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Highlights

Highly ordered aluminum dimple arrays are fabricated via etidronic acid anodizing.
The ordered dimple arrays display structural coloration with a rainbow distribution.
Aluminum nanostructures can be transferred to polymers via nanoimprinting.

The nanostructured polymer surfaces also exhibit structural coloration.



Abstract

Polymer nanoimprinting of submicrometer-scale dimple arrays with structural
coloration was demonstrated. Highly ordered aluminum dimple arrays measuring 530 to
670 nm in diameter were formed on an aluminum substrate via etidronic acid anodizing
at 210 to 270 V and subsequent anodic oxide dissolution. The nanostructured aluminum
surface led to bright structural coloration with a rainbow spectrum, and the reflected
wavelength strongly depends on the angle of the specimen and the period of the dimple
array. The reflection peak shifts gradually with the dimple diameter toward longer
wavelength, reaching 800 nm in wavelength at 670 nm in diameter. The shape of the
aluminum dimple arrays were successfully transferred to a mercapto-ester ultra-violet
curable polymer via self-assembled monolayer coating and polymer replications using a
nanoimprinting technique. The nanostructured polymer surfaces with positively and
negatively shaped dimple arrays also exhibited structural coloration based on the
periodic nanostructure, and reflected light mostly in the visible region, 400-800 nm.
This nanostructuring with structural coloration can be easily realized by simple
techniques such as anodizing, SAM coating, and nanoimprinting.

Keywords: Anodizing; Anodic Porous Alumina; Etidronic Acid; Structural Coloration;
Nanoimprinting



1. Introduction

Anodic porous alumina possesses characteristic nanofeatures, including highly
ordered porous structures with high-aspect ratio nanopores measuring several tens or
hundreds of nm in diameter, and can easily be fabricated via aluminum anodizing in
several appropriate acidic electrolyte solutions [1-4]. Because it is difficult to obtain
such similar high-aspect ratio porous materials by other techniques, anodic porous
alumina has been widely investigated by researchers in nano-science and engineering
applications, such as fundamentals [5-7], nanotemplates [8-11], optical devices [12-14],
sensors [15-17], and catalysts [18-20].

For anodic porous alumina formation by anodizing, the following three acid
groups have been reported to date: a) inorganic electrolytes, including sulfuric [21,22],
sulfamic [23], selenic [24,25], phosphoric [26,27], and chromic acid [28,29]; b)
carboxylic electrolytes, including oxalic [30], malonic [31], tartaric [32], glycolic [33],
tartronic [34], citric [35], malic [36], formic [37], ketoglutaric [38], acetonedicarboxylic
[38], and acetylenedicarboxylic acid [39]; and c) oxocarbonic electrolytes, including
squaric [40], croconic [41], and rhodizonic acid [41]. In particular, anodizing in sulfuric,
selenic, oxalic, malonic, tartaric, and phosphoric acid solutions under the appropriate
electrochemical conditions causes self-ordering growth of the porous alumina [1,2,42].
Accordingly, highly ordered anodic porous alumina with a high aspect ratio has been
successfully obtained on aluminum substrates. However, the cell diameter (interpore
distance) of the porous alumina formed in these electrolyte solutions is limited to up to
approximately 500 nm in diameter at the corresponding anodizing voltage of 200 V [1].
Therefore, a novel high-voltage electrolyte is required for the self-ordering of porous
alumina with large-scale cell diameters.

Recently, we reported a new self-ordering electrolyte for anodic porous alumina
fabrication, etidronic acid (1-hydroxyethane-1,1-diphosphonic acid,
CH;C(OH)[PO(OH),],) [43]. Etidronic acid anodizing at 210-270 V under the
appropriate temperatures resulted in the formation of anodic porous alumina that
exhibited self-ordering behavior, and periodic porous alumina with cell sizes of 530-670
nm was successfully fabricated. A periodic dimple array corresponding to the bottom
shape of the ordered porous alumina was also fabricated on the aluminum substrate via
selective dissolution of the anodic oxide. During the aluminum dimple formation on the
aluminum substrate, we found that the nanostructured aluminum surface led to bright
structural coloration with a rainbow spectrum including violet, blue, light blue, green,
yellow, orange, and red hues. This structural coloration is not based on the thin film
interference but rather the nanostructured aluminum surface with the periodic
submicrometer-scale dimple array. Therefore, the ordered aluminum nanostructure,
namely the structural coloration, may easily be transferred to other materials including
polymers via nanoimprinting [44-46].

The aim of the current study was to establish a technique for the structural
coloration via electrochemical nanofabrication and nanoimprinting. We describe a novel



structural coloration approach of aluminum nanostructuring based on etidronic acid
anodizing and subsequent polymer nanoimprinting. Highly ordered dimple arrays with
530-670 nm periodic structures were fabricated via etidronic acid anodizing, and the
corresponding structural coloration was investigated by optical reflectance spectroscopy.
We demonstrated the transfer of the nanostructure to the polymers for the structural
coloration via nanoimprinting using nanostructured aluminum molds. The effects of the
conditions of anodizing and nanoimprinting on the behavior of the resulting structural
coloration were investigated.

2. Experimental
2.1 Pretreatment of the aluminum specimens

High-purity aluminum plates (99.999 wt%, 0.25-1.0 mm thick, GoodFellow, UK)
were cut into 20 mm X 10 mm specimens with handles. The aluminum specimens were
ultrasonically degreased in a C,HsOH solution for 10 min, and then the lower halves of
the handles of the specimens were coated with silicone resin (KE45W, Shin-Etsu
Chemical, Japan). After solidification of the resin, the specimens were electropolished
in a 13.6 M CH3COOH/2.56 M HCIO;4 (78 vol% CH3COOH/22 vol% 70%-HClO4)
mixture solution at a constant cell voltage of U = 28 V for 1-5 min. A high-purity
aluminum plate was used as the cathode, and the solution was slowly stirred with a
magnetic stirrer during electropolishing.

2.2 Fabrication of highly ordered dimple arrays on the aluminum

The electropolished specimens were immersed in a 0.3 M etidronic acid solution
(Sigma-Aldrich, USA, T = 293-313 K) and were anodized at a constant cell voltage of
U =210-270 V for up to 16 h. During the initial stage of etidronic acid anodizing, the
voltage was increased linearly for 2.5 min and then was held at each voltage to prevent
burning due to localized breakdown under the high electric field. A platinum plate was
used as the cathode, and the solution was vigorously stirred during the etidronic acid
anodizing. To compare the highly ordered nanostructures with the disordered
nanostructures, aluminum specimens were also anodized in a 0.2 M ketoglutaric acid
solution (HOOC-CO-(CH;),-COOH, Kanto Chemical, Japan, T = 293 K) at 270 V for
16 h. The specimens were then immersed in a 0.20 M CrO;/0.51 M H3;PO4 mixture
solution (T = 353 K) to selectively dissolve the anodic porous alumina on the aluminum
substrate. The bottoms of the anodic porous alumina were exposed to the surface by
selective oxide dissolution, and the nanostructured aluminum specimens were termed
“aluminum dimple arrays”. High-purity aluminum rods (99.99 wt%, 5.0-10.0 mm in
diameter, Kojundo Chemical Laboratory, Japan) were also anodized for the fabrication
of the aluminum dimple arrays on a curved surface.

2.3 Nanoimprinting using nanostructured aluminum molds
The nanostructured aluminum  specimens were immersed in a



tetradecylphosphonic acid (TDPA, CH3(CH,);3P(O)(OH),, Sigma-Aldrich, USA)
ethanol solution (5.3 mg TDPA /10 mL C,HsOH, room temperature) for 2 days to form
a self-assembled monolayer (SAM) on the aluminum surface. After SAM coating, the
shape of the aluminum dimple array formed by anodizing was transferred to an
elastomeric polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning, USA) polymer
via replica molding. The mixture of pre-polymer and curing agent was kept at room
temperature for 2 days or at 353 K for 120 min to cure the polymer. In addition, the
following PDMS composites were also cured for the fabrication of colored PDMS
polymers: a) PDMS/Ti0O, nanoparticles (99.99 wt%, PT-401M, average particle size: 70
nm, Ishihara Sangyo Kaisha, Japan) and b) PDMS/multi-walled carbon nanotube
(MWCNT, >95 wt%, diameter: 6-9 nm, Sigma-Aldrich) nanocomposites. The weight
ratios of base to curing reagent were fixed at 10 (30 mL) : 1 with/without 1.0 g TiO,
nanoparticles or 1.0 g MWCNTs.

After PDMS curing, the shape of the negative structure on the PDMS mold was
again transferred to a mercapto-ester ultra-violet (UV) curable polymer (NOAG60,
Norland Products, USA) via a second replica molding. For the second molding, the
pre-polymer was coated on the PDMS negative mold and covered with a thin slide glass
under UV irradiation (365 nm, handheld UV curing lamp, Edmund Optics, USA) for 60
min. Curing photopolymers with ordered dimple arrays were fabricated via two
successive replica moldings, as described above.

2.4 Characterization of the nanostructured specimens

The surfaces of the nanostructured aluminum specimens and polymers were
examined by field-emission scanning electron microscopy (FE-SEM, JIB-4600F/HKD,
JEOL, Japan). For polymer observation, a thin platinum electro-conductive layer was
coated on the specimens using a magnetron sputter coater (MSP-1S, Vacuum Device,
Japan). Optical reflectance measurements from the nanostructured aluminum and
polymers were performed using a PC-controlled multi-channel spectrometer
(USB2000+, Ocean Optics, USA). The specimens were set in the perpendicular position
of a white light source (HL-2000, Ocean Optics) through an optical fiber and were
rotated by a 0-axis stage (SKIDS-60YAW(0z), SIGMAKOKI, Japan) from 0 to 50.0°.
The reflectance of the rotated specimens was measured at visible and infrared regions of
400-900 nm.

3. Results and discussion
3.1 Nanostructured aluminum surfaces and their structural coloration

Etidronic acid anodizing at three voltages was carried out to understand the effect
of the cell diameter of the aluminum dimple arrays on the structural coloration. Fig. 1
shows the changes in the current density, j, at several voltages, U = 210-270 V, during
constant voltage anodizing in a 0.3 M etidronic acid solution (T = 293-313 K). To form
the highly ordered anodic porous alumina with large-scale cell diameters, three



appropriate anodizing voltages and the corresponding solution temperatures to prevent
burning were selected for anodizing [43]. At U =270 V and T = 293 K (Fig. 1a), the
current density increased rapidly to j = 100 Am™ during the initial period and then
decreased gradually with anodizing time. This current-time transient corresponds to the
formation of anodic porous alumina during constant voltage anodizing: the nanopore
formation in the barrier anodic oxide and subsequent growth of the porous layer. The
current density increased with decreasing voltage (Figs. 1b and Ic) due to the active
dissolution of the anodic oxide at the pore bottom during high temperature anodizing.
Accordingly, the current density at 210 V during the initial stage was four-times larger
than that at 270 V. Namely, the growth rate of the anodic porous alumina also increased
with voltage decreasing. The low voltage anodizing was completed early due to rapid
and sufficient growth of the porous alumina.

After constant voltage anodizing, the anodic porous alumina was completely
dissolved from the aluminum substrate via selective chemical dissolution. Therefore,
the bottom shape of the anodic porous alumina was exposed to the surface [25,47]. Fig.
2 shows the surface appearance of the specimens anodized at a) U = 210 V, b) 240 V,
and ¢) 270 V in etidronic acid solution after selective oxide dissolution. Each aluminum
surface clearly shows bright structural colors that include blue, green, yellow, and red
hues. The non-uniformity of the structural coloration shown in Fig. 2a) though 2c¢) is
due to the slight distortion of the aluminum substrate that is caused when cutting the
specimens.

Fig. 2d) shows the surface of the specimen anodized at 270 V in a ketoglutaric
acid solution to be compared with the surface of the specimen anodized in etidronic acid
solution. Ketoglutaric acid anodizing can be achieved under high voltage conditions,
similar to etidronic acid anodizing. Therefore, the aluminum specimen was anodized in
a 0.2 M ketoglutaric acid at 270 V for 16 h, and then the anodic oxide was completely
removed from the substrate. However, the aluminum surface obtained by ketoglutaric
acid anodizing exhibited monochromatic white-gray coloring without a rainbow
distribution, in contrast to etidronic acid anodizing. A similar light-gray coloration was
observed at different viewing angles, and the structural coloration was not generated
due to ketoglutaric acid anodizing. The differences in the surface appearances may be
caused by the regularity of the dimple array formed on the aluminum substrate. The
detailed nanostructures of these exposed aluminum surfaces were examined using SEM.

Fig. 3 shows SEM images of the exposed aluminum surface after etidronic acid
anodizing at a) U = 210 V, b) 240 V, and c) 270 V and selective oxide dissolution.
Highly ordered aluminum dimple arrays with ideal cell arrangements were successfully
obtained via each etidronic acid anodizing. The average cell diameter of the dimples
increased with the anodizing voltage, and periodic dimples measuring a) 530 nm at 210
V, b) 600 nm at 240 V, and ¢) 670 nm at 270 V in diameter were fabricated on the
aluminum substrate. During typical self-ordering of anodic porous alumina, cell
diameter increases linearly with the anodizing voltage [1]. These linear relations are



consistent with etidronic acid anodizing, as described above.

Fig. 4 shows an SEM image of the exposed aluminum surface anodized in 0.2 M
ketoglutaric acid at 270 V, as shown in Fig. 2d. In contrast to Fig. 3, disordered dimple
arrays corresponding to the bottom shape of the disordered anodic porous alumina can
be observed by ketoglutaric acid anodizing. Each dimple resembles a combination of
circular- and polygon-like shapes. In addition, many white defects were formed at the
junctions of each dimple, such as at the fourth and fifth points. The diameters of the
disordered dimples varied widely between 415 nm and 1000 nm, as observed based on
the SEM images. The average diameter was calculated as approximately 700 nm, which
is slightly larger than that obtained by etidronic acid anodizing at the same voltage.
Such disordered anodic porous alumina formations have also been observed for the
anodizing of other organic acid electrolytes, such as malic and squaric acid solutions
[36,40]. These ordered and disordered aluminum dimple arrays fabricated by etidronic
and ketoglutaric acid anodizing were used for optical reflectance measurements.

Fig. 5a shows the change in the reflection, R, of the electropolished aluminum
surface on the vertical position with wavelength, A, under white light irradiation. The
reflection spectrum is similar to a Gaussian distribution with a peak at approximately
610 nm wavelength. This spectrum becomes the standard distribution for the optical
measurements on the nanostructured aluminum surfaces under white light irradiation.
The changes in the reflection of the nanostructured aluminum surfaces formed by
ketoglutaric acid anodizing according to wavelength are shown in Fig. 5b. During the
reflection measurements, the nanostructured aluminum specimen was rotated from
25.0° to 45.0° by a 0-axis stage. The shape of the reflection spectrum at 25.0° was
similar to that obtained from the electropolished aluminum, as shown in Fig. 5a.
Although the reflection corresponding to wavelengths between approximately 550 nm
and 900 nm decreased slightly with increased specimen angles, the surface reflected
light made up of the entire visible spectrum in all cases. In fact, white-gray hues were
observed from the exposed aluminum specimens at all angles. Namely, the white-gray
coloring of the nanostructured aluminum surfaces formed by ketoglutaric acid
anodizing resulted in the reflection at wavelengths across the entire visible spectrum.
Therefore, such disordered microstructures with submicrometer-scale dimple arrays do
not exhibit the selective light reflection based on interference.

Fig. 6 shows the changes in the reflection spectrums of the nanostructured
aluminum specimens fabricated by etidronic acid anodizing at a) U =210 V for D = 530
nm, b) 240 V for 600 nm, and ¢) 270 V for 670 nm. At 210 V for 530 nm (Fig. 6a), the
reflection spectrum shows a broad peak at the lowest angle of 25.0°, and the center
position of the peak is not clear. The peak becomes clearer with increased rotation
angles of the specimen, and the position of the peak shifts gradually with the angle
toward longer wavelengths. Namely, selective color reflection based on the ordered
aluminum dimple arrays was observed upon rotating the specimen. This structural
coloration is due to an interference shift based on the change of the reflection intervals



of the ordered dimple arrays by the rotation of the specimen, as shown in Figs. 6d and
6e. Increasing the anodizing voltage, i.e., increasing the cell diameter of the dimple
arrays, led to notable shifts in each peak toward longer wavelengths (Figs. 6b and 6c¢).
These optical measurements indicate that the structural coloration strongly depends on
the cell diameter of the ordered dimple arrays on the aluminum substrate. Therefore, the
optimal cell diameter should be selected for the structural coloration for visible light
spectrum, especially short (< 500 nm) and long (> 700 nm) wavelength regions.

Structural coloration based on periodic nanostructures occurs often in biological
systems, such as in morpho butterfly wings and the bodies of buprestidac [48-49].
Structural coloration achieved using nanofabrication has been recently reported by
several research groups [50-51]; however, complicated and expensive techniques are
needed for the fabrication of periodic nanostructures. An important advantage of our
structural coloration is that the process consists of only simple techniques including
anodizing and chemical dissolution.

The nanostructuring of aluminum surfaces for structural coloration can be applied
not only to flat plates but also to three-dimensional curved surfaces, such as rods,
because anodizing allows for the ease formation of highly ordered dimple arrays on the
curved surfaces. Fig. 7 shows the surface appearance of the 5.0-mm and 10.0-mm
diameter aluminum rods, which were a) electropolished and b) anodized in an etidronic
acid solution after selective oxide dissolution. Bright structural coloration with a
rainbow distribution was successfully achieved on the aluminum rods via self-ordering
anodizing and subsequent oxide dissolution. Such nanostructured aluminum rods can be
employed in roll-to-roll nanoimprinting for the fabrication of nanostructured polymers
and other materials, as described in the next section.

3.2 Polymer nanoimprinting using nanostructured aluminum molds

Nanostructured polymers with structural coloration were fabricated via
nanoimprinting based on UV polymer curing using an elastomeric PDMS mold. Fig. 8
shows photographs of the typical stages involved in the fabrication of the polymer
dimple arrays via the nanoimprinting technique. Before nanoimprinting, phosphonic
acid-based SAM (TDPA) was coated on the nanostructured aluminum surface (Fig. 8a)
[52-53]. In this procedure, the nanostructured aluminum specimen was immersed in a
TDPA ethanol solution for 2 days. Nanoimprinting without the SAM layer could not be
achieved due to the high adhesion of nanostructured aluminum specimen to the curing
PDMS.

A nanostructured aluminum specimen with the SAM layer was placed in the
center of a Petri dish, and then the PDMS prepolymer was poured into the Petri dish
(Fig. 8b). The PDMS curing polymer was carefully removed from the Petri dish after
curing, and then the nanostructured aluminum specimen was also carefully removed
from the PDMS polymer (Fig. 8c). The negative shape of the dimple array, namely a
nanodot array, was transformed to the PDMS curing polymer, but the structural coloring



was not observed from the PDMS polymer due to its high transparency (Fig. 8c). The
rough edges formed by the meniscus of the PDMS polymer were cut using a knife, and
the square-shaped PDMS negative mold was obtained. A UV curable liquid
photopolymer (NOA60) was applied to the PDMS negative mold and then exposed to
UV light through a glass slide for 1 h (Fig. 8d). After the UV curing, the cured polymer
was carefully removed from the PDMS negative mold (Fig. 8¢). The nanoimprinting
photopolymer with the original shaped-dimple array was obtained on the glass slide.
However, little structural coloration was observed from the polymer surface due to its
high transparency (Fig. 8e). Therefore, thin platinum coating on the polymer surface
was carried out via magnetron sputtering (Fig. 8f). Structural coloration similar to the
original nanostructured aluminum surface was clearly observed from the nanostructured
polymer on the glass (Fig. 8f). In summary, a dimple array structure could be
transferred to a polymer via a nanoimprinting method that incorporated SAM coating,
PDMS negative mold formation, and UV photopolymer curing, as shown in Fig. 8a
through 8f.

Fig. 9a shows an SEM image of the aluminum surface with a master dimple array
after PDMS nanoimprinting. The highly ordered dimple array without any deformation
or defect can be observed on the aluminum surface after nanoimprinting. Therefore, the
nanostructured aluminum mold can also be used as the master pattern for further
nanoimprinting. Fig. 9b shows an SEM image of the nanostructured surface on the UV
curable polymer replica fabricated by nanoimprinting, as shown in Fig. 8f. Comparing
Fig. 9b with Fig. 3c, the interface between each dimple on the polymer surface is
slightly unclear, and the diameter of each dimple is smaller than that of the aluminum
master mold. This is may be due to slight deformations of the PDMS negative mold and
the UV curable polymer during the curing and removal steps. Although several defects
were observed in Fig. 9b, the ordered dimple array could be able to be transferred to the
UV curable polymer surface via nanoimprinting.

Fig. 10a and 10b show changes in the reflection from the surface of the UV
curable polymer replica a) before and b) after thin platinum coating. For these optical
measurements, the intensity of the reflection of the each specimen is reported under the
same conditions. For the polymer replica without platinum coating (Fig. 10a), little
structural coloration was observed at 15.0-40.0° due to its high transparency, as shown
in Fig. 8e. After platinum coating of the polymer replica (Fig. 10b), the light is strongly
reflected from the platinum-coated dimple array on the polymer replica, and clear
structural coloration can be observed by rotating the specimen. Although the shape of
the reflection spectrum is slightly different from the master aluminum pattern due to
slight deformations of PDMS mold and the UV photopolymer, structural coloration was
successfully transferred to the polymer replica via nanoimprinting.

Structural coloration is generated not only in dimple arrays but also in nanodot
array corresponding to the negative shape of the dimple array. Fig. 10c shows changes
in the reflection from the backside of the polymer replica through the slide glass.
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Although the intensities of the reflection at each angle are less than half of the
intensities measured at the surface, similar structural coloration was also measured from
the backside of the polymer replica. This decrease in reflection occurs because the white
light and reflected light pass through the slide glass and the curable photopolymer
during optical measurements.

PDMS negative molds with nanodot arrays exhibit non-structural coloration due
to their high transparency, as shown in Fig. 8c. However, colored PDMS polymers
exhibit structural coloring from their highly reflective surfaces. Fig. 11 demonstrates the
structural coloration of colored PDMS polymers with nanodot arrays. White
PDMS/TiO; nanoparticle composites were prepared by the dispersion of TiO,
nanoparticles into PDMS prepolymers and subsequent curing (Fig. 11a). However,
structural coloration was not observed from the nanostructured surfaces of the white
PDMS/Ti0; composites due to the strong reflection of all wavelengths of light from the
white PDMS substrate. Similarly, black PDMS/MWCNT composites were fabricated by
the dispersion of MWCNTs into PDMS prepolymers and subsequent curing (Fig. 11b).
The nanostructured black PDMS/MWCNT composites clearly exhibited rainbow color
distributions based on the nanodot arrays. Therefore, structural coloration was
transferred to the various colored PDMS polymers via nanoimprinting using PDMS
prepolymer/nanomaterial composites. Colored PDMS with structural coloration can be
employed in various optical applications.

4. Conclusions

We demonstrated bright structural coloration via etidronic acid anodizing and the
transfer of nanostructures to PDMS and UV curable polymers via nanoimprinting.
Etidronic acid anodizing at 210-270 V induced the formation of highly ordered dimple
arrays measuring 530 to 670 nm in diameter on aluminum plates and rods and the
structural coloration of the submicrometer-scale ordered dimple arrays. The reflection
peaks at each angle strongly depend on the period of the dimple array, and the peak
shifts gradually with the dimple diameter toward longer wavelength, reaching 800 nm in
wavelength at 670 nm in diameter. Structural coloration was not observed on the
nanostructured aluminum surfaces formed by ketoglutaric acid anodizing due to its
disordered nanostructure.

The shape of the nanostructured aluminum dimple array was successfully
transferred to a mercapto-ester-based photopolymer via TDPA-SAM coating, PDMS
negative mold formation, and photopolymer curing. Structural coloration was also
observed on the nanostructured polymer surface, and the nanostructured surface
reflected light mostly in the visible region, 400-800 nm. The reflection strength from the
platinum-coated polymer increased with respect to that of the original polymer without
a platinum layer. In addition, nanodot polymer arrays, which are negative structures of
the dimple polymer arrays, also exhibited structural coloration of the surface. A black
PDMS negative mold also exhibited structural coloration. These nanostructured
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polymers, including PDMS and UV curable polymers, can be used for various optical
applications.
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Captions

Fig. 1 Changes in current density, j, with anodizing time, t, in a 0.3 M etidronic acid
solution at a) U =210V and T =313 K, b) 240 V and 298 K, and ¢) 270 V and 293 K.
Each set of anodizing conditions, including voltage, temperature, and time, was selected
for fabrication of highly ordered anodic porous alumina.

Fig. 2 Surface appearances of the nanostructured aluminum specimens after anodizing
in a) through c) etidronic acid and d) ketoglutaric acid. The anodized specimens were
immersed in a CrOs/H3;POy solution to completely dissolve the anodic oxide.

Fig. 3 SEM images of the highly ordered aluminum dimple arrays with different periods,
as shown in Fig. 2a through 2c.

Fig. 4 SEM image of the disordered dimple array formed on the aluminum surface by
anodizing with ketoglutaric acid, as shown in Fig. 2d.

Fig. 5 Reflection spectrums from the a) electropolished and b) nanostructured aluminum
surfaces formed by anodizing with ketoglutaric acid (Fig. 4) at different angles under
white light irradiation.

Fig. 6 Reflection spectrums of the nanostructured aluminum surfaces formed by
anodizing with etidronic acid a) at U =210 V for D = 530 nm, b) at 240 V for 600 nm,
and c) at 270 V for 670 nm. SEM images of the nanostructured aluminum surface at
different angles of 0° and 50.0° are shown in Fig. 6d and 6e.

Fig. 7 Surface appearances of the a) electropolished and b) nanostructured 5.0-mm and
10.0-mm diameter aluminum rods.

Fig. 8 Photographs of the nanoimprints for the transfer of structural coloration. a)
TDPA-SAM coating on the aluminum surface. b) Curing of the PDMS with the
nanostructured aluminum specimen in a Petri dish. ¢) Removal of the nanostructured
aluminum specimen from the cured PDMS. d) Cutting the edges of the PDMS negative
mold, applying a UV curing photopolymer on the PDMS mold, and subsequently
irradiating using UV light through a glass slide. €) Removal of the curable polymer
from the PDMS mold. f) Coating of a platinum thin layer on the curable polymer via
magnetron sputtering.

Fig. 9 SEM image of a) the nanostructured aluminum surface removed from the PDMS
negative mold and b) the UV curable photopolymer fabricated by nanoimprinting.
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Fig. 10 Reflection spectrums from the UV-curable polymer surface a) without and b)
with the platinum coating. c) Reflection spectrums from the backside of the
platinum-coated polymer replicas.

Fig. 11 Surface appearances of the nanostructured a) PDMS/Ti0, nanoparticles and b)
PDMS/MWCNT composites.
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