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Colors occur either as pigments that absorb certain colors
while reflecting/scattering others or as structural coloration
caused by microscopic structures. Many living things in the
natural world produce this type of structural coloration that
results in vivid colors, including morpho butterflies,
peacocks, and jewel beetles. Biomimetics is gaining
attention as a field that utilizes the functions and structures
of these living things in the development of new technology
and manufacturing processes by mimicking them.

In Application News No. A502, we confirmed the existence of
structural coloration on a multi-layered film produced b
mimicking the wing structure of morpho butterflies, in whic?;
the coloration was caused by interference.” The vivid colors
observed on the wings of some birds are also structural
coloration. For example, the structural coloration of peacock
plumage is said to originate from the arrangement of
melanin granules.? Michinari Kohri, Associate Professor at
the Division of Applied Chemistry and Biotechnology at
Chiba University's Graduate School of Engineering, has
succeeded in producing highly visible structural coloration
by controlling the size, blackness, refractive index, and
arrangement of melanin-mimicking particles (PSt@PSA
particles) created by coating the surface of polystyrene
particles (PSt) with polydopamine (PDA), which is similar to
melanin.?

This article introduces measurements of photonic materials
with structural coloration performed in cooperation with
Associate Professor Michinari Kohri.
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Spectrum and Color Value Measurement of
Samples

Fig. 1 shows an image of the samples captured from above.
The samples on the left side were formed only from PSt
particles. The diameter of PSt particles becomes smaller
moving from the top row of samples to the bottom row. The
samples down the center were thinly coated with PDA
(iridescent) and the samples on the right side were thickly
coated with PDA (non-iridescent). Differences in PSt particle
diameter and PDA coating thickness change the colors that
are visible. Fig. 2 shows an image of the samples captured at
an angle. The color tone of the samples changes according
to the viewing angle. Fig. 3 shows a conceptual diagram of a
melanin-mimicking particle.
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Fig. 2 Image of Samples Captured at an Angle

Spectrophotometric Analysis

Evaluation of Photonic Materials with
Biomimetic Structural Coloration
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Fig. 3 Conceptual Diagram of a Melanin-Mimicking Particle
X: PSt Particle Diameter, Y: PDA Thickness

Fig.4 shows inside the sample compartment of the
SolidSpec-3700DUV  with the variable angle absolute
reflectance attachment installed. Use of the variable angle
absolute reflectance attachment enables measurement with
different angles of incident light with respect to the sample.
For details on the variable angle absolute reflectance
attachment, refer to Application News Nos. A390 and A394.
Samples were set as shown in Fig. 4 and measurement was
performed using the conditions listed in Table1.
Measurement was performed at incident angles of 5, 12, 30,
and 45 degrees with the light beam reduced to a diameter of
1 mm by using the mask provided as an accessory with the
SolidSpec-3700DUV.

Integrating sphere
and detector

Fig. 4 Inside the Sample Compartment of the
SolidSpec-3700DUV with the Variable Angle Absolute
Reflectance Attachment Installed

Table 1 Measurement Conditions

: SolidSpec-3700DUV, variable angle
absolute reflectance attachment,
quartz depolarizer ™'

Measuring wavelength range : 380 nm to 780 nm

Instrument

Scan speed : Low speed
Sampling interval :1.0nm
Measurement light value : Refractive index
Slit width :5nm

Light beam aperture mask ¢1

*1: DEQ-20P manufactured by SIGMAKOKI Co., Ltd. Produces
artificially depolarized light.

*2: Since the refractive indices have mostly likely not been
accurately measured due to the spherical shape of the samples,
a.u. (arbitrary unit: unit for comparison as opposed to absolute
values) was used as the reference value for the vertical axis.
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Fig. 5 shows the reflectance spectra (5° incident angle) when
the PSt particle diameter is constant and the PDA coating
thickness is changed. We can see that a redshift occurs as the
PDA thickness increases. Fig.6 shows the color values
calculated from the spectra plotted using commercially-
available color analysis software. We can expect that as the
PDA thickness increases, the color will shift from blue to
green to yellow.
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Fig. 5 Reflectance Spectra of Blue Coloring (5° Incident Angle)
Black: Uncoated PSt Particles,
Red: Thin PDA Coating (Iridescent),
Blue: Thick PDA Coating (Non-Iridescent)
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Fig. 6 Blue Coloring Color Values
Circle: Uncoated PSt Particles,
Square: Thin PDA Coating (Iridescent),
Triangle: Thick PDA Coating (Non-Iridescent)

Fig. 7 shows the reflectance spectra (5° incident angle) when
only the PSt particle diameter is changed. A redshift occurs
as the PSt particle diameter increases. Fig.8 shows the
reflectance spectra (5° incident angle) when each PSt
particle sample is thinly coated with PDA. These cases also
show the occurrence of a redshift.
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Fig. 7 Reflectance Spectra of PSt Particles with
Differing Diameters (5° Incident Angle)
Blue: Blue Coloring (Uncoated PSt Particles),
Green: Green Coloring (Uncoated PSt Particles),
Red: Red Coloring (Uncoated PSt Particles)
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Fig. 8 Reflectance Spectra of PSt@PDA Particles with
Thin PDA Coating (5° Incident Angle)
Blue: Blue Coloring (PSt@PDA Particles, Iridescent),
Green: Green Coloring (PSt@PDA Particles, Iridescent),
Red: Red Coloring (PSt@PDA Particles, Iridescent)



Application No, A553

News

Fig. 9 shows the color values calculated from the spectra in
Fig. 7 and Fig. 8 plotted using commercially-available color
analysis software. This shows that the samples with PSt
particles thinly coated with PDA exhibit a brighter color tone.
Table 2 lists the color values and peak wavelength results.
Fig. 10 to Fig. 12 show the reflectance spectra resulting from
light of differing incident angles striking the PSt@PDA
particles thinly coated with PDA. A blueshift occurs as the
incident angle increases for all of the samples. This is thought
to be caused by incident angle differences in Bragg
reflections.
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Fig. 9 Color Value Variation of Uncoated
PSt Particles and PSt@PDA Particles (Iridescent)
Gray: Uncoated PSt Particles, Black: PSt@PDA Particles
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Fig. 10 Reflectance Spectra of Blue Coloring
(PSt@PDA, Iridescent)

Black: 5°, Red: 12°, Blue: 30°, Green: 45°

Table 2 Color Values and Peak Wavelengths (5° Incident Angle)

Sample X y Peak (nm)
(uncoBaItue%cF?Skt)gg?ticles) 0263 0271 454
(PSt@PD:EI;grSciocIIZQ,r}gdescent) 0192 0.277 478
(PSt@PDA F?;t:gcclgl?:\igr?—iridescent) 0352 0466 317
(uncge:(::g ;glog;?gcles) 0304 0508 530
(uncogigdcglsct)rrl)g?ticles) 0447 0359 593
(PSt@PDGArey:Jear:t?(c:)II(?sr,lir:%escent) 0323 0612 536
Red coloring 0647 0298 624

(PSt@PDA particles, iridescent)
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Fig. 11 Reflectance Spectra of Green Coloring

(PSt@PDA, Iridescent)
Black: 5°, Red: 12°, Blue: 30°, Green: 45°
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Fig. 12 Reflectance Spectra of Red Coloring
(PSt@PDA, Iridescent)
Black: 5°, Red: 12°, Blue: 30°, Green: 45°
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I Observation of Particle Arrangement

Fig. 13 shows the SFT-4500 Nano Search Microscope that
combines a laser microscope (LSM) and scanning probe
microscope (SPM) to achieve high accuracy. The optical
microscope and laser microscope were used to determine
the observation position and the probe microscope was
used to observe the arrangement of the green coloring
particles. Fig. 14 to Fig. 16 show the 2D height images. The
scanning range is 5.00 pm x 5.00 um and the z range of the
images is 300 nm. Fig. 14 and Fig. 15 show that the uncoated
PSt particle sample and sample with a thin PDA coating have
aregular arrangement of particles (colloidal crystal), whereas
Fig. 16 shows that the sample with a thick PDA coating has
an irregular arrangement of particles (amorphous structure).
This difference in arrangement is considered to cause the
differences in angular dependence and refractive index in 200 um 5.00 % 5.00 "
the structural coloration of the samples. ' Brown T

Fig. 16 Particle Arrangement of Green Coloring
(PSt@PDA Particles, Non-Iridescent)

[ Conclusion

We conducted evaluation and observation of photonic
materials with structural coloration using a spectrometer
and the Nano Search Microscope. Using the spectrometer,
we confirmed a shift in peak wavelength in the reflectance
spectra that occurs according to the diameter of the PSt
particles and the PDA coating thickness. We also confirmed
a shift in peak wavelength in the reflectance spectra that
occurs by changing the incident angle of light. Using the
Nano Search Microscope, we confirmed a variation in
particle arrangement that depends on the PDA coating
thickness.

| 30000 Since the color tone and angular dependence of structural
coloration can be changed by controlling the size, blackness,
refractive index, and arrangement of melanin-mimicking
particles, it is expected this will lead to the development of
ink materials with new types of color. The field of
biomimetics is anticipated to allow manufacturing of
efficient and environmentally-friendly materials such as

these.
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Fig. 15 Particle Arrangement of Green Coloring
(PSt@PDA Particles, Iridescent)

First Edition: Oct. 2017

I For Research Use Only. Not for use in diagnostic procedures.
This publication may contain references to products that are not available in your country. Please contact us to check the availability of these

products in your country.

The content of this publication shall not be reproduced, altered or sold for any commercial purpose without the written approval of Shimadzu.
Shimadzu disclaims any proprietary interest in trademarks and trade names used in this publication other than its own.

S h Ima d ZU CO r pO rat on See http://www.shimadzu.com/about/trademarks/index.html for details.
WWW,Sh i madzu.co m/an/ The information contained herein is provided to you "as is" without warranty of any kind including without limitation warranties as to its

accuracy or completeness. Shimadzu does not assume any responsibility or liability for any damage, whether direct or indirect, relating to the
use of this publication. This publication is based upon the information available to Shimadzu on or before the date of publication, and subject
to change without notice.
© Shimadzu Corporation, 2017



