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Abstract: The development of multifunctional optical elements capable of controlling polarization,
wavelength, and propagation direction is pivotal for the miniaturization of optical devices. How-
ever, designing the spatial distribution of the refractive index for the fabrication of such elements
remains challenging. This study demonstrates the spectroscopic function of microparticles composed
of chiral-nematic liquid crystals (N* LC), which inherently selectively reflect circularly polarized
light. The measurement of the reflection spectra with fiber probes revealed angular-dependent
back-reflection of the single layer of the N* LC particles. These results indicate that our N* LC mi-
croparticles possess multiple optical functions, enabling the separation of incident light polarization
and wavelength within a single material. This suggests broad applications of N* LC particles as
compact optical elements.

Keywords: chiral-nematic liquid crystals; polymer particles; selective reflection; optical elements

1. Introduction

The control of light properties, including polarization, wavelength, and propagation,
is a fundamental technology with applications across various fields [1-4]. This technology
is used in spectroscopy [5], sensing [6], imaging [7], three-dimensional scanning [8,9],
and photovoltaics [10], which play pivotal roles in daily life and science and technology.
Recently, a demand for the miniaturization of these optical devices has emerged. One
approach to achieving miniaturization involves reducing the number of components. Typ-
ically, optical devices with specific functionalities are assembled using various optical
elements, such as diffraction gratings, prisms, filters, polarizers, lenses, and mirrors [1].
Rational design of the spatial distribution of the refractive index, such as liquid crystal
holograms, is a promising approach for realizing multifunctional optical elements. How-
ever, developing multifunctional materials for microscale components remains a significant
challenge. Consequently, innovative designs for optical elements are imperative to expedite
the further miniaturization of optical devices.

One potential material with such multifunctionality is a chiral-nematic liquid crys-
tal (N* LC), which exhibits wavelength-selective reflection of circularly polarized light
(CPL) [11-17]. N* LC is a liquid—crystalline phase that emerges upon the introduction of
chiral molecules into nematic liquid crystals, spontaneously forming a helical molecular
alignment. Owing to its helical structure and refractive index anisotropy, this phase ex-
hibits a periodic distribution of the refractive index and demonstrates selective reflection,
following Bragg’s law. The reflection wavelength A, depends on their helical pitch P in
which the molecules rotate 360°, as per the following equation:

Aref = Ny ¢ - Psing,
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where 1y | - is the average refractive index of the N* LC used and 6 is the angle between
the incident light and surface plane. By manipulating the molar ratio of the chiral molecules,
we can modulate the helical pitch (P) of the N* LC, allowing us to attain N* LC with a
specified reflection wavelength. Moreover, the N* LC exhibited selective reflection of
CPL with the same handedness as its helical structure [18]. The dual functionality of N*
LC, which enables simultaneous control over the circular polarization and wavelength of
reflected light, has generated considerable interest in its application as a multifunctional
optical element.

In addition to these functionalities, several studies have successfully controlled the
light propagation direction [11-15]. Recently, Ozaki et al. proposed an innovative route to
diffuse or focus reflected light by manipulating the phase of the helical alignment along
the helical axis within the film [11]. This new capability to control the light direction
holds a significant potential for advancing the application of N* LC as a multifunctional
holographic device. However, the propagation direction of light depends on the incidence
angle. This is because of the film-type N* LC with a unidirectionally aligned helical axis.
Furthermore, these functionalities were exclusively observed under monochromatic light.
Achieving back-reflection capable of changing the reflection wavelength based on the
incidence angle remains challenging for N* LC materials.

We recently fabricated N* LC particles through the dispersion polymerization of
monomers [19,20]. This technology enables the production of monodisperse microsized
polymer particles in a single step [21,22]. The resulting N* LC particles exhibited vivid
reflection colors that varied with the molar ratio of the chiral monomer. These polymer
particles can serve as reflective materials with superior environmental stability compared
with low-molecular-weight LC droplets [23-26]. In a previous study, molecular alignments
revealed the presence of radial helical axis alignments [19,20]. Because the helical axis
alignment is not unidirectional, the incidence angle against the helical axis varies according
to the illuminated area of the N* LC particles [27]. We anticipated that this heterogeneous
reflection behavior would induce angular-dependent back-reflection. This is because the
reflection wavelength and angle were altered based on the orientation of the incident beam.

Herein, we conducted experimental investigations into the angular-dependent reflec-
tive properties of the N* LC particles to assess their potential as versatile optical elements.
We observed variations in the back-reflection wavelength corresponding to changes in the
incidence angle. These multifunctional N* LC particles hold promise for applications as
ultracompact optical elements at the micrometer scale. The N* LC particles exhibit reflective
properties at specific wavelengths and CPL selectivity. In addition, these particles can pro-
duce diverse reflection colors, enabling the straightforward creation of colorant materials
with a range of reflection modes [19,20]. Thus, our microsized N* LC particles represent
a substantial advancement in developing multifunctional optical elements, significantly
contributing to the miniaturization of optical devices.

2. Materials and Methods
2.1. Preparation of N* LC Particles Using Dispersion Polymerization

The N* LC particles were synthesized following the procedure outlined in our pre-
vious report [19,28]. The molecular structures of the monomers and dispersion stabilizer
(polyvinylpyrrolidone (PVP)) are shown in Figure 1. The base liquid crystal monomer
(LCM) was generously provided by Osaka Organic Chemical Industry Ltd (Osaka, Japan).
and was purified by recrystallization from methanol before use. The chiral monomer (CM)
was synthesized and purified according to previously reported methods [28].

The monomers, LCM and CM, along with PVP and polymerization initiator (2,2’
azobis(isobutyronitrile), AIBN), were dissolved in a mixed solvent of N,N-dimethylformamide
(DMF) and methanol in a 30 mL Schlenk flask (U-1013, Sugiyama-Gen Co., Ltd., Tokyo,
Japan). The composition of the polymerization mixture is listed in Table S1. The solution
was subjected to several freeze—-pump-thaw cycles to remove dissolved oxygen, backfilled
with Ar gas, and then stirred at 55 °C for 20 h. The resulting N* LC particles were collected
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by filtration through a membrane filter (TO80A025A, ADVANTEC, Tokyo, Japan) with a

pore size of 0.8 pm to obtain the polymer particles.
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Figure 1. Molecular structures of liquid crystal monomer (LCM), chiral monomer (CM), and disper-
sion stabilizer (PVP).

2.2. Characterization of N* LC Particles

Size-exclusion chromatography (SEC) was performed using LC-20AD (Shimadzu,
Kyoto, Japan) equipped with a KF805 column (Shodex, Tokyo, Japan) and UV-vis detector
(254 nm) at 40 °C, using tetrahydrofuran (THF) as an eluent at a flow rate of 1.0 mL min~ 1.
Molecular weights were calibrated using polystyrene standards. 'H NMR spectra were
recorded on a JEOL ECS-400 spectrometer (400 MHz) in CDCl3 for the monomers and
CD,Cl; for the polymer. Chemical shifts were reported in parts per million (ppm) us-
ing the residual protons in the NMR solvent. The thermodynamic properties were de-
termined using differential scanning calorimetry (DSC, SII X-DSC7000) at heating and
cooling rates of 10 °C min~!. Representative results of the P2 measurements are shown in
Figures S1, S2 and 2.
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Figure 2. DSC thermograms of P2 (second scan cycle). Scanning rate was 10 °C min~!. Abbreviations:
G, glassy; N*, chiral-nematic; I, isotropic.

2.3. Evaluation of Reflection Functionalities

Single layer particles were fabricated on the carbon tape as follows. A suspension
of the N* LC polymer particles (1.0 mg mL~!, 0.2 mL) in water was dropcasted onto a
pre-cleaned glass substrate (15 mm X 13 mm) and slowly evaporated at 5 °C overnight.
Subsequently, a carbon tape was adhered to this substrate, and a single layer of N* LC
particles was transferred onto the carbon tape.

Reflection spectra were measured using a diode array spectrometer (BLUE-WaveUVN,
StellarNet, Tampa, FL, USA) equipped with two types of fiber probes. A coaxial fiber probe
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(R600, StellarNet, Tampa, FL, USA) was employed to measure the normal reflection. To
investigate the incidence angle dependence, two uniaxial fiber probes (F400, StellarNet,
Tampa, FL, USA) were used. In this study, the incidence angle (§) was defined as the angle
between the substrate surface plane and the incident light, which was controlled by the
fiber probe connected to the light source. The fiber probe connected to the detector was
fixed perpendicular to the substrate surface. A tungsten lamp (SL-1, StellarNet, Tampa,
FL, USA) served as the incident light source for unpolarized white light. To evaluate
the differences in wavelengths, each spectrum was normalized by dividing the original
data by the corresponding intensity value at the maximum reflection wavelength in the
measured ranges.

3. Results and Discussion
3.1. Synthesis and Characterization of N* LC Polymer Particles

We successfully obtained monodisperse polymer particles with an average diameter
(d) of ~2.5 um and a standard deviation of 0.1 um at ~50% conversion (Table 1). SEC
analysis revealed a number-average molecular weight (M) of 15,000 Da and a polydisper-
sity index of 2.6 (Table 1). The copolymer composition was determined using 'H NMR
spectroscopy, which confirmed that the desired copolymer with the same composition as
that of the monomer mixture for polymerization was achieved (Table 1 and Figure S2). DSC
measurement indicates that the synthesized polymers had a glass transition temperature
(Tg) at 36 °C and showed a liquid—crystalline phase up to 115 °C in the heating process
(Figure 2). These results demonstrate that our N* LC particles were solid at room tempera-
ture, wherein the helical alignment of the mesogens in the N* LC phase was fixed within
the solid particles.

Table 1. General properties of the N* LC polymer particles.

Particle Molar ratio of CM (mol%) d (um) My, (Mw/My) Tg (°O)
P1 24 25 15,000 (2.6) 36
P2 3.8 2.6 15,000 (2.6) 37

Abbreviations: d, average diameter; M,, number-average molecular weight; M, weight-average molecular
weight; Tg, glass transition temperature during heating.

Microparticles with red (P1) and blue (P2) reflection colors were prepared by control-
ling the molar ratio of the CM (Figure 3a). Observations through CPL filters revealed that
right-handed CPL was reflected by N* LC particles (Figure 3b) [18]. As in our previous
report, we considered that the helical axes aligned radially within the particles, as evi-
denced by the Maltese cross-pattern observed using polarized optical microscopy (POM,
Figure 3c) [19]. The idealized molecular and helical axis alignments are schematically
illustrated in Figures 3d and 3e, respectively.

(a) (b) (c)

(e)

Figure 3. (a,b) Epi-illuminated micrographs of P1 (upper) and P2 (lower) without (a) and with CPL
filter (b). In (b), white circle-arrows show the handedness of light transmitted through the CPL filter.
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Scale bars represent 5 um. (c) POM images of P1 and P2 dispersed in water. White arrows show
the direction of polarizers. Scale bars represent 1 um. (d,e) Schematics of the idealized molecular
alignment (d) and the helical axis alignment (e) in the N* LC particles.

3.2. Retro-Reflection Behavior

We measured the retro-reflection spectra from a single layer of N* LC particles with
an incidence angle normal to the substrate surface using a coaxial optical fiber probe, as
shown in Figure 4a. In the obtained spectra, prominent bands were observed at 760 nm
for P1 and 480 nm for P2, along with several smaller bands at baseline (Figure 4b). The
wavelength of the major reflection peak varied with the molar ratio of the chiral agent,
indicating its association with the selective reflection from the particles. The bandwidth
of P1 was wider than that of P2 because the bandwidth of the reflection from the N* LC
was proportional to the helical pitch. The reflection bandwidth AA,¢ is determined by the
following equation when light is normally incident to the helical axis: AAes = Anygg | P,
where Anyy | - is a birefringence of mesogen. Assuming that the birefringence is constant
in the wavelength range of visible light (400-800 nm), the AA,.f depends on the value of
P. Therefore, P1 with the longer helical pitch, i.e., longer reflection wavelength, should
possess a wider reflection bandwidth than P2 with the shorter helical pitch. Thus, nearly
identical reflection wavelengths were previously reported in reflection spectroscopy using
an integration sphere (Figure S3) [19,20]. However, a detailed comparison between the
spectra obtained with the fiber probe and integration sphere revealed that the reflection
peak detected with the fiber probe was narrower, with a slight red shift. We attributed this
discrepancy to the characteristics of the optical setup employed for the measurements.

(a) (b)
1.0+
Light 8 — P1
source Detector § 08l P2
5 0.
Q
[0
Fiber probe o 061
N
< 0.4}
£
2 0.2-
Sample
|

0. ! !
200 500 600 700 800
Wavelength (nm)

Figure 4. (a) Optical setup for measuring reflection spectra using the coaxial fiber probe. Black
and blue arrows indicate the incident and reflection light, respectively. (b) Reflection spectra of the
single-layered N* LC polymer particles, P1 and P2.

In measurements using the coaxial fiber probe, only the light reflected perpendicular
to the tangent of the particle, essentially parallel to the helical axis, can be detected. This
indicated that only specular reflections from the particles were captured, resulting in the
observation of narrow reflection bands. Conversely, omnidirectional reflections from the
particles at all solid angles were amalgamated in the measurements using the integrating
sphere. Consequently, the shorter reflection wavelengths stemming from the tilted helical
axis caused the reflection bands to broaden and shift toward the shorter end of the spectrum.
These findings strongly imply that the wavelength of light reflected by the particles is
contingent on the direction of the incident light.

The small bands observed at the baseline of the reflection spectra are interpreted
as interference fringes resulting from the densely packed single microparticle layer [29].
The peak wavelengths of the neighboring interference fringes (A; and A; 1, where i is a
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consecutive number of fringes) allow us to calculate the thickness of the layer, denoted as
d’, which can be theoretically estimated as follows:

g = i A

2nege(Ai — Ait1)’
where 144 is the effective refractive index of the packed structure, given by the following
equation [29]:

”eff2 =Py ch +(1-v) Mair”,

where ¢ represents the packing density of the particles and n,;, is the refractive index
of air. When the particles are arranged in a single layer with a two-dimensional closest
packing structure, ¥ is 0.61. ny |~ can be the same as that of a low-molecular-weight
liquid crystal with a chemical structure similar to monomer LCM, namely, 4'-pentyl-4-
biphenylcarbonitrile (n = 1.6) [30]. This implies that the n.¢ can be estimated as 1.4. Using
this value and considering the periods of neighboring interference fringes in the reflection
spectra of P2, d’ was calculated to be 2.4 um. This value closely corresponds to d, supporting
our hypothesis that the small peaks observed at the baseline are indeed interference fringes
from the microparticle layer. Based on these results, we confirmed that the microparticles
formed a single layer with the closest packing arrangement on the substrate.

3.3. Optical Functionalities under Different Incidence Angles

To investigate the dependence of the incidence angle on the wavelength of reflection
normal to the substrate, we conducted reflection spectra measurements using two uniaxial
fiber probes while varying the angle 6, as shown in Figure 5a. 6 is defined as the angle
between the substrate and incident light. The fiber probe connected to the detector was
fixed perpendicular to the substrate. In the generally planarly aligned N* LC film, the
reflection angle corresponds to the incidence angle owing to specular reflection following
Bragg’s law. This implies that the back-reflection is not observed; thus, for the optical
setup in Figure 5a with discordance between incident and reflection angles against the
sample plane, the reflection peak should be extremely small or not be recorded, except at
6 = 90°. However, as shown in Figure 5b, a reflection band was observed at all angles, even
when the incidence angle differed from the reflection angle. Furthermore, the reflection
wavelength shifted towards shorter wavelengths as 6 decreased. According to Bragg’s
law, the reflection wavelength is determined by the angle between the incident light and
helical axis [27]. This geometric relationship is shown in Figure 5c. We anticipated that
the radial alignment of the helical axis would result in a distinctive reflection pattern,
where the incident and reflection angles would match at the tangent of the particle surface.
Following this expectation, the reflection wavelength is determined by the angle « between
the incident light and particle tangent (Figure 5c). In this illustration, the angle between the
incident light and the reflected light is 90° — 6. The angle between the normal to helical
axis and the reflected light is also . Therefore, the relationship between 6 and « can be
expressed as & + 90° — 6 + a« = 180°. The relationship between « and 6 is best described
as follows:

a=45°+6/2.

From this relationship and Bragg’s law, the reflection wavelength at each 6, Ay, was esti-
mated using the following equation [31]:

Ag = Agge sina.

The estimated and experimental values of Ay are plotted in Figure 5d, demonstrating a
close match between them. These findings indicate that the back-reflection wavelength of
N* LC particles varies depending on the incidence angle. Given that each particle exhibits
this angular-dependent back-reflection, it can be used as an ultracompact optical element.
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In addition, the N* LC particles showed right-handed CPL-selective reflections (Figure 3b).
Consequently, our N* LC particles can control the circular polarization, wavelength, and
direction of the incident light, even with a single element. Therefore, they can be used as
multifunctional optical elements, contributing to the miniaturization of optical devices,
including MEMS and microsensors.

(@) (b)
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Figure 5. (a) Optical setup for measuring reflection spectra with two uniaxial optical fiber probes.
Black and blue arrows indicate the incident light and reflection light, respectively. The 6 (°), an angle
between the incident light and substrate, varied while the fiber probe of the detector side was fixed
perpendicular to the substrate. (b) Reflection spectra of the N* LC polymer particles P1 (left) and
P2 (right) when 6 changed. (c) Schematic of the reflection manner of the N* LC polymer particles.
« (°) is an angle between the incident light and particle tangent. (d) 6 dependence of the peak top of
reflection spectra in (b). The dashed line indicates the peak top estimated from the equation Ag = Agge
sin(45° + 0/2).

4. Conclusions

In this study, we synthesized N* LC microparticles via dispersion polymerization
and characterized their unique reflective functionalities. We measured the CPL reflec-
tion wavelength, which depended on the incidence angle, revealing the CPL-selective
angular-dependent back-reflection of the N* LC particles. This underscores their potential
as multifunctional optical elements for controlling the circular polarization, wavelength,
and direction of incident light. Notably, compared to the low-molecular-weight N* LC
droplets developed in recent years, our N* LC particles exhibited stability in the solid
state [23,31-34], augmenting their utility as ultrasmall optical elements. Furthermore,
liquid crystal materials have the potential to expand functionalities through stimuli re-
sponsiveness [35,36]. As such, our N* LC particles represent a significant advancement
in the field of versatile optical elements and offer a new avenue for designing compact
optical devices.

5. Patents

The methodology for generating the N* LC particles outlined in this paper was
filed as the following patents by Ritsumeikan University: JP 2020-139135A (2020) and
PCT/]JP2022/019448 (2022).
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Supplementary Materials: The following supporting information can be downloaded from https://
www.mdpi.com/article/10.3390/cryst13121660/s1: Figure S1: Size-exclusion chromatogram of P2.;
Figure S2: 'H NMR spectra of the monomers and P2.; Figure S3: Reflection spectra of the N* LC
polymer particles of P1 and P2 were measured with an integration sphere.; Table S1: Polymerization
composition for synthesis of the N* LC particles.
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