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Gradient Photonic Materials Based on One-Dimensional

Polymer Photonic Crystals

Andreas E. Sched|, Irene Howell, James J. Watkins,* and Hans-Werner Schmidt*

In nature, animals such as chameleons are well-known for the complex color
patterns of their skin and the ability to adapt and change the color by manipu-
lating sophisticated photonic crystal systems. Artificial gradient photonic
materials are inspired by these color patterns. A concept for the preparation
of such materials and their function as tunable mechanochromic materials is
presented in this work. The system consists of a 1D polymer photonic crystal
on a centimeter scale on top of an elastic poly(dimethylsiloxane) substrate
with a gradient in stiffness. In the unstrained state, this system reveals a
uniform red reflectance over the entire sample. Upon deformation, a gradient
in local strain of the substrate is formed and transferred to the photonic
crystal. Depending on the magnitude of this local strain, the thickness of the
photonic crystal decreases continuously, resulting in a position-dependent
blue shift of the reflectance peak and hence the color in a rainbow-like
fashion. Using more sophisticated hard-soft-hard-soft-hard gradient elas-
tomers enables the realization of stripe-like reflectance patterns. Thus, this
approach allows for the tunable formation of reflectance gradients and com-
plex reflectance patterns. Envisioned applications are in the field of mechano-

scales® and the chameleon skin dem-
onstrate nonresponsive and responsive
optical phenomena based on structural
color.”l Motivations for such color changes
include camouflage, warning, exhibition,
and communication.[®!

Fulfilling certain requirements, photonic
crystals will give rise to structural color.
The principle of photonic crystals was
explained by John and Yablonovitch in the
late 1980s.1% It is based on the periodic
arrangement (1D, 2D, or 3D) of regularly
shaped, mostly transparent materials with
different dielectric constants.'!l One of the
major characteristics of a photonic crystal is
the photonic band gap, which forbids light
within a certain wavelength range from
propagating within the periodic arrange-
ment.'2 If the photonic band gap is in the
visible region, structural color due to Bragg
diffraction of the decoupled light is observed.

www.mrc-journal.d  updates

chromic sensors, telemedicine, smart materials, and metamaterials.

Living organisms with an amazing variety of colors are found
in nature. The various coloration effects may arise due to pig-
ments, bioluminescence, or periodic structure.!!l The colors
arising due to periodic structure, structural color, exhibit a
large variety of color tones and can change color if subjected
to external stimuli.?l In nature, the reflecting colors of but-
terfly®! or beetle wings, peacock feathers,®! tropical fish
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Applications for photonic crystals are found
in the fields of sensors,¥ light-emitting
diodes," photovoltaics,> and lasers.["°!

Responsive photonic crystals can undergo a color change if
subjected to external stimuli.l'”l A well-known example from
nature is the remarkable color shift of chameleon skin that
is based on a lattice of guanine nanocrystals embedded in
dermal iridophores.”l Deformation of the skin rapidly alters the
spacing of the nanocrystals within the lattice that in turn causes
a reversible color change.

A 1D photonic crystal (IDPC)—often also called a Bragg
mirror—is the simplest geometry of a photonic crystal and pos-
sesses a periodicity in one direction.!'!] Tt consists of alternating
layers of high and low refractive index layers, resulting in an
enhanced reflection due to constructive interference. Optical
properties of 1DPCs depend on the refractive index contrast, the
number and thickness of layers, and the angle of incident light.
The thickness, and therefore the reflectance of certain wave-
lengths, can be tuned via the strain."¥ Most publications on
responsive photonic crystals are limited to systems that reveal only
a discrete color change in response to an external stimulus.['%)

In this work, we demonstrate the preparation and func-
tion of a gradient photonic material that reveals a gradient
color change upon application of an external stimulus. The
composite material consists of a polymer-based 1DPC that is
attached on top of an elastomer with a longitudinal stiffness
gradient (Figure 1). The 1DPC has been designed to reveal a
uniform reflectance in the red region of the visible spectrum in
the unstrained state. Application of a strain leads to a gradient

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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1D photonic crystal

gradient elastomer substrate

Figure 1. Gradient photonic material with a 1DPC on top of a longitu-
dinal gradient elastomer substrate. The unstrained sample (top) reveals
a uniform reflectance at one wavelength over the entire sample surface

during illumination with visible light. Application of a strain (bottom)
leads to a position-dependent gradient in reflectance along the sample.

Strained state

color shift in the reflectance along the sample. This effect is
caused by the stiffness gradient of the substrate that transfers
a gradient in local strain to the 1DPC upon deformation. The
magnitude of this local strain influences the local thickness of
the refractive index layers and hence the magnitude of the local
color shift. In this manner, a position-dependent gradient in
reflectance with a strain-tunable wavelength range is formed. A
strain of 25% yields a rainbow-like gradient in reflectance from
red to blue.

To fabricate a gradient photonic material, a strain-tunable
1DPC was prepared in a first step from a photo-curable slide-
ring elastomer resin in a manner similar to that of Howell et al.
(cf. S1, Supporting Information, for experimental details).[!®!
The crosslinks in such an elastomer consist of functionalized,
figure-of-eight shaped cyclodextrin rings that are freely movable
along polyethylene glycol chains.?% This allows a very homo-
geneous stress distribution within the elastomer upon loading,
since the cross-links can act like pulleys. Additionally, this elas-
tomer system has the potential to be highly filled with nano-
particles, by that different refractive indices can be realized.
The 1DPC film was prepared via sequential spincoating and
UV-curing of alternating high and low refractive index layers
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a) Deposition of
polyvinylalcohol on Si wafer

b) Deposition of high RI layer

c) Deposition of low RI layer

d) Alternating depositions
to build up a 1DPC

e) Transfer of 1DPC
on gradient PDMS substrate

g
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Figure 2. Preparation steps to a gradient photonic material: A) Poly-
vinyl alcohol is spin coated on top of a silicon wafer. B) A high refractive
index layer is spin coated and UV-cured. C) Subsequently, a low refractive
index layer is deposited on top and UV-cured. D) The 1DPC is built up by
repeating these two steps multiple times. e) Finally, the 1DPC is floated
and placed on top of a plasma-activated PDMS substrate with a gradient
in stiffness to yield a gradient photonic material.

on top of a polyvinylalcohol-coated silicon wafer (Figure 2).
Polyvinylalcohol was used as a sacrificial layer for the later film
transfer. The low refractive index layer consists exclusively of
the UV-cured slide-ring elastomer. The high refractive index
layer is composed of the slide-ring elastomer that is additionally
highly filled with functionalized and well-dispersed zirconium
oxide nanocrystals with an average diameter of 6 nm. ZrO, is
well-known to increase the refractive index of composite mate-
rials?!l and was dispersed very well in this resin at a percentage
of 70 wt%.

Utilizing this procedure, reversible strain-tunable 1DPCs
with defined layer structures can be prepared. An analysis of
the cross section of that 1DPC system as well as a cycling anal-
ysis at a strain of 10% was reported previously.'® Ellipsometric
measurements revealed thicknesses of 110 nm for the high
refractive index layer and 125 nm for the low refractive index
layer. Refractive indices at 750 nm were determined as 1y, =
1.50 and g, = 1.66 that gives a difference in refractive index
of 0.16.

The substrate for the gradient photonic material was pre-
pared utilizing a high-precision syringe pump setup (cf. S2,
Supporting Information, for a detailed description of the

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

Macromolecular
Rapid Communications

www.advancedsciencenews.com

elastomer preparation and characterization). This setup allows
the preparation of longitudinal polymer gradient materials.??!
In this study, a poly(dimethylsiloxane) (PDMS) substrate with
a gradient in stiffness was prepared from a “hard” and a “soft”
silicone resin that differ in the concentration of curing agent.
The siloxane/curing agent ratio was 10:1 for the “hard” resin
and 25:1 for the “soft” resin. The two silicone resins were
mixed with the syringe pump setup and extruded with a flow
profile into a moving mold. After cross-linking via thermal
curing, substrates with a longitudinal hard-soft gradient in
Young's modulus from 0.6 to 1.3 MPa were obtained. The sur-
face of the PDMS elastomer substrate was then activated via O,
plasma. This step is necessary to ensure an optimal adhesion of
the 1DPC on the substrate.

The 1DPC was then transferred to the gradient PDMS sub-
strate (cf. S3, Supporting Information, for a detailed experi-
mental description). For that, both components were immersed
in water. After dissolving the sacrificial PVOH layer, the 1DPC
floated on the water surface and was transferred to the gradient
PDMS substrate. After draining the water and drying, a gra-
dient photonic material was obtained.

In an unstrained state, the entire surface of the 1DPC
appears red (Figure 3). Reflectance was measured at five dif-
ferent positions (cf. S4, Supporting Information, for experi-
mental description) with distances of 1 cm in the unstrained
state. The maximum reflectance peak occurs at 616 £ 5 nm
and does not vary significantly over the entire sample surface.
Upon stretching to 25%, the intrinsic stiffness gradient causes
a gradient in local strain (cf. S2, Supporting Information). This
local strain is transferred to the 1DPC, resulting in a rainbow-
like gradient color shift of the reflected wavelength. The max-
imum reflectance peak here is shifted down to 524 £ 5 nm
that indicates a color shift of 92 nm compared to the initial
reflectance in the unstrained state.

To demonstrate the versatility of our approach, even more
complex gradient structures can be realized beside the hard-
soft gradient. Figure 4 depicts a 1DPC attached to a hard-
soft-hard-soft-hard gradient PDMS elastomer. The stiffness
is also controlled via the siloxane/curing agent ratio of the
resins and is 50:1 in the soft parts and 5:1 in the hard parts.
The Young's modulus ranges from 0.038 £ 0.004 MPa in the
soft part and 2.3 £ 0.1 MPa in the hard part. Reflectance was
measured at nine different positions with distances of 0.5 cm
in the unstrained state. The maximum of the reflectance peak
in the unstrained state occurs at 612 £ 6 nm and is comparable
to the hard-soft gradient sample. Straining to 25% leads to a
stripe-like appearance. The initial red appearance is shifted
towards smaller wavelengths whereby the softer regions reveal
a larger color shift than the harder regions.

We have demonstrated a facile preparation of gradient
photonic materials consisting of a 1D polymer photonic
crystal on a centimeter scale on top of an elastic PDMS
substrate with a gradient in stiffness. In the unstrained
state, this system reveals a uniform red reflectance over
the entire sample. Upon deformation, a gradient in local
strain of the substrate is formed and transferred to the
photonic crystal. Depending on the magnitude of this local
strain, the thickness of the photonic crystal decreases con-
tinuously, resulting in a position-dependent blue shift of
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Figure 3. Influence of strain on the reflectance of a 1DPC on PDMS with
a hard-soft gradient. A) The unstrained sample (0% strain) reveals a uni-
form reflectance over the entire surface. B) Upon application of a strain
(25%), a gradient in reflectance with smaller wavelengths is obtained.
Reflectance spectra were normalized to the maximum peak height for
better visualization of the color shift effect.

the reflectance peak and hence the color in a rainbow-like
fashion. Using more sophisticated hard-soft-hard-soft-hard
gradient elastomers enables the realization of stripe-like
reflectance patterns. We envision applications in the field of
mechanochromic sensors, telemedicine, smart materials, and
metamaterials.
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Figure 4. Influence of strain on the reflectance of a 1DPC on PDMS with
a hard-soft-hard-soft-hard gradient. A) The unstrained sample reveals a
uniform red reflectance over the entire surface with only slight deviations
to the edges. B) Upon application of a strain (25%), the 1DPC reveals a
gradient reflectance pattern with smaller wavelengths.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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