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Colloidal crystals, such as opals, display bright and iridescent colors when assembled from submicron
particles. While the brightness and purity of iridescent colors are well suited for ornaments, signaling,
and anticounterfeiting, their angle dependence limits the range of their applications. In contrast,
colloidal glasses display angle-independent structural color that is tunable by the size and local
arrangement of particles. However, the angle-independent color of colloidal photonic glasses usually
yields pastel colors that are not vivid due to the disorder in the particle assembly. Here, we report an
electrophoretic assembly platform for tuning the level of disorder in the particle system from a colloidal
crystal to a colloidal glass. Altering the electric field in our electrophoretic platform allows for deliberate
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control of the assembly kinetics and thus the level of order in the particle assembly. With the help of
microscopy, X-ray scattering, and optical characterization, we show that the photonic properties of the
assembled films can be tuned with the applied electric field. Our analyses reveal that angle-independent
color with optimum color brightness can be achieved in typical colloidal suspensions when the range of
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Introduction

Structural coloration is a frequently observed strategy in nature,
ranging from biological structures to geological formations."™
Iridescent opals,™® butterfly wings,*” and beetle scales® are some
of the geological and biological hallmarks of structural color.
Inspired by nature, engineered microplatelets,”'® colloid-based
pigments,'"'?> and fibers"® have been suggested as routes for
obtaining photonic structures in synthetic systems. Unlike con-
ventional pigments, structurally colored materials resist photo-
bleaching and can be easily designed to avoid environmental and
chemical hazards, which makes them an attractive sustainable
alternative for various photonic applications."*™® Structurally
colored materials have been reported to address challenges in
different fields including displays,'”*® sensing,'*>" camouflage,>*
or anti-counterfeiting.*® Color in these materials emerges from the
constructive interference of light reflected by periodic structural
features with sizes comparable to the wavelengths of the visible
spectrum. Diffraction gratings, photonic crystals, multilayered
Bragg reflectors, and photonic glasses are examples of structures
that lead to optical interference effects.**>
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order is at ~3.2 particle diameters, which is expected at a moderate electric field of ~15V mm™.

1

Photonic glasses, assembled from colloidal building blocks,
offer a notably interesting strategy for the generation of structural
color.® Photonic glasses exhibit local order in the short-range but
disorder in the long range. Contrary to iridescent ordered struc-
tures, the combination of shortrange order and long-range
disorder of a photonic glass allows for the emergence of isotropic
color that is uniform in all view angles.’* > The structure of the
assemblies, and in particular parameters such as the size of and
distance between the colloidal particles and their organization,
defines the color.**** In this way isotropic blue, green, and red
color tones have been created by tuning the size and packing
density of the colloidal particles.***> Due to the advantage of
their isotropic optical response, photonic glasses have been
exploited in the forms of films, photonic balls, and 3D-printed
objects.?*?%3373¢ Research to expand the set of tools to manufac-
ture photonic colloidal glasses®” is currently active. Recently,
three-dimensional printing has been used as an effective way to
manufacture such materials.****

Despite these appealing assets, photonic structures created by
colloidal glasses are limited to mostly pastel colors and they lack
vivid and bright colors. Although brightness can be increased by
inducing long-range order to the assemblies, this in return decreases
the angle independency and terminates the isotropic coloration.*®
Vivid colors can also be achieved by using well engineered colloidal
building blocks, such as core-shell particles or capsules,”>***” and
methods for engineering the index contrast in photonic glasses have
been discussed.”® However, these requirements complicate the

This journal is © The Royal Society of Chemistry 2024
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upscaling of the method.*>** While control of the order via surface
charges®* and the transition from ordered to disordered colloi-
dal photonic arrays has been studied before,>® a systematic study
to identify what range of order can provide the maximum color
brightness while sustaining the color isotropy has not yet been
addressed. Here, we suggest a method to systematically tune the
order of the colloidal assembly from a long-range ordered crystal-
line to a short-range ordered amorphous structure by using an
electrophoretic assembly setup. The applied field during the
electrophoretic assembly defines the kinetics of the assembly
and therefore finely tunes the range of order in the assembled
films. The range of order in the films was characterized via
electron microscopy and small-angle X-ray scattering methods
and compared with their corresponding optical performance via
optical microscopy and reflectance spectroscopy techniques.

To evaluate the presence of colloidal assemblies with finely
tuned disorder, we first investigate the level of disorder in the
fabricated thin films under various electric field strengths. This is
followed by the evaluation of the optical performance and angle
dependence of the photonic assemblies with varying electric field
strengths. Next, we analyze the microstructure and scattering
behavior of these colloidal photonic glasses, which also helps us
to estimate the range of order in the colloidal assembly.

Results and discussion

Electrophoresis is a well established®* method that has also been
used for the assembly of colloidal particles since the pioneering
work of Aksay and co-workers.”” The electrophoretic assembly of
colloidal particles requires electrodes and a suspension of
colloidal particles that exhibit surface electric charges. Upon
application of a DC electric field, the colloidal particles with an
electric charge will be attracted toward the oppositely charged
electrode. For instance, typical colloids such as silica and poly-
styrene exhibit a negative surface charge, therefore, they would
be attracted to the positive electrode. The size, charge, and
density of the colloids, and the applied field strength control
the deposition rate of the colloids. As previously shown by
Takeoka and co-workers,>® the deposition kinetics of the colloids
directly influence the order of the colloids assembled. In the case
of low Reynolds number and moderate electric field strength E a
constant drift velocity can be assumed. For a constant velocity,
the drag on the moving particles due to the viscosity of the
dispersant should be equal to the electrophoretic force. Thus,
when the drift velocity of a dispersed particle v is considered, it is
found that v should be proportional to the applied field, E. Based
on this, the electrophoretic mobility p. will be defined as:*’

Voo I
be = This gives us good control over the assembly kinetics of

the colloids. In other words, when the electrophoretic potential
that drives the assembly is low and on the order of the thermal
potential (~kT), particles have time to equilibrate and form
long-range ordered crystals. In contrast, when the electrophore-
tic potential exceeds the thermal potential (>»k7) then the
kinetics of the assembly is fast, and particles tend to jam and
form disordered assemblies that exhibit short-range order.
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In the two extreme cases of ordered and disordered assem-
blies, various observables are expected to differ significantly,
including their reflection spectra, small-angle X-ray scattering
(SAXS) pattern, visual appearance, and microstructure, as evi-
denced by electron microscopy. Ordered assemblies are
expected to exhibit a periodically repeating arrangement of
particles as shown in the schematic Fig. 1A and the electron
microscopy panel, Fig. 2A. Disordered assemblies, depicted in
Fig. 1B, are expected to exhibit only short-range order. In the
case of the reflection spectrum, the ordered samples exhibit a
reflection spectrum where the peak maximum shifts with the
view angle. However, for the disordered case, the reflection
spectrum is expected to be relatively unchanged with the view
angle. The SAXS pattern or in a broader sense the diffraction
pattern (which can be studied via light scattering of small angle
neutron scattering (SANS), depending on the accessible g-
range)’® of the ordered sample is expected to exhibit Bragg
peaks because of the long-range order, while the SAXS pattern
of the disordered sample is expected to exhibit a concentric
ring pattern because of the lack of long-range order.

The perceived color, which can be evidenced by photography
of the sample, is expected to be brighter for the ordered
samples, but the color changes with the view angle. For the
disordered phase although the color is expected to be pastel
and less bright, it remains unchanged with the view angle.

In the experiments, monodisperse polystyrene (PS) particles
of sizes 180, 270, and 310 nm were used, which were suspended
in a water-ethanol mixture at 1 wt%. An electric field strength of
5to 40 Vmm * was applied between two ITO slides sandwiched
with their conductive sides facing each other (see Experimental
section for details).

The order in the assembly of colloids depends highly on the
strength of the applied electric field which allows for a clear route
to tune the order of the system. The electron microscopy images
of the samples assembled from 310 nm particles with varying
electric field strengths reveal this dependence. For an electric
field of 5V mm™" colloidal particles crystallize and exhibit long-
range order, Fig. 2A. However, increasing the field to 10, 20, and
40 V mm "' gradually decreases the order of the samples as
evidenced by the electron microscopy images shown in Fig. 2A.
The change in the order of the assembly is also observed in the
fast fourier transformation (FFT) images given in Fig. 2B. These
FFT images were generated by applying the transformations to
the SEM images displayed in Fig. 2A. The hexagonal pattern
observed for the FFT of the 5V mm™" sample is a sign of long-
range order. This pattern evolves into a ring pattern for the
higher-field samples. The spikes and the thin and sharp ring
patterns observed for the 10 V mm ™' samples disappear and turn
into broad and faded ring structures for the 20 and 40 V mm ™"
samples, indicating an increase in disorder, see Fig. 2B.

The electric field strength directly affects the optical proper-
ties and visual appearance of the assembled samples. To
evaluate the optical properties and appearance of the samples,
we conducted reflection microscopy imaging and reflection
spectroscopy of the samples assembled from 310 nm
(Fig. 3A-E) and 270 nm (Fig. 3F and G) particles at distinct
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Fig. 1 Schematics of the expected colloidal assemblies tuned by the electrophoretic assembly and their microstructure and behavior under various
characterization conditions. Microstructure and scattering behavior of (A) ordered photonic crystals, (B) disordered photonic glasses. The expected
schematics for electron microscopy, reflection spectroscopy, SAXS, and the perceived color are shown for the ordered and disordered assemblies. The
predicted angle-dependence of the structural color is also highlighted by showing the behavior at two different scattering angles, namely 0° and 30°.

“E=40V/mm

} E=20V/mm

Fig. 2 Characterization of the microstructural evolution of the colloidal assembly with the electric field change. (A) Scanning electron microscopy
images of the samples electrodeposited at varying electric field strengths from 5V mm~! up to 40 V mm™. (B) Fast Fourier transformation (FFT) of the
SEM images from 5V mm~* up to 40 V mm™* electric field strengths. Scale bars for (A) are 5 um.

electric fields. The visual appearance was investigated with a
reflection microscope (Fig. 3A). In addition, the reflection
spectra of the samples which were fabricated at distinct electric
fields were recorded with a spectrometer connected to the micro-
scopy setup (Fig. 3B and C). Furthermore, the spectra taken from
the spectrometer were fed into a modified open-source Python
package (colour®) to simulate the colors arising from the spectra
shown in Fig. 3B. The reflection microscopy images in Fig. 3A
reveal that the color fades and its brightness decreases as the
disorder in the samples increases with increasing electric field.

1622 | Soft Matter, 2024, 20, 1620-1628

The reflection spectra shown in Fig. 3C display a strong depen-
dence on the degree of order of the sample evaluated. The peak
height and its steepness exhibit a significant decrease as the
disorder of the system increases with higher field strength. The
FWHM values increase from 67 to 150 nm over the 5V mm ™' to
40 Vv mm " electric field range, indicating the increase of disorder,
in Fig. 3C inset. For the FWHM analyses we fit the peak between
550-720 nm to a Gaussian and take the width at the half of the
peak height. The decrease in the reflected intensity is observed as
color fading in the reflection images, which nicely agrees with the

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sm01468a

Open Access Article. Published on 19 January 2024. Downloaded on 7/21/2025 5:56:50 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Soft Matter
A Experiment  E=5V/mm E=10V/mm \\—\ E=20V/mm E=40V/mm
Ve
P / \ - &
G : 4 i ‘
[ { ' \
\\ / >
/ " 4
//
200 pm’!
B [Simulation
C 150 - Do.38 1.0
- e — 05V CIE Chromatography s \\.———’:—’H‘
1< — 10V 0.36 3
20| / 20V Diagram 0.8
L1012 55 J 4ov 0.34 2
5 1204 OEIectrig%ield f’\/0 >0.32 sv (_302 1 S
S 1101 & 7 >
= Y 0.30 gov._ $0.0
2 1007 o0y 10V b
90+ 0.28 1.01 \\ﬁ—_._—v.
| 0.26
o " T : : ; 0.8 T T T .
400 500 600 700 800 0.25 0.30 0.35 10 20 30 40
Wavelength [nm] CIEx Electric Field [V/mm]

E=5V/mm E=1 OV/mmIEZOV/mmIE4OV/mm

Vertically Dried

Fig. 3 Optical reflectance characterization of electrodeposited colloidal assemblies. (A) Photographs of samples assembled from monodisperse
polystyrene particles with an average size of 310 nm at various electric field strengths varying from 5V mm™ to 40 V mm™* as depicted in the panels. (B)
The colors simulated from the optical reflectance spectra of these samples are shown below the experimental photographs. (C) Optical reflectance
spectra of the assemblies with varying levels of disorder, obtained by varying the electric field strength. Reflectance values are expressed as a percentage
relative to a white Lambertian diffuser employed as a reference. It's important to note that our configuration does not incorporate an integrating sphere.
Inset: plot of the FWHM of the peaks against the applied electric field. (D) CIE 1931 Chromatography diagram showing the evolution of colors with varying
electric fields. (E) HSV values of the colors observed in experiments. (F) Optical narrow-angle k-space micrographs of the samples with varying disorder
captured in reflection mode under a 20x/0.8 NA objective with wide-field illumination. (G) Wide angle k-space micrographs of the same samples
captured under a 50x/0.8 NA objective. The rings represent scattering angles of 10°, 20°, 30°, 40°, 53.15° from inner to outer, respectively.

colors simulated from the spectra, Fig. 3A and B. The CIE 1931
chromatography diagram in Fig. 3D displaying the observed colors
indicates that increasing disorder causes the color saturation to
decrease; this results in the domination of white, thus fading of
the structural color. The hue (H), saturation (S) and value (V; ie.
brightness), HSV representation of the observed colors was found
and plotted for the increasing electric field strength in Fig. 3E.
Because the size of the particles is unchanged, and therefore the
change in their average distance is relatively small, the hue (H) of

This journal is © The Royal Society of Chemistry 2024

the color should remain relatively unchanged. The HSV plot
against the applied electric field shows a clear decrease in satura-
tion and value while the hue remains relatively unchanged.
Because the goal of this work is to find out the assembly
parameters for the highest color brightness and saturation
while having view-angle independence, the influence of dis-
order on the angle dependence of the samples was evaluated by
capturing their scattering profiles in k-space, so-called
scatterograms.®® Here samples were illuminated in both narrow

Soft Matter, 2024, 20,1620-1628 | 1623
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and wide-angle and scattered light was collected either with a
20x objective or with a 50x objective, respectively. Narrow-angle
and wide-angle represent the range of angles of the incident
beam. The narrow-angle k-space scatterograms are shown in
Fig. 3F and highlight the level of order in the samples. In these
scatterograms narrow-angle illumination results in a single
colored spot scattered into a narrow spatial angle, indicating
that the structure reflects directionally, which is expected in a
system with ordered colloids exhibiting specular reflection. A
vertically dried sample given here represents a control for an
ideal crystalline assembly case, see ESI,f Fig. S1. When the
assembly becomes disordered, local illumination results in dif-
fuse reflection. The narrow-angle scatterograms given in Fig. 3F
exhibit single spots at narrow spatial angles for assemblies up to
10 V. mm ! electric fields and agree qualitatively with the SEM
results. Note that at 40 V mm ™' the spot significantly diffuses
such that the intensity of spots becomes almost undetectable
with our setup.
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Under wide-angle illumination, the iridescence emerges for
ordered samples where the reflected colors appear to blue shift with
increasing observation/incidence angles. The wide-angle scattero-
grams with the 50x objective, given in Fig. 3G, display scattering in
angles ranging from 0° to 53.15°. In these scatterograms, the blue-
shifting colors fade as the disorder dominates the structure with an
increasing electric field. Therefore, over a 20 V mm™ " field, a
uniform faded color across the angles prevails. The uniformity of
the color indicates its angle-independent nature and the presence of
an amorphous structure. By considering the evolution of the angle
dependence and the color brightness of the samples concerning the
applied electric field as observed in Fig. 3F and G, an angle-
independent color with optimum color brightness can be expected
at a moderate electric field of ~15 V mm™ . This prediction
assumes that the gradual change in the state of the order allows
for a brighter reflection at 15 V mm " than at 20 V mm ™" and that
the level of order at 15 V. mm™ " already provides an angle-
independent color performance.
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Fig. 4 X-ray scattering characterization of electrodeposited samples. (A) Small-angle-X-ray-scattering (SAXS) patterns of samples with tunable order

electrodeposited at field strengths of 5V mm™, 20 Vmm™, and 40 V mm~

! as tabulated. (B) SAXS patterns of the same samples depicting the first ring of

the pattern to highlight the different degrees of homogeneity of the scattering ring pattern. (C) and (D) Averaged azimuthal scattering intensity measured
for the samples given in (A) and (B) comparing the scattering peaks at (C) low scattering vector Q and at (D) large scattering vector Q. (E) Averaged
azimuthal scattering intensity of the same samples highlighting the scattering peak positions and the full-width-at-half-maximum (FWHM, AQ) values of
the 1st peak. (F) Evolution of the FWHM value AQ (top), the particle—particle distance dy_, (middle), and the range-of-the-order estimates (bottom) over
the applied electric field strengths.
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To better understand the origin of the level of order change,
we investigated the X-ray scattering behavior of the samples
electrodeposited from 180 nm particles. Here a smaller particle
size was taken to ensure that the Q range of the particle
assembly distinguishes well from the incident beam. The inci-
dent beam of the SAXS starts to interfere with the first minima
of the samples assembled from particles larger than ~300 nm.

To this end, we performed small-angle-X-ray scattering (SAXS)
experiments to quantify the local order within the densely packed
particles. The SAXS results show concentric rings in the scattering
pattern, which indicates the local ordering of the particles in
agreement with the long-range disordered, isotropic nature of the
structure for samples with 20 and 40 V. mm™" electric field
(Fig. 4A and B). For the low electric field cases, our results show
concentric rings in the scattering pattern but with clearly uneven
scattering intensity in the first and second rings, which is not
present in the 20 and 40 V. mm™" samples (Fig. 4A and B). This
directionality is a clear sign of order with polycrystallinity.
Samples prepared with lower electric fields exhibit crystalline
domains as evidenced by SEM images (Fig. 2A), however, these
crystalline domains are on the order of ~30 pm and therefore are
smaller than the size of the X-ray beam which is ~150 pm. Due to
this size difference, many crystalline domains with different
crystallinity orientations fit into the X-ray beam volume and this
means that multiple scattering orientations are probed, giving
rise to the concentric ring patterns seen in the SAXS measure-
ments also for the ordered samples. Note that we observed
similar SAXS patterns also for the well-ordered samples fabri-
cated via vertical drying experiments (Fig. S1, ESIY).

SAXS results exhibit significant differences in the range of
order and packing for the samples. The averaged azimuthal
scattering intensity of the samples given in Fig. 4C and D shows
many peaks for the samples but some of the peaks in the 5 V
mm ™' sample show signs of splitting which indicates long-
range order. In addition, the extent of these scattering peaks,
which is visibly longer for 5 V. mm™' and decreases with
increasing applied field, shows a clear indication of the longer
range of order for the low-electric field samples, see Fig. 4D. To
reveal the difference in the packing, we looked at the scattering
intensity distributions which peak at a Qpeax (i.e. first peak in
Fig. 4C) for the samples prepared with 5, 20, and 40 V mm ™"
electric field strengths and 180 nm-sized particles. The Qpeak
values were 0.00398, 0.00379, 0.00361 A%, respectively
(Fig. 4E). For colloidal assemblies, the peak scattering vector
is given by: Qpeax & 2.3(n/dpp), where d,, estimates the
particle-particle distance.®®* Taking the experimental Qpeak
values we find the particle-particle distances d;,_, as 181, 190,
and 200 nm, for the 5, 20, and 40 V mm ' samples, respectively
(Fig. 4E and F). The increase of the particle-particle distance
indicates that the packing becomes loser and more disordered
as the electric field is increased for the assembly of the colloids.

By fitting a Gaussian distribution to the scattering curve, we
also measured the range of local order (¢) from the full-width-
at-half-maximum (AQ) using the relation: ¢ = 2n/AQ. With a
measured AQ of 0.00093, 0.00148 and 0.00185 A~! for the 5, 20
and 40 V mm " electric field strengths, this analysis predicts a

This journal is © The Royal Society of Chemistry 2024
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range of local order of 678, 484, and 376 nm for the samples
prepared with 180 nm particles, respectively (Fig. 4F). The observed
decrease in the range of order confirms the increase of disorder with
an increasing field strength in the sample preparation. Considering
that angle-independent color with optimum color brightness is
expected at a moderate electric field of ~15 V. mm™", a range of
order for optimal optical response can be estimated based on the
SAXS analyses. If the dependence of the range of the order on electric
field strength shown in Fig. 4F is assumed to behave linearly, the
range of order for an optimal optical response can be estimated.
This approach discloses an optimal range of 569 nm which corre-
sponds to ~3.2 particle diameters. Note that the optimal range
provided here pertains to colloidal assemblies and signifies a trade-
off between brightness and minimal angle-dependence.

To evaluate whether the measured reflectance peaks are
caused by the resonant scattering from the packing, we compared
the wavelength at maximum reflectance with theoretical predic-
tions based on the SAXS analyses. The Qpcak value obtained from
the SAXS measurements can be correlated with the wavelength of
the selectively scattered light (Zpea) through the equation:
Opeak = ‘:n—ne:fsin (g), where n.¢ is the effective refractive index

Lpeal
of the scattering system and 0 is the scattering angle, ie. the
angle between the incoming and the scattered wavevectors.
Assuming 0 =, and using Qpeax & 2.3(n/dp,), we arrive at the

4
following prediction for the peak wavelength: Ape.x ~ ﬁl’leffd 51,62

In the case of optically soft materials, such as dielectric compo-
sites with minimal index contrast like polystyrene particles in
water or silica particles in air, it has been demonstrated that one
can estimate the effective refractive index, 7., using the Maxwell-
Garnett (MG) approximation.”> When dealing with materials
exhibiting a higher index contrast, it has been noted that the
MG approximation tends to overestimate the effective index.®*
For an effective medium consisting of 60% polystyrene (n =
1.59) in air, we obtain a MG n.g = 1.33 while the approach of
Reufer et al.®* would predict n.¢ = 1.22. Based on these esti-
mates, we expect the peak wavelength for particles with dia-
meters of 310 nm to lie at 717 nm or 658 nm, respectively. This
range of predictions is reasonably close to the value of ~680 nm
obtained from the reflectance measurements, see Fig. 3C. This
confirms that the color of the electrodeposited samples emerges
from the selective scattering of light by the particle assemblies.
The ability to create tunably ordered colloidal glasses by
electrodeposition opens the possibility to fabricate structurally
colored films with tunable colors (Fig. 5). We illustrate this by
manufacturing a set of films from 180 nm PS particles and
carbon black as the absorber with varied color performance.
Here the addition of the absorber essentially increases the
saturation and helps the macroscopic visualization of the
color.?® Photographs reveal that the color response can change
significantly with the applied field (Fig. 5A). With the increased
field strength, the brightness decreases, and color becomes
dull. To evaluate the color response beyond visual perception
we performed image analyses and examined the evolution of the
hue (H), saturation (S), and value (V, brightness) over the

Soft Matter, 2024, 20,1620-1628 | 1625
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Fig. 5 Photographs and image analyses of electrodeposited films. (A) Photographs of films with 0.3% carbon black absorber at various applied electric
fields from 5 to 40 V mm™. Scale bars are 1 mm. (B) Plots of the hue (H), saturation (S), and value (V, brightness) analyses of the images from the samples
in (A) demonstrate how the HSV values evolve with the change of order tuned with the electric field.

samples with varying order. These analyses reveal that the hue
of the sample remains unchanged as expected. Because the
particle size is the same for all samples, the reflected wavelength
of the color, which relates to hue, is not expected to change
significantly. The saturation value decreases with increasing
disorder but levels off at a value of ~0.7 most likely due to
the presence of an absorber which enhances color saturation.
The most significant change is observed in the value (bright-
ness) of the samples, which decreases as the disorder increases.
Such an effect is indeed expected because disorder triggers the
reflected light to diffuse in many directions, thus decreasing the
observed reflected light which is what we perceive as brightness.

Conclusions

Structurally colored thin films and coatings with tunable dis-
order can be manufactured by electrodeposition of colloidal
particles. The electric field strength acts as a tuning knob for the
disorder of the assembled structures. By applying this principle,
we demonstrate that it is possible to tune the structure from a
crystalline assembly to a glassy structure. With the help of
microscopy, X-ray scattering, and optical characterization, we
show that the photonic properties of the assembled films can be
deliberately tuned with the applied electric fields. Structures at 5
and 10 V mm " electric fields exhibit high reflection but angle-
dependent color, whereas structures above 20 V mm™* electric
fields exhibit low reflection but angle-independent color. Our
analyses suggest that angle-independent color with optimum
color brightness can be achieved for typical colloidal particles
when the range of order is at ~ 3.2 particle diameters, which is
expected at a moderate electric field of ~15 V mm™'. This
report of a range of orders estimated from SAXS analyses and
the electrodeposition platform, which is already used in indus-
try, e.g. in the automotive sector for coloration, has the potential
to set the stage for optimizing the isotropic color performance of
structural colors in numerous applications.

1626 | Soft Matter, 2024, 20, 1620-1628

Experimental section
Particle synthesis

Polystyrene nanoparticles (PS) were synthesized using standard
surfactant-free polymerization using 4-vinyl benzenesulfonate as
an ionic comonomer and methanol as a cosolvent.®® By varying
the methanol content, we could obtain particles of different sizes.
Scanning electron microscopy SEM (Tescan Mira3 LM FE) deter-
mined the mean diameter of the spheres to be as 180, 270, and
310 nm, with a polydispersity of approximately 5%.

Electrodeposition of colloids

PS dispersions were prepared in a water-ethanol mixture with a
1:4 water-to-ethanol ratio. A total of 20 mL suspension consisted
of PS 1 wt% of particles. To this dispersion, 150 pL of concen-
trated NH,OH aqueous solution was added before electrodeposi-
tion. The solution was placed in an ultrasonic water bath, to
disperse the particles homogeneously. Indium-tin oxide (ITO) -
coated glass coverslips were used as coating substrates. For a
homogenous electric field, two ITO slides were sandwiched with
a 1 mm gap in between while the conductive sides were facing
each other. ITO slides were connected to a DC power supply to
apply voltages varying between 2-40 V. For the deposition of
samples with carbon black we prepared an aqueous 1 wt %
carbon black suspension using sodium dodecylbenzene sulfo-
nate (SDBS) surfactant. The CB used in this work is type Cabot
Vulcan XC72R GP-3919 and has a reported average size of 50 nm.
Given the nature of the assembly method, we presume that the
particle arrangement is approximately isotropic. This implies that
the partial order in the lateral direction is akin to the order
observed in the vertical direction in our samples.

Color mapping

The images of the samples were taken with a Keyence (Keyence,
VHX-5000) digital microscope under constant illumination and
controlled light conditions. Color mapping in the HSV space
was done with a modified open-source OpenCV Python code.®®

This journal is © The Royal Society of Chemistry 2024
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SEM imaging
Samples for scanning electron microscopy (SEM) were imaged

on a Tescan Mira3 LM FE instrument using an in-lens detector
and an acceleration voltage of 5 kV.

Small-angle X-ray scattering

The scattering pattern of deposited colloidal structures was
characterized for samples with particle diameters of 180 nm.
SAXS X-ray scattering measurements were performed with a
Xeuss 3.0 UHR SAXS/WAXS system (Xenocs SAS, Grenoble,
France) equipped with a GeniX 3D Cu K-alpha radiation source
(A ~ 1.54 A) and a Q-Xoom in-vacuum motorized Eiger2 R 1M
detector (Dectris Ltd, Switzerland) for data collection. The
reduction of 2D data into 1D plots of the scattering intensities,
I(Q), was performed automatically using the Xenocs XSACT
software. The scattering vector Q was calculated using the
relation: Q = 4nsin 6/, where 6 is half the scattering angle.

Optical properties

Optical microscopy images were taken with a Point Grey Grass-
hopper 3 USB3 camera (GS3-U3-28S5C-C, Point Grey/FLIR Inte-
grated Imaging Solutions Inc., Richmond, Canada), a Zeiss
Axioskop A1 microscope (Zeiss AG, Oberkochen, Germany) and
a Xenon light source (Thorlabs SLS401; Thorlabs GmbH, Dachau,
Germany). A white diffuser standard was used as a reference.

Spectroscopy measurements were taken with a modified
Zeiss Axioskop A1l (Zeiss AG, Oberkochen, Germany) and a
photodiode spectrometer (Ocean Optics Maya2000 Pro; Ocean
Optics, Dunedin, FL, USA). The reflectance spectra were taken
with an optical fiber with a 230 um core and spot size of 13 pm,
and a Zeiss Epiplan Neofluar 20 x (NA = 0.6) or a Zeiss Epiplan
Neofluar 50 x (NA = 0.8) lens.

Statistical analyses

Experimental data shown in graphs correspond to mean values.
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