is
better agreement between the calculated and experimental results
for the flattened spherical microcapsules than for the spherical
microcapsules. This is probably because there is less PVA filling
between the microcapsules in the close-packed flattened spherical
microcapsules.

35

— = — (a) mathematical
309 —=+— (b) experimental

25+
20

154

Reflectivity (I7)

104

T T T T T T T T T T T T T T T
350 400 450 500 550 600 650 700 750
Wavelength A (nm)
Fig. 10. Calculated reflection spectrum of a single flattened spherical R3-CLC/PMMA

microcapsule (a—m—) and experimental reflection spectrum of films prepared with
flattened spherical R3-CLC/PMMA microcapsules (b— A —).
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4. Conclusions

The reflection characteristics of CLC/PMMA microcapsules were
investigated both experimentally and theoretically. The geometry of
the CLC/PMMA microcapsules significantly influences the micro-
capsule color and reflection spectra. Spherical CLC/PMMA micro-
capsules can reflect a broadband of wavelengths (0—2g) without
distinct selectivity, whereas flattened spherical CLC/PMMA micro-
capsules only display a narrow band of wavelengths with clear
selectivity. An alignment model was used to calculate the optical
characteristics of the different microcapsules and to explain the
experimental observations. The agreement between the modeled
and experimental color data confirms a high degree of ordering of the
CLC molecules in the microcapsules. Furthermore, good agreement
between the theoretical results for a single CLC microcapsule and the
experimental reflection spectra of the CLC/PMMA microcapsule films
also supports the alignment model. These results show how the
shapes of the CLC microcells determine their optical properties. The
data also give a quantitative explanation about why non-spherical
CLC microcells, such as flattened spheres and ellipses, are crucial to
achieve outstanding reflection properties in CLCDs. The proposed
models provide reliable simulations of the optical characteristics of
CLC/polymer films constructed with various shapes of CLC microcells.
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