Downloaded via 62.194.27.116 on September 10, 2024 at 14:12:31 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERAPPLIED
OPTICAL MATERIALS

8|

Switchable Bragg Reflections via Controllable Inner Particle Motion

in Yolk—Shell Colloidal Crystals

Hikaru Namigata, Tom A. J. Welling, Kanako Watanabe,™ Keishi Suga, Arnout Imhof,

Alfons van Blaaderen, and Daisuke Nagao™

Cite This: ACS Appl. Opt. Mater. 2024, 2, 181-190

I: I Read Online

ACCESS |

[l Metrics & More | Article Recommendations

Q Supporting Information

Yolk—shell particles consist of a hollow shell enclosing a mobile inner
particle. Colloidal crystals made from yolk—shell particles are a unique structure, in which
the disorder of highly scattering inner particles can be controlled, which allows for optical
switching. In this work, yolk—shell particles were synthesized and assembled into an
ordered structure. External alternating current (AC) electric fields were used to control the
inner particle motion, as observed by confocal microscopy and optical reflection
measurements. The colloidal crystal of yolk—shell particles showed long-range order due
to the assembled shells but decreased short-range order due to the Brownian motion of
inner particles. Using an AC electric field (25 V/mm), all inner particles moved
electrophoretically, resulting in ordered inner-particle arrangements. This enabled the fast,
reversible switching of the Bragg reflection intensities. Next, we investigated how a
decreased short-range order when the field is off influenced the switchability. The largest
optical intensity change was achieved with a high ionic strength (10 mM) and a small core-
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to-shell size ratio (~0.3). Our proof-of-concept results show promise that with further optimization, even more strongly switchable

photonic crystals can be achieved in this way.
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States of matter such as solid, liquid, and gas are classified
depending on the range at which the components, i.e., atoms
and molecules forming the state are ordered. Materials for
which building blocks are arranged with both long-range order
in position and orientation are known as crystals. A dense solid
state without long-ranged positional order is called an
amorphous or glassy state, while fluids additionally have
mobility of the atoms and molecules that are lacking for solids,
or extremely slow on experimental time scales. Analogous to
the atomic scale, dispersions of colloidal particles also can form
these different phases. The solid assemblies of nano- to
micron-sized colloidal particles with long-range order are
commonly called colloidal crystals' > and those with short-
ranged order are called colloidal glasses.‘s_8

Colloidal crystals consisting of submicrometer-sized particles
reflect specific (visible) light wavelengths according to Bragg’s
law, analogous to atomic or molecular crystals exhibiting
specific X-ray diffraction patterns. As such, colloidal crystals
with interparticle spacings on the length scales of visible
wavelengths of light are also referred to as photonic crystals,
and they have been studied for various applications in optics
such as color pigments,g_11 anticounterfeiting labels,"*'* and
colorimetric sensors.'”'> Bottom-up fabrication methods for
three-dimensional (3D), multilayered, colloidal crystals have
been studied extensively. Self-assembled crystals can be
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fabricated on a large (~cm?) scale,'®'” and the number of

layers is easily controlled.""™° However, in general, the
rearrangement of building blocks in close-packed crystals is
barely possible because the building blocks do not have any
free space to move. This results in static optical properties,
meaning that the Bragg reflection wavelengths and intensities
cannot easily be tuned. Colloidal crystals of which the Bragg
reflection can be dynamically controlled, so-called switchable
colloidal crystals*' ~** have increased potential for applications
such as displays”** or e-ink.”**°

One possibility to obtain switchable colloidal crystals is to
tune the interparticle spacing in the crystals. Bragg peak shifts
can then be reversiblzr controlled by employing, for example,
humidity-,>”** pH-,"’ or thermo-responsive’”*' polymer
matrices within the interstices of the crystals or by using
such polymers as part of the colloidal particles themselves. The
interparticle spacing of building blocks that are responsive to
external stimuli such as magnetic’>** and electric fields*** can
be tuned as well if the crystals are not closely packed.
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Moreover, reversible control over the crystalline order also
allows changing the Bragg reflection intensity, i.e., the degree
of constructive interference as opposed to more random,
incoherent scattering of light.***” In this approach, however,
the transition between disordered and crystalline states has
generally been focused on. Such transitions generally have
larger response times to achieve the desired effect because of
strong hydrodynamic and/or direct interactions between the
concentrated particles.

Yolk—shell (or rattle-type) particles, which consist of a
hollow shell enclosing a mobile core particle, are promising
candidates for building blocks of colloidal crystals with a
different kind of control over the coherence in the scattering of
the colloidal photonic crystal.’®~* Because the core particles
can move freely within their hollow shells (voids) filled with
liquid, colloidal crystals composed of yolk—shell particles are
expected to possess tuneability in the spatial distribution of
cores if the Brownian motion inside the shell can be
controlled,*' for instance via external stimuli. In atomic and
molecular crystals, the attenuation of the Bragg peaks due to
thermal motion is described by the Debye—Waller factor (DW:
after Peter Debye and Ivar Waller). Similarly, the coherent
scattering, or diffraction, of the movable cores inside yolk—
shell particles can be significantly reduced even if the shells
form a perfectly long-ranged lattice. However, the approach to
the melting point limits thermal displacements in molecular
crystals, no such limitation exists in yolk—shell colloidal
crystals. Therefore, the reduction in coherent scattering can be
made much more severe than that would be possible for
molecules. Previous reports”~** also predicted that the
stopbands or photonic band gaps are tuneable when the
internal structure of yolk—shell colloidal crystals can be
controlled. Our research groups previously demonstrated
control over the motion of submicrometer-sized cores within
hollow silica shells by applying an external alternating current
(AC) electric field. This work showed that the internal
arrangement of cores in yolk—shell colloidal crystals is
controllable by an external electric field***® and/or the ionic
strength.*” Thus, colloidal crystals of yolk—shell particles are
envisioned as a new type of fast, electrically switchable
photonic crystal. Switching the coherent scattering through
control over the motion of the core particles within the shells
can be used to switch the intensities of the Bragg peaks.

In this work, we create 3D yolk—shell colloidal photonic
crystals and demonstrate that the Bragg reflection intensities
are strengthened and weakened by switching an external AC
electric field on/off. In addition, we show that the magnitude
of switching can be increased by giving the cores more freedom
of movement, either by reducing the electric double-layer
thickness and/or increasing the core-to-shell size ratio. We
conclude that the reversible control of the optical properties is
made possible by control of the displacement disorder (i.e., the
randomness of the core arrangement) or the DW factors of the
strongly scattering cores of the yolk—shell colloidal photonic
crystals with an external electric field.

Tetraethyl orthosilicate (TEOS, 95%), titanium tetraisopropoxide
(95%), methylamine aqueous solution (40 wt %), aqueous ammonia
solution (NH; aq, 25 wt %), acetonitrile (99.5%), ethanol (99.5%),
sodium chloride (NaCl, 99.5%), polyvinylpyrrolidone (PVP, weight-
average molecular weight M, = 360,000), styrene (St, 99%), p-
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styrenesulfonic acid sodium salt (NaSS, 80%), potassium persulfate
(KPS, 95%), lithium chloride (LiCl, 99%), and dimethyl sulfoxide
(DMSO, 99%) were purchased from FUJIFILM Wako Pure Chemical
Corporation (Osaka, Japan). The inhibitor for the St monomer (p-t-
butylcatechol) was removed by an inhibitor removal column.
Poly(allylamine hydrochloride) (M,, = 50,000) was obtained from
Sigma-Aldrich Japan (Tokyo, Japan). The silane coupling agents 3-
methacryloxypropyltrimethoxysilane (95%) and 3-aminopropyltrie-
thoxysilane (APTES, 98%) were purchased from Shin-Etsu Chemical
(Tokyo, Japan). Ultrapure water was produced by a water purification
system (Direct-Q 3UV, Merck).

S/T/S particles were prepared via hydrolysis—condensation of metal
alkoxide monomers in water ethanol mixtures through basic
ammonia-induced catalysis. The detailed synthesis procedure is
described in Supporting Information (Figure S1). Briefly, a titania-
coating on silica particles (silica@titania) was performed by following
our previous report.” The silica@titania particles were coated with an
extra silica layer."** The TEM images of silica, silica@titania (S/T),
and S/T/S are shown in Figures S2a and S3a—c.

The yolk—shell particles which consist of a S/T/S core and a hollow,
porous silica shell were prepared by following steps:***" (1) the
core particles were coated with a polystyrene (PSt) layer as a
sacrificial layer, (2) a silica coating process was conducted on the PSt-
coated particles, and (3) the PSt layers were removed by calcination
(500 °C in air for 4 h). The details of each procedure and synthesized
particles are presented in the Supporting Information. The heat
treatment also promotes the crystallization of TiO, from the
amorphous to anatase phase,”® which increases the refractive index.
Because the core particles were stuck on the inner wall of silica shells
after the heat treatment, the inner silica shell walls were dissolved
slightly in NH; aq (pH ~11). After 15 min of sonication, the particle
suspension was stirred for 1.5 h at 40 °C. The particles were
centrifuged more than four times and redispersed in water. As
mentioned in the Supporting Information, APTES was also used as a
silica precursor for the formation of the inner shell of silica. The
APTES-containing silica shells have a less-condensed silica framework
compared to that of outer silica shells which was prepared with only
TEOS, resulting in the preferential dissolution of the silica inside the
outer shell walls.

The yolk—shell particles were dispersed in 0.2 mM LiCl aqueous
solution and injected into a quartz cell (1.0 X 10 X 45 mm, AS ONE,
Q-101). The cell was fixed perpendicular to the ground for 1 week to
settle the particles gravitationally. After the colloidal crystal was
formed, concentrated LiCl aq was added to adjust the LiCl
concentration to 2.0 or 10 mM. The colloidal crystals were left for
more than 2 weeks to ensure that they reached equilibrium. To apply
an external AC electric field to the colloidal crystals, two copper wires
(KYOWA HARMONET, & = 0.8 mm) with the polyurethane coating
removed were inserted on both sides of the colloidal crystal (Figure
S4).

The prepared particles and assemblies were observed using a field-
emission scanning transmission electron microscope (FE-STEM,
Hitachi, HD-2700) and a field-emission scanning electron microscope
(FE-SEM, Hitachi, S-4800), respectively. The volume—averaged
diameter was determined by measuring more than 200 particles in
the TEM images. The zeta potential of the synthesized particles was
measured with a zeta-potential analyzer (Otsuka Electronics, ELSZ-
2). The Smoluchowski equation was used to relate the electrophoretic
mobility to the zeta potential. The reflection spectra were measured
by a fiber multichannel spectrometer (SOMA OPTICS, model S-
2630) equipped with a halogen lamp (SOMA OPTICS, S-2650). One
reflection spectrum was obtained by accumulating 10 acquisitions
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Void space SiO, shell

Figure 1. (a) Schematic illustration of a yolk—shell particle and a TEM image of a S/T/S core particle and the corresponding STEM—EDX
intensity mapping images. The scale bar is 150 nm. (b) TEM image of yolk—shell particles composed of a SiO,@TiO,@SiO, (S/T/S) core particle

and a silica shell. The outer shell diameter, core diameter, and shell thickness were dy, = 690 nm (Cy = 3.1%), d,

= 30 nm, respectively. The scale bar represents 1 pm.

with an exposure time of 15 ms. For each condition, the reflection
spectra measurement was repeated at least three times with short
intervals. In the measurement, a quartz cell filled with water was used
as a reference cell. An external AC electric field was applied with a
function generator (GWINTEK, SFG-2004) and an amplifier (NF
Circuit Design Bloc, HSA4011). The peak-to-peak field strength
(Vpp) was measured with a digital oscilloscope (GWINTEK, GDS-
1062A). Because the raw reflection spectra were noisy and contained
a background, the baseline was estimated and removed via the
asymmetric least squares method.*”*® The baseline-removed spectra
were subsequently smoothed with a Savitzky—Golay filter.

The observation of core motion in a 2D array with/without an
external AC electric field was carried out using a confocal microscope
(Leica, TCS SP8) in the reflection mode with a super continuum
white light laser (NKT Photonics, SuperK). The frame rate was 25
fps. The dispersion of yolk—shell particles was dropped onto a cover
glass, which had been glow-discharged (Cressington 208) for 10 s at §
mA. The dispersion was left until the solvent (deionized water) had
almost evaporated. When a 2D array of yolk—shell particles was
formed, a solution of 85/15 (v/v) DMSO/water (refractive index n =
1.46 at 25 °C, A = 546 nm**) with 2.0 mM LiCl was added to index-
match the silica.”

For the tracking of core particles within a shell, the motion of a
single core particle was captured by the confocal microscope with a
frame rate of 45 fps (3000 frames in total). The frames consisted of 64
X 64 pixels (41.34 nm/pixel). The confocal microscopy images were
converted to TIFF images by using Fiji Image] software. The images
were analyzed by using Trackpy (v0.4.2) to acquire the trajectories of
the core motion.

Figure la,b shows a schematic illustration and a TEM image of
the yolk—shell particles prepared as the building blocks of the
photonic crystals. Highly monodisperse yolk—shell particles
consisting of a core (volume averaged diameter dy = 330 nm,
coefficient of variation Cy = 5.7%) and a hollow silica shell (dy
= 690 nm, Cy = 3.1%) were synthesized. Equations S1 and S2
are used to calculate dy and Cy of the synthesized particles.
Energy-dispersive X-ray (EDX) spectroscopy mapping (the
inset of Figure 1a) indicates that the movable inner particle
was composed of silica and titania shells with an innermost
silica particle and the titania layer in the middle (Si0,@TiO,@
SiO,, S/T/S). For building blocks of colloidal photonic
crystals, monodisperse particles with a high refractive index are
often desirable. In this paper, we designed S/T/S particles as
the cores to achieve the above requirements since mono-
disperse silica spheres are easier to achieve than monodisperse
titania particles. We chose to grow titania shells onto
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=330 nm (Cy = 5.7%), and t

core

monodisperse silica cores (dy = 180 nm, Cy = 4.7%) as the
bases for the scattering cores;' °¢™? titania is well-known as a
high refractive index material.**° Hollow porous silica particles
were employed as the shell of the yolk—shell particles in order
to limit the light scattering of the shells as compared with that
of the cores. For example, the scattering strength of the S/T/S
core in water was more than 20 times higher than that of the
hollow shell in the range of wavelengths 4 = 400—1000 nm
(Figure SS5). Detailed procedures of the yolk—shell particle
synthesis and characterization can be found in the Methods
Section and Supporting Information (Figures S1—S3).

To directly observe the core motion within their shells and
the differences in the core particles’ displacement with/without
an external AC electric field, an ordered 2D array of yolk—shell
particles was fabricated by drop-casting the particle dispersion
onto a precleaned glass slide. Immediately after most of the
original solvent (deionized water) had evaporated, an aqueous
DMSO solution [DMSO/water = 85/15 (v/v)] with 2.0 mM
LiCl was dropped onto the 2D colloidal array. Since the
DMSO/water mixture has almost the same refractive index as
silica (1.46 at 25 °C, 1 = 546 nm),”*** the silica shells were
hardly visible in reflected light confocal microscopy, and only
the cores were observed. We tried to observe the core motion
at 100 Hz, which was the same frequency as that used in
optical measurements shown in the next section, but it was
hard to follow the core motions (frame rate: 45 fps; Movie S1).
Therefore, an external AC electric field with a lower frequency
(E =25 V/mm, f =1 Hz) was applied to the 2D array so that
the core motion could be easily observed with the confocal
microscope (Movie S2, frame rate: 25 fps). When the field is
off, the cores are seen to undergo random Brownian excursions
around their lattice positions. However, as soon as the field is
turned on, the cores begin to oscillate in unison at the
frequency of the electric field.

Figure 2a,b shows stills of Movie S2, the core motion with/
without applying the electric field, where the green signals are
caused by the reflected and scattered light from the core
particles. Figure 2a presents stills of Movie S2 when the field
was off. The core particles exhibited random Brownian motion
within the shells, which led to a distorted hexagonal
arrangement of cores, as illustrated by the blue dashed lines.
On the other hand, Figure 2b presents stills when the electric
field was applied (25 V/mm, 1 Hz). The core motion changed
from random to parallel and in lockstep with the electric field,
which meant that the cores remained in a well-ordered
hexagonal structure throughout their oscillation. This parallel
motion is due to particle electrophoresis within the shells.*
The difference in the core arrangement with the electric field
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Figure 2. (a,b) Confocal microscopy images of the core particles in a
2D array of yolk—shell particles in 85/15 v % DMSO/water with 2.0
mM LiCl. (a) Stills of Movie S2 without AC electric fields, and (b)
those with an AC electric field on. Electric field intensity E = 25 V/
mm, and the frequency f = 1.0 Hz. The scale bars represent 1.0 ym.
(c) Radial distribution function g(r) averaged over frames with the
AC electric field either on or off. g(r) is plotted against the distance
from each reference particle, which is normalized by the outer shell
diameter (r/d). (d) Time evolution of the height of the first peak in
the radial distribution function g(r) (at r/d = 1).

on or off was evaluated by the 2D radial distribution function
g(r). Figure 2c presents g(r) plotted against the distance (r)
divided by the outer shell diameter (d). Peak positions in the
plots showed that the cores were arranged hexagonally both
with and without the electric field due to the shells being
assembled in a hexagonal structure. However, because of the
well-ordered arrangement of cores with the field on, sharper
peaks were observed compared to the case with the field off.
Figure 2d shows the time evolution of the first peak of g(r)
when the electric field is applied to the 2D array multiple
times.

The height of the first peak was reversibly increased/
decreased shortly after switching the electric field on/off,
which implies that the change in motion occurred immediately
after applying the electric field.

As mentioned in Section 3.1, the coeflicient of variation, or
polydispersity, of the yolk—shell particles was low enough to
self-assemble into well-ordered colloidal crystals.”' ~* A three-
dimensionally ordered colloidal crystal of yolk—shell particles
was fabricated on a silicon substrate by a drop-casting method
(Figure S6a). The obtained dried colloidal crystal exhibited
angle-dependent reflection peaks, which correspond to the
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theoretical values estimated according to Bragg’s law (Figure
S6b,c). Because the cores got stuck on the inner shell wall by
drying, gravitational sedimentation®* ™’ was performed as an
alternative way to create yolk—shell colloidal crystals in liquid
with mobile cores inside. The synthesized yolk—shell particles
were dispersed in an aqueous LiCl solution [LiCl concen-
tration (Cp;c) = 2.0 mM]. The particles sedimented to the
bottom of a quartz cell in 1 week, forming an ordered colloidal
crystal.

When an external AC electric field is applied (field strength
E =24 V,,/mm and frequency f = 100 Hz), the intensity of the
reflection peaks at wavelengths A = 846 and 565 nm increased
without shifting the peak wavelength or affecting the peak
width at halfmaximum (Figure 3a). These peaks can be
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Figure 3. (a) Reflection spectra of the yolk—shell colloidal crystal in
an aqueous LiCl solution (Cp;¢; = 2.0 mM) measured with or without
applying an AC electric field. Electric field intensity E = 24 V,/mm,
and the frequency f = 100 Hz. (b) Photographs of the yolk—shell
colloidal crystal with an AC electric field on (top) or off (bottom) and
corresponding schematics of core particle arrangement in the yolk—
shell colloidal crystal.

assigned to the (222) and (333) planes of the face-centered
cubic (fcc) structure, respectively (detailed peak assignment is
described in the Supporting Information). The nearest
neighbor particle distance was estimated from Bragg’s law to
be approximately 740 nm, which was 50 nm longer than the
outer shell diameter (690 nm). This is because of electrostatic
repulsion between the negatively charged outer shells; in a 2.0
mM LiCl solution, the outer shells of yolk—shell particles have
6.8 nm of the Debye length k™', and the surface distance is
expected to be 40—45 nm when considering electrostatic
repulsion and van der Waals attraction between the particles
(Figure S7). The detailed equations are presented in
Supporting Information (eqs S6—S9). The sum of the outer
shell diameter and the surface distance was in good agreement
with the nearest neighbor distance estimated from the
reflection spectra.

The ratios of the peak intensities observed with and without
the electric field (I,,/I.4) were approximately 1.1 and 1.5 for
the (222) and (333) planes, respectively. The structural color
corresponding to the reflection peak of the (333) plane (4 =
565 nm) was clearly confirmed by the naked eye when the field
had been turned on and the intensity of the green reflection
increased (Figure 3b and Movie S3). This switching of the
Bragg peak intensities was reversible and took less than 0.3 s,
which was the maximum shutter speed of the spectropho-
tometer. Such reversible switching was caused by the electric-
field-induced change in core motion within the shell. Because
the inner core particles were mobile within the hollow silica
shells even though the hollow shells were densely packed, only
the cores were expected to respond to the applied electric field,
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as we previously observed by analyzing single yolk—shell
particles (see, e.g, refs 45—47). Therefore, as expected, a
colloidal crystal from hollow silica particles without the core
particles did not change its reflection peak intensity in response
to similar electric fields (Figure S8).

The influence of the field frequency on the switchability of
the Bragg reflection intensity was also investigated. External
electric fields with various frequencies (f = 50—1000 Hz, E =
24 V,,/mm) were applied to the 3D yolk—shell colloidal
crystal, and Bragg peak intensity ratios with/without fields
were calculated (Figure 4). At frequencies lower than 400 Hz,
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Figure 4. Reflection peak intensities of a yolk—shell colloidal crystal

in LiCl aq (Cp;c; = 2.0 mM) with AC electric field application of
different frequencies (E =24 VPP/mm, f=50-1000 Hz).

reflection peaks were strengthened by applying electric fields;
however, the ratio gradually decreased with an increase in the
frequency. The peak intensities were scarcely increased with
electric fields at f > 500 Hz. This is likely because at high
frequencies, the cores were unable to follow the electric field
by moving from one side of the shell to the other, as was
observed before in measurements on single particles,*
resulting in almost no change in the arrangement of cores. It
is expected that the frequency at which the switchability can be
performed is increased at higher electric field strengths due to
faster electrophoresis of the core particles.

The difference in the reflection peak intensities measured with
and without an electric field is an indicator of the effectiveness
of the switchability of yolk—shell colloidal crystals. We have
shown that it results from the cores making random
displacements versus taking on near-perfect relative positions.
A larger switching ratio could be obtained by expanding the
motion range of the core particles. One way to do this is to
reduce the range of electrostatic repulsion between the core
and the shell, which are both negatively charged. This range
can be reduced by decreasing the Debye length x™' (ie.,
thickness of the electric double layer) by increasing the
electrolyte concentration in the surrounding medium. In this
section, we raise the electrolyte concentration to Cp;c; = 10
mM (corresponding k™' was 3.0 nm). From our previous
report, cores can get significantly closer to the inner shell walls
by increasing the electrolyte concentration.”” The reflection
spectra of a yolk—shell colloidal crystal in a 10 mM LiCl
solution when the electric field was turned on and off are
shown in Figure Sa. The reflection peaks attributed to the
(222) and (333) planes were again observed, but this time the
reduction in height is clearly larger than that in the case of the
colloidal crystal in a 2.0 mM LiCl solution. Figure Sb displays
the calculated reflection peak ratios when the field is on/off
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Figure 5. (a) Reflection spectra of a yolk—shell colloidal crystal in
LiCl aq (Cy ¢ = 10 mM) measured with or without applying an AC
electric field (E = 24 V,,,/mm, f = 100 Hz). The Bragg reflection peak
wavelengths are 563 and 845 nm. (b) Intensity ratios of the reflection
peaks obtained with applying an AC electric field to that obtained
without a field (Cy;c; were 2.0 and 10 mM where k™! were 6.8 and 3.0
nm, respectively).

(described as I,/I.4) where Cj;c; = 2.0 or 10 mM. For both
(222) and (333) planes, I,,/I ¢ values were larger for the
colloidal crystal in 10 mM LiCl compared to those in 2.0 mM
LiCl, which shows that the switchability can be enhanced by
adding electrolytes. This was because the randomness of the
core arrangement increased when the motion range of cores
expanded.

Another way to expand the relative motion range of core
particles is to make the cores smaller compared to the void
size. As shown in Figure S3f, we prepared different yolk—shell
particles that contained a smaller core (d.,. = 210 nm, Cy =
9.2%). The diameter and thickness of the hollow porous silica
shells were comparable to those of the yolk—shell particles
shown in Figure 1. The positions of both the large and small
core particles were tracked within their shells in the absence of
an electric field using confocal microscopy. Figure 6 shows 2D
projection maps of the cores’ positions in a certain time range
(approximately 1 min). The probability of finding a core at a
certain radial distance from the center of its shell is also shown,
and the (2D projection of the) mean square distance <u’>
from the center can be calculated from the probability. As
shown in Figure 6a, for the larger cores (d.,. = 330 nm, Figure
1b), the cores' motion range was only slightly expanded by
increasing the electrolyte concentration from 2.0 to 10 mM (

J({@®) = 56 and 64 nm for Cuictc = 2.0 and 10 mM,

respectively), which explains the small difference in the
reflection intensities with/without the electric field in Figure
S. For the smaller cores, on the other hand, a significant
difference in the motion range of the cores between 2.0 and 10

mM was observed (Figure 6b, +/ (u*) =73 and 87 nm for Cy,q
= 2.0 and 10 mM, respectively). This suggests that making the
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Figure 7. (a,b) Reflection spectra of the yolk—shell colloidal crystals (dy = 700 nm and d,,. = 210 nm) in LiCl aq measured with or without
applying an AC electric field (E = 24 V,p/mm, f =100 Hz). Cycy were (a) 2.0 and (b) 10 mM. The reflection peak wavelengths of (a,b) were 845
and 842 nm, respectively. (c) Ratios of reflection peak intensity obtained with applying an AC electric field to that obtained without a field (Cp;q; =

2.0 and 10 mM).

core size smaller is more effective in enlarging the cores’
motion range than increasing the electrolyte concentration, at
least for the parameter range studied here. Smaller core
particles come with the downside of a significantly smaller
scattering cross section, as well as the scattering strength of the
cores decreases roughly with the square of the volume of the
particles (see also Figure S9); however, our recent work has
shown that core particle sizes of around 100 nm can still
facilitate highly reflective colloidal crystals.'>** Tt should be
noted that the motion range of cores was measured in the
DMSO/water mixture instead of deionized water. Although
the zeta potentials of core particles in DMSO/water were
different from those in water, the zeta potentials decreased
with increasing the electrolyte concentration as in water (Table
S1).

Figure 7a,b displays reflection spectra of yolk—shell colloidal
crystals with the smaller cores in two different LiCl solutions
(Crici = 2.0 and 10 mM). Bragg reflection peaks at 4 = 845 and
842 nm were observed from the colloidal crystals in Cp;c; = 2.0
and 10 mM, respectively. Those peaks were assigned to the
(222) plane; however, the peaks from (333) were not observed
in both spectra. This is likely because of the lower scattering
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intensity for the fcc (333) direction compared to that for
(222). As indicated in Figure S10, the (333) reflection
coincidentally falls precisely in a minimum of the form factor
for the smaller cores. Therefore, the scattering intensity of the
(333) peaks decreased below the noise level. As shown in
Figure 7a,b, due to the difference in the motion range, a lower
peak intensity of the (222) reflection was observed for the
colloidal crystal of the smaller cores in a 10 mM LiCl solution
compared to that in a 2.0 mM LiCl solution. Most
interestingly, the peak intensity ratio I,,/I ¢ by electric field
switching was greater than 2 for the colloidal crystal with the
smaller cores, which was a significant increase compared to
that of the colloidal crystal with larger cores in 10 mM (Figure
7¢c).

The attenuation of reflection peak intensities as a result of
the random (thermal) motion of components from their ideal
lattice points can be described by the DW factor. Even though
the theory was originally developed for atomic/molecular
crystals, this also applies to colloidal crystals® because it does
not rely on the details of the interactions nor on the dynamics
of particle motion. For the yolk—shell colloidal crystals, the
more ordered core arrangement under the lower frequency
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electric field, which induces collective electrophoretic motions
of cores, can be considered as the “ideal” fcc structure with
only disorder from the polydispersity of the shells. Therefore,
the ratio of Bragg reflection intensity with the electric field on
(I,,) to that with the electric field off (I.) can be
approximated as follows

1
o = exp| — E712L2(h2 + K+ 1)
Lo 3 (1)

"
D)

where <u”> is the averaged squared distance of a particle from
its lattice position, r,, is the nearest neighbor distance, and , k,
and [ are the Miller indices of the fcc (hkl) plane. L is also
known as the Lindemann parameter. As given in Figure 3, the
nearest neighbor distance and Miller indices were determined
as r,, = 740 nm and (hkl) = (222) or (333).

Table 1 summarizes I /I, for the peaks from the (222)
planes obtained from reflection spectra and those calculated

L =

Table 1. Bragg Peak Intensity Ratios (I,,/I ) for the Peaks
Attributed to fcc (222) and the Lindemann Parameter L for
the Yolk—Shell Colloidal Crystals in LiCl aq (Cy;c; = 2.0 or
10 mM)

Lon/Logs on/Loft L
deore [nm]  Cpiq [mM] (measured) (calculated)”  (measured)
330 2.0 1.14 1.57 0.076
10 1.22 1.79 0.086
210 2.0 1.83 2.15 0.099
10 2.33 2.95 0.117

“The theoretical I,,/I,¢ and L were calculated by considering the
particle tracking result shown in Figure 6, which was performed in
silica index matching 85/15 (v/v) DMSO/water solution.

from DW theory in eq 1, where the Lindemann parameters (eq
2) were obtained from the tracking results presented in Figure
6. Here, we assumed that when the field is on the cores are on
a perfect lattice (ie, L = 0). We realize that these tracking

@ External AC electric field on

results were obtained from 2D projected confocal microscopy
data in a different solvent, but they should still give a relatively
good approximation for the observed trends. The spectral-
based I,,/I¢ trends roughly agree with the ones calculated
from the confocal data, which demonstrates that the Bragg
reflection intensity changes can be tuned by the average
squared distance of the core from its lattice position as
predicted by the DW factor. For comparison, according to
previous studies,”’”* the critical value of L when fcc crystals
melt is approximately 0.2, although of course in our case the
close-packed shells are not expected to melt. For the yolk—
shell colloidal crystals in this study, each L was below that
threshold; however, L was increased by increasing LiCl
concentration and/or making cores smaller, which can result
in larger values than that achieved with photonic crystals of the
core particles alone without the shells. Especially, the core
particle size, that is to say the core-to-shell size ratio, is
important for the switchability of these kind of yolk—shell
colloidal crystals. In regard to the (222) reflection, we
anticipate that almost fully on/oft switching will be achieved

when L > 0.24, which correspond to 4/ (142) > 180 nm. Since
the yolk—shell particles synthesized in this work had shells with
a void diameter around 650 nm, the cores’ average displace-
ment of 180 nm is already allowed geometrically. However, to
reach the true potential of the approach for the (222)
reflection, the Lindemann parameter should be increased by
making smaller core sizes. Note that a minimum in the form
factor should be avoided, and index matching of silica shells is
also desirable.

Switching the Bragg reflection intensity from colloidal
crystals of yolk—shell particles will certainly widen the
application possibilities of switchable colloidal crystals such
as in color displays, sensors, and optical communication
devices with appropriate material design but possibly in
switchable colored paint as well.

In summary, a new type of switchable yolk—shell colloidal
crystal, in which the internal structure can be reversibly
controlled by tuning the displacement of the mobile cores, was

(b) Large core with low (c) Small core with higher
electrolyte concentration

electrolyte concentration

Figure 8. Schematic illustrations of the displacement of the cores and the corresponding arrangements of the core particles in the colloidal crystals:
(a) with an external AC electric field on, (b) without external electric fields, a low electrolyte concentration (2.0 mM), and a large core size (d o, =
330 nm), and (c) without external electric fields, a high electrolyte concentration (10 mM), and a small core size (d o = 210 nm).

https://doi.org/10.1021/acsaom.3c00392
ACS Appl. Opt. Mater. 2024, 2, 181-190


https://pubs.acs.org/doi/10.1021/acsaom.3c00392?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00392?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00392?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.3c00392?fig=fig8&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.3c00392?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

developed. The intensity of the Bragg reflection peaks of the
colloidal crystals was increased/decreased by switching an
external AC electric field at a subsecond time scale. The
response time of this system is superior to other switching
approaches”””* and is likely to be faster by increasing
frequencies of applied electric fields, while those works
achieved larger reflection intensity change. With confocal
microscopy, it was shown that the cores of the yolk—shell
particles moved coherently parallel to the field under the
application of an AC electric field, which decreased the
scattering disorder of the core particles (Figure 8a). On the
other hand, without an electric field, the cores exhibited
random Brownian motion, which lowered the Bragg reflection
peaks due to the increased disorder as expressed by the DW
factor (Figure 8b).

Improved switchability of the Bragg peaks (i.e., an increased
difference between the reflection peak intensities with and
without applying an AC electric field) was achieved by
increasing the particles’ mobility range.”” By increasing the
electrolyte concentration of the surrounding medium and/or
making the core size smaller, the motion range of cores
increased so that the displacement disorder was increased as
well (Figure 8c). Thus, the switchability of the reflection peak
intensities was improved significantly by increasing the average
squared distance of a core particle as characterized by the DW
factor. The insights obtained in this study suggest that yolk—
shell colloidal crystals are promising candidates for novel
switchable photonic crystals of which photonic band gaps or
structural colors can be controlled by AC electric fields with
fast (<1 s) response times.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsaom.3c00392.

Synthesis details; calculated scattering cross-sectional
area of a hollow silica shell and a S/T/S core; reflection
spectra of a dried yolk—shell colloidal crystal and a
hollow silica colloidal crystal; peak assignment in the
reflection spectra; interaction potential calculation
between two spheres in LiCl aqueous solution; zeta-
potential measurement; scattering cross section of a S/
T/S core plotted against the diameter; form factor of
core particles; and statistics of the number of cores
within a hollow shell (PDF)

Confocal core particles in a 2D array of a yolk—shell
particles with the 100 Hz AC electric field on and off
(electric field intensity being 25 V/mm and the scale bar
500 nm) (AVI)

Confocal 2D array of a yolk—shell particles in 85 v %
DMSO aqueous solution with an external AC electric
field on and off (electric field intensity being 25 V/mm
and frequency 1.0 Hz) (AVI)

Yolk—shell colloidal crystals with an external AC electric
field on and off (electric field intensity being 24 VPP/ mm
and frequency 100 Hz) (AVI)
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