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a reflective grating on the nano-patterned surface
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In this work, surface nano-stripes and a reflective grating have been fabricated on shape memory polymers
(SMPs) to simulate the active color change of chameleons. The structural color resulting from the
interference of reflected light exhibits high saturation and it can be regulated continuously based on the
shape memory effect. In addition to the viewing angle, the attained color is sensitive to the deformation
at the macroscale. Uniaxial tension along stripes at high temperature produces a remarkable blueshift of
the resultant color (from red to green and blue) which can switch back to red after shape recovery upon
heating. The evolution of structural color can be attributed to the lower and higher magnitudes of nano-
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Introduction

In nature, there are many animals exhibiting structural color
including tropical fish, longhorn beetles and panther chame-
leons.*® Unlike pigments and dyes, in which the color is
produced by the energy consumption of light, structural color is
mainly based on special optical processes of photonic crystals,
such as interference, diffraction, scattering and so on.”® With
the aid of the development of fabrication strategies, many
structural color materials are available. The precise adjustment
of structural color plays a key role in their various applications,
e.g., sensors and anti-counterfeiting.” For this purpose, two
kinds of strategies have been developed. On one hand, struc-
tural color can be manipulated by means of the refractive index
contrast between the surrounding media and the periodic
structures.' For instance, Choi et al presented a sensor
comprising micro-pillar arrays coated with hydrogel."* The
refractive index of the hydrogel is under the control of its
swollen/dried states while that of the pillar remains constant,
which is an efficient way to reduce or enhance the refractive
index contrast between them and the consequent structural
color. On the other hand, it is possible to tailor the structural
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color by means of periodic structures. In earlier studies, much
effort has been made in parameter optimization during fabri-
cation of photo crystals."*™ In the result from Wu et al., struc-
tural color patterns have been fabricated by printing
monodisperse nano-spheres.” Brilliant red, orange, and green
colors can be achieved using inks containing nano-spheres with
different diameters according to the linear relationship between
the reflection peak position and the diameter of the spheres. In
recent years, stimuli-responsive structural colors have been
paid much attention.”*"** Inspired by the ability to change the
skin color during male contests or courtship of panther
chameleons, some strategies have been developed to adjust the
periodic structures after their preparation. Yang et al. prepared
photonic crystals in shape memory polymers (SMPs) by self-
assembling silica particles in a polymer matrix and the subse-
quent removal of silica colloids by wet etching.*® The structural
color in the attained photonic crystals can be tuned reversibly
by means of mechanical deformation at the macroscale. During
stretching, the reduced lattice space contributes to a remark-
able blueshift of the resultant reflection peak.

So far, some structural color materials as well as their
stimuli-responsive behaviors have been available. In their effi-
cient fabrication and applications, however, there are still some
open and important problems. For one thing, it remains a great
challenge to realize the adjustment of structural color contin-
uously, especially within the whole visible wavelength range on
the same sample. In particle-based photonic crystals, it is easy

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to obtain various colors by varying the particle diameter. The
absence of a strategy for the precise manipulation of micro- or
nano-structure periods makes it difficult to achieve the desired
color covering the whole wavelength range. In the reported
results, only limited color change has been achieved.>****¢ For
another thing, the brightness and saturation of structural color,
which can be attributed to the following issues, need to be
improved further. First, relative to two- and three-dimensional
photonic crystal structures, a one-dimensional (1-D) grating
exhibits much higher reflectivity and higher color saturation
because of the sufficient interference of reflected light. There
have been some reports concerning structural color in a 1-D
grating.’”*® Most of them, however, focused on the inorganic
materials (e.g., metals) in which it is difficult to tailor the
structural color after their preparation.** Secondly, compared
with scattering in the bulk of structural color materials,
diffraction or interference on a patterned surface produces
a much higher intensity of diffraction, color saturation and
brightness. Finally, the interference or diffraction of reflected
light can be described by using the Bragg equation:

2d sin 6 = nA (1)

where n, A and d are the diffraction order, the peak wavelength,
and the lattice spacing, respectively. 6 is the angle between the
normal line and incident light.*® According to this equation, the
comparable d and A produce a smaller magnitude of n. In this
case, the photonic crystals display a more brilliant structural
color. In the reported 1-D gratings, however, the periodic
structure in microns has widely been adopted, leading to
reduced brightness and saturation.

In this work, therefore, it is proposed to fabricate surface
nano-stripes (according to a hard template, Scheme 1A) and
simulate active and reversible color change in chameleons
based on deformation/recovery of SMPs. The structure period of
the resultant 1-D grating is comparable with visible light, cor-
responding to primary diffraction. The structural color is
sensitive to both incident light/viewing angles (Scheme 1B) and
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grating constants (Scheme 1C). The latter can be tailored by
means of uniaxial tension or recovery of SMPs based on
proportional deformations at the macro- and micro-scales
developed in our previous work. This is an efficient way not only
to manipulate structural color precisely and continuously, but
also to enlarge the spectral-tuning range to the entire visible
light wavelength.

Experimental
Preparation of poly (l-lactic acid) (PLLA) thin films

At room temperature, PLLA solution in chloroform (2.5 g L™")
with a certain volume (2.5 ml, 5 ml, 10 ml, and 15 ml) was cast
on the silicon template (Zhongding Nano-Technology Co., Ltd,
China). After the evaporation of chloroform, the polymer was
slowly deposited on the silicon template. Then, the samples
were placed in vacuum for 24 hours to remove residual solvents.
At 70 °C, higher than the switching temperature of the shape
memory effect, PLLA films were peeled off from the silicon
template and put in the hot water-bath.

Deformation and recovery of PLLA films

Uniaxial tension was performed on PLLA films along direc-
tion A in a water bath at 70 °C. The recovery of the film is
accomplished by soaking in a hot water-bath. The draw and
recovery ratios were determined by measuring the length of
PLLA films.

Microscopic morphology measurements

The surface morphologies of a silicon wafer were observed by
using a scanning electron microscope (SEM, Hitachi S-4800)
with an accelerating voltage of 5.0 kV. Atomic force microscopy
(AFM, E-Sweep, Seiko, Japan) characterization of the
membranes was conducted under ambient conditions in
a tapping mode.
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Scheme 1 Fabrication of nano-patterned shape memory PLLA (A), structural color exhibiting angle (B) and deformation (C) dependence.
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Optical measurements

Reflection measurements of PLLA films with different draw
ratios were performed at various angles with linear polarization
for wavelengths ranging from 350 to 800 nm in an angle-
resolved spectrophotometer (S1, Shanghai Chenchang Instru-
ment Equipment Co., Ltd, China). An OPPO R17 was used to
take sample photographs with its own camera and an LED lamp
as the light source.

Results and discussion

Poly (I-lactic acid) (PLLA) solution in chloroform was dip-coated
on a silicon template with 1-D patterns (SEM and AFM images
are shown in Fig. S11). Then, the PLLA films were peeled off
from the template after evaporation of solvent. This is an effi-
cient method to prepare shape memory PLLA films with highly
ordered surface patterns containing concave-convex nhano-
stripes. It is suitable for scale-up. For brevity, the specimens
were observed at the same angles with incident light in this
work (Scheme 1B and C). Fig. 1A shows the optical photographs
of the as-prepared PLLA films. In the results from direction B as
shown in Scheme 1A (vertical to the stripes), there are obvious
structural colors at different incident light/viewing angles,
which can be attributed to the constructive interference of re-
flected light with different wavelengths induced by the periodic
structures of concave-convex stripes. The attained structural
color is independent of the casting liquid volume and the film
thickness (44, Fig. S21t). It changes in the visible light range from
blue (17°) and green (22°) to red (27°). By increasing the angle
further, the transition discussed above takes place for the
second time (from 37° to 52°). The corresponding periodic
transition in the entire visible light wavelength ranging from

22° 27°

17°

A Angle

Direction B

Direction A
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purple to red can be observed in the film by adjusting the angle
of incident light (Movie S1t), indicating a wide color-tuning
range. The simultaneous occurrence of green and orange in the
photograph at 22° in Fig. 1A is caused by the slightly changed
incident light/viewing angle resulting from the different
distances from the observing point between the top and bottom
edges of our specimen. In direction A, however, no obvious
structural color has been detected in any angle due to plane
reflection, which has been further confirmed in a movie in the
ESI (Movie S21). To investigate the color as well as its evolution
discussed above, the quantitative reflectance data in direction A
and B have been taken at various incident and reflection angles.
In the black line (17°), for instance, the peak position is located
at 476.9 nm, corresponding to the color of blue (wavelength
from 492 to 455 nm). In all the results shown in Fig. 1B, the
positions of the reflection peak are in good agreement with the
colors shown in the photographs in Fig. 1A. During the varia-
tion of the viewing angle, the reflection peak position shifts to
the direction of a higher wavelength from 476.9 nm (black curve
at 17°) to 717.4 nm (blue curve at 27°). In the result of 32°,
however, the peak drops to 428.0 nm, followed by an increase to
629.2 nm in the brown curve (52°). This result makes it clear
that there are two periodic changes, corresponding to primary
and second diffraction in the former and latter respectively,
which will be discussed quantitatively in the following sections.
As shown in Fig. 1C, there is no reflection peak at any viewing
angle along direction A, which is consistent with the trans-
parent and colorless state shown in Fig. 1A. The full width at
half maximum (FWHM) in the reflection spectra can act as an
efficient parameter to assess the saturation of structural color.
In this work, the FWHM covers a very narrow wavelength (down
to ~20 nm as shown in Fig. 1D), which is much lower than the
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Fig. 1 Optical photographs of the as-prepared PLLA film (A). Spectrum in direction B (B) and direction A (C). The full width at half maximum
(FWHM) of the spectrum in direction B (D). The dimension of each color square is 0.5 cm.
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results in the references.*’*®* The lower magnitude of the
FWHM, resulting from a 1-D grating and the monodispersed
size of nano-stripes (Scheme 1), indicates a structural color with
higher saturation.

PLLA is a typical shape memory polymer, in which tiny
crystals and an amorphous matrix act as the shape-fixed phase
and shape-recovery phase respectively. The shape memory
effect has been discussed in detail in our previous work.**-*> As
a result, PLLA films with a surface pattern can be deformed at
high temperature (above the glass transition temperature of
PLLA) and the shape can be fixed by cooling down to room
temperature. Upon heating above the switching temperature
again, it can recover its initial shape spontaneously. The inter-
related deformations at the macro- and micro-scales make it
possible to control the periods of nano-structures precisely and
continuously.* To investigate the relationship between struc-
tural color at the macroscale and the surface nano-structure of
a PLLA film, uniaxial tension along direction A (Scheme 1A) has
been introduced in the as-prepared film. This is an efficient way
to decrease the periods, tailor the subsequent structural color
and simulate active color change in chameleons. The initial
square specimen exhibits the color red at a viewing angle of 27°
(Fig. 2A). It changes to green upon uniaxial tension with a draw
ratio of 1.3 (30% strain, named as strain-30). By increasing the
strain to 50% (strain-50), we can find a mixed color of green and
blue on the film surface. In strain-30 and strain-50, the defor-
mation in direction A yields a rectangular specimen. Upon
heating to 70 °C, it recovers its initial shape (square) and color
(red). The reversible transition between red and green (blue)
shown in Fig. 2A closely resembles the active color change in
panther chameleons during excitation and relaxation.” In the
process discussed above, the optical spectrum is in good
agreement with color evolution (Fig. 2B). The reflection peak
position is located at 717.4 nm (red light, 622 to 760 nm) before
uniaxial tension. It moves to 529.9 nm (green light, 492 to 577
nm) and 526.6 nm (mixed color of green and blue) in the case of
strain-30 and strain-50, respectively. Finally, this peak moves
back to 726.4 nm (in the range of red light) when the specimen
recovers its permanent shape. In a PLLA film with nano-struc-
tures on the surface, therefore, the structural color can be
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tailored according to deformations in two scales. The color
evolution and corresponding reflection spectrum during
uniaxial tension (Fig. S31) and recovery (Fig. S4t) at various
viewing angles have been investigated in detail. As shown in
Fig. 2C, the deformation-recovery of the specimen and the
resultant evolution of structural color between red (with
a wavelength of ~ 720 nm) and green (with a wavelength of
~530 nm) can be repeated at least eight times, suggesting their
excellent cycling stability.

Fig. 3A-D show the SEM and AFM images of the specimen of
strain-0 (before strain), strain-10, strain-30, and strain-50
respectively. In Fig. 3A, there are perfect 1D periodic surface
structures containing several continuous
stripes. Their structural parameters agree well with those of the
silicon template (Fig. S1t), indicating a perfect structure copy.
To detect the grating constants of the stripes, atomic force
microscopy (AFM) has been employed. In the resultant 3-D AFM
images, we can read the height and periods directly. Our
attention has been paid to the latter as shown in Scheme 1B.
Before uniaxial tension, the period is 809 nm (Fig. 3E and F). It
is easy to calculate the wavelength of the structural color
according to eqn (1). In the case of 27°, for instance, the wave-
length of primary diffraction (n = 1 in eqn (1)) is 734.6 nm. This
value is in good agreement with the reflection peak in Fig. 1B
(717.4 nm) and the color red (622 to 760 nm) shown in Fig. 1A.
Based on this method, all colors in Fig. 1A and reflection peaks
in Fig. 1B have been validated. When the light reaches the film
surface along direction A, there are no periodic structures,
leading to the absence of structural color as shown in Fig. 1A
and C.

Upon uniaxial tension of our specimen at the macroscale,
most of the nano-stripes are still highly ordered although a few
defects can be found in the deformed films (SEM images in
Fig. 3B). In this process, both the height and the period of the
stripes decrease remarkably as shown in the line-cut profiles in
AFM images (Fig. 3E). Their periods are 630 nm, 590 nm and
580 nm in the specimen strain-10, strain-30 and strain-50,
respectively (Fig. 3B-F). At an incident/viewing angle of 27°,
their corresponding wavelengths are 572 nm, 531 nm and 522
nm respectively, which is the reason for color evolution and the
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Fig. 2 The evolution of structural colors at a viewing angle of 27° during uniaxial tension along direction A and recovery (A). (B) shows the
corresponding reflection spectrum during deformation and recovery. (C) The cycling stability during deformation/recovery with a strain of 30%.

The dimension of each color square is 0.5 cm.
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Fig.3 SEM (up) and 3-D AFM (down) images of PLLA membranes with various draw ratios. (A) Strain-0, (B) strain-10, (C) strain-30, and (D) strain-
50. (E) Line-cut profiles in the AFM images obtained from various specimens. (F) The period of stripes on PLLA films.

reflection peaks shown in Fig. 2A and B. In the process dis-
cussed above, the evolution of a nano-structure period plays
a key role in the structural color of PLLA films. This scenario
reproduces the color change during excitation and relaxation in
chameleons. As shown in Fig. 3F, it has been found that the
period of the film shows an exponential decay trend. The period
of the film exhibits lower magnitudes with the increase of the
draw ratio and tends to be steady at 50% strain. The exponential
decay makes it possible for the specimen to be used as
a continuously adjustable and stable structural color-based
photoconductive sensor. During uniaxial tension, the concave
and convex regions exhibit different deformation principles.
The decrease of the former is more significant than that of the
latter (Fig. 3E), which can be ascribed to the higher stress
resulting from the lower magnitude of film thickness.

The wavelength of structural color (1) corresponds to the
reflection peak position in the optical spectrum (Fig. 1B and 2B)
while the period of nano-structures can be measured in AFM
images (Fig. 3E and F). To validate the relationship between
them which can be described by using the Bragg equation, the
product of the wavelength of structural color (1) and its
diffraction order (n) has been plotted as a function of structural
parameters (2d sin 6). As shown in Fig. 4, there are many scat-
tered points. They have been obtained in various processes
including angle variation (black and red points) as shown in
Fig. 1, and deformation (blue points) and recovery after defor-
mation (green points) as shown in Fig. 2. Obviously, all points
can be fitted well according to the red dashed line with a slope
of 1, ie, eqn (1). This result indicates that the relationship
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between structural color and the periods of the nano-structure
is not sensitive to the processing history of the specimen. It is
the period of nano-structures (d) that determines the structural
color as well as its reflection peaks (1). In other words, it is easy
for us to tailor the color precisely and continuously according to
the relationship shown in Fig. 4 and eqn (1). To validate the
mechanism of structural color change on a patterned surface,
an L-S silicon template (Fig. S51) with different structures has
been employed. There are obvious structural colors on the
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E
‘é 800 |
= n=1, angle variation
600 F ® n=2, angle variation
= n=1, deformation
400 = n=1, recovery
400 600 800 1000 1200 1400

2d*sin 0
Fig. 4 Linear fitting according to the Bragg equation of the wave-

length in an optical spectrum of all structural colors and their corre-
sponding periods obtained from AFM images.
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Fig.5 The schematical product code in hidden (A)/readable (B) states with color evolution based on the combination of angle-dependent color

(B to C) and the shape memory effect (A to B).

resultant PLLA film in both L and S directions (Fig. S61), which
can be tailored by means of angle variation and deformation of
shape memory PLLA. In this process, it is also the period of
nano-structures (Fig. S7t) that determines the color. The
resultant color on the PLLA film from the L-S template exhibits
much lower brightness and saturation compared with nano-
stripes shown in Fig. S1,T which can be ascribed to the insuf-
ficient interference of reflected light due to the partial existence
of nano-structures along the L or S directions. The comparison
between them shows clearly the advantage of a 1-D grating
made of nano-stripes. As a result of the 1-D grating and mon-
odispersed size of nano-stripes (including height and period),
the reflectance of the as-prepared specimen reaches ~70%
(from the UV-vis spectrum, data not shown here).

Because of the color-changing ability, various structural
color materials have been fabricated and widely used in the area
of anti-counterfeiting. The reflective grating on a nano-
patterned PLLA surface in this work exhibits not only angle-
dependent color (Fig. 1), but also stimuli-responsive behaviors
(shape memory effect shown in Fig. 2 and 3). Their combination
makes it possible to achieve programmable hidden/readable
information, which is significant in anti-counterfeiting. For this
purpose, we prepared a “product code”. Details can be found in
Fig. S8.1 On PLLA films with nano-structures on the surface,
there are two blue belts with a width of several millimeters. The
color of these belts will neither change upon varying the viewing
angle nor on deformation/recovery of the PLLA films. On the
contrary, the color of a PLLA film with nano-structures on its
surface is sensitive to both of them. At the very beginning
(Fig. 5A), a PLLA film after uniaxial tension along direction A
(strain-30) exhibits the color blue (at a viewing angle of 20°),
which closely resembles the blue belts. In this case, the infor-
mation (two belts) has been hidden. When the specimen is
heated above the switching temperature, the PLLA film recovers
its permanent shape, resulting in a higher period which has
been shown in Fig. 3. This is the reason for the appearance of
a green PLLA film (at the same viewing angle of 20°). Then, the
blue belts are readable because of the color difference between
them (Fig. 5B). This process is in good agreement with the

© 2022 The Author(s). Published by the Royal Society of Chemistry

results shown in Fig. 2A, ie., color change during shape
recovery in SMPs. According to the color evolution shown in
Fig. 1A, the color of a PLLA film can be turned to red by
increasing the viewing angle (from 20° to 25°). In Fig. 5C, the
“background color” has been tailored to the desired red (at
aviewing angle of 25°). The information can be read clearly. The
process from (A) to (B) and (C) is reversible. The red background
can go back to green and blue with angle adjustment and
subsequent deformation based on shape fixed ability of PLLA at
high temperature. Of course, it is also easy to switch between (A)
and (C) directly by means of further deformation and controlled
recovery. The combination of angle- and strain-dependent color
makes it possible to fabricate “colorful” product code, which
has been schematically shown in the insets of Fig. 5. In certain
scenarios, the information can be hidden while it changes to
readable when required. Moreover, we can tailor the back-
ground color and the resultant color contrast by varying the
viewing angle. Fig. S91 shows another method to hide/display
information. A PLLA film with nano-structures on it can be
deformed locally, yielding differently colored information on
the same film. This resultant color depends also on the viewing
angles. Upon heating, the local deformation disappears,
contributing to a uniform color on the whole specimen surface.
The structural color materials in this work, therefore, can act as
an excellent candidate for anti-counterfeiting.

Conclusions

Inspired by nature, nano-stripes have been fabricated on a PLLA
film surface to simulate the active color change in panther
chameleons based on the shape memory effect. There are
various structural colors depending crucially on the viewing
angle and deformation at the macroscale. On one hand,
a structural color with higher saturation can be attributed to the
periods in nanometers and a 1-D reflective grating. On the other
hand, it is easy to tailor the color by means of uniaxial tension.
By increasing the draw ratio, the color changes from red to
green and blue. It can switch back to red after shape recovery
upon heating. With the combination of the viewing angle and

Nanoscale Adv., 2022, 4, 2942-2949 | 2947
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deformation, a “colorful” product code has been prepared. It
exhibits enhanced ability to hide and display more complicated
information, which can act as an excellent candidate for anti-
counterfeiting. Our results open an avenue for the fabrication
and continuous regulation of structural color.
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