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Mechanochromic Photonic Gels

Edwin P. Chan,* Joseph J. Walish, Augustine M. Urbas, and Edwin L. Thomas*

Polymer gels are remarkable materials with physical structures that can
adapt significantly and quite rapidly with changes in the local environment,
such as temperature, light intensity, electrochemistry, and mechanical force.
An interesting phenomenon observed in certain polymer gel systems is
mechanochromism — a change in color due to a mechanical deformation.
Mechanochromic photonic gels are periodically structured gels engineered
with a photonic stopband that can be tuned by mechanical forces to reflect
specific colors. These materials have potential as mechanochromic sensors
because both the mechanical and optical properties are highly tailorable via
incorporation of diluents, solvents, nanoparticles, or polymers, or the applica-
tion of stimuli such as temperature, pH, or electric or strain fields. Recent
advances in photonic gels that display strain-dependent optical properties are
discussed. In particular, this discussion focuses primarily on polymer-based
photonic gels that are directly or indirectly fabricated via self-assembly, as
these materials are promising soft material platforms for scalable mechano-

chromic sensors.

1. Introduction

Photonic crystals derive their selective reflection from photonic
bandgaps, which develop due to a periodic arrangement of mate-
rials having different dielectric constants. The specific spatial
arrangement of the dielectric materials along one or more prin-
cipal axes in one-, two-, and three-dimensional (1D, 2D, and 3D)
periodic structures gives rise to frequency bands and propagation
directions that are characterized by evanescent modes. These so
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called bandgaps or stopbands reflect light
incident from outside the material at these
frequencies and angles (Figure 1). Exam-
ples of such materials occur in nature,
such as the morpho butterfly and opals.!'3!
Artificial photonic crystals can also be fab-
ricated out of ceramics, metals, polymers,
and in particular, semiconductors. Their
ability to interact and control light propaga-
tion render them useful in many optical-
based devices including low-loss mirrors**!
and lasers,® color-changing paints and
inks, chemical’'% and mechanicall!'-2¢]
sensors, and displays,?*l as well as in
optical fiber devices for telecommunica-
tions3% and medicine.'32

The phenomenon that produces inter-
ference color in a photonic crystal is analo-
gous to the electronic bandgap present in
semiconductors. In this case, the color is
due to the presence of a photonic bandgap,
or stopband, that arises because of the peri-
odic dielectric function of the material and prevents photons of a
certain frequency from propagating, in much the same way that
electrons of certain energy cannot propagate in the ionic lattice
of semiconductors.}l Determining the photonic band structure
of a photonic crystal involves principles of solid-state physics and
electromagnetism, and is not the focus of this contribution. A
basic understanding of band structures can be gained by con-
sidering the multilayer or 1D periodic system, which consists
of an arrangement of layered materials with different dielectric
constants or refractive indices periodic along only one direction
(Figure 1). The simplest case of this material system is for a pair
of layers of thickness d; and d, with isotropic refractive indices
ny and n,. Such a material is commonly referred to as a Bragg
reflector and the stopband arises from constructive and destruc-
tive interference reflections at each material interface. Specifi-
cally, incident light is partially reflected at the interfaces created
by the two materials having different indices and the sum contri-
bution of reflection from the layers leads to constructive interfer-
ence of some wavelength of light. The largest bandgap for propa-
gation along the direction of periodicity occurs for a quarter-wave
stack where each layer has an optical thickness, the product of
the refractive index and the physical thickness (= n-d), equal to
1/4th of the incident wavelength. In order to generate a stopband
for a wavelength of around 600 nm, the optical thickness for each
material layer must be 150 nm. For example, a polymeric mate-
rial with a typical refractive index n = 1.5 would require layer
thickness of d = 100 nm. For a 1D photonic crystal consisting of
two materials, the center wavelength of the stopband (4) based
on the quarter-wave condition can be simply written as:
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A= 2 (mdy + nydy) (1)

Looking at Equation 1, it is clear that the stopband can be
tuned by changing the optical path length for either layer, by
changing the thickness or refractive index or both.

While Bragg reflectors have been studied for over 100 years,
their application as mechanochromic sensors has only been
explored in any depth over the last decade.''2%] A primary
reason for the limited research is attributed to the fact that
traditional photonic crystals fabricated from “hard materials”
have too limited a range of optical and mechanical properties
necessary for mechanochromic sensing. Since the mechanical
properties of most traditional photonic crystals are only elastic
up to a few percent strain, the corresponding stopband shift
with strain (AL = Ay-Ag) would be small and difficult to detect
without high-precision instrumentation. For practical applica-
tion of a photonic crystal as a mechanochromic sensor, the stop-
band shift with mechanical deformation must be sufficiently
large to enable simple (even just by eye) optical detection.

Compared with their inorganic counterparts, polymer-based
photonic crystals, particularly polymer gels, provide more
potential as mechanochromic sensors because of their extreme
elasticity. Traditionally, polymer gels are physically- or chemi-
cally-crosslinked polymer networks swollen with a significant
amount of low-molar mass solvents. However, swelling with
other diluents, such as ionic liquids, plasticizers, polymers, as
well as nanoparticles, provides a large parameter space to tailor
both the optical and mechanical properties of polymer-based
photonic crystals, which we refer to as photonic gels.

We begin with an overview of polymer-based photonic crys-
tals that exhibit mechanochromic properties to familiarize the
reader with developments in the field. Next, we discuss pho-
tonic gels and the individual developments related to mechano-
chromic sensing. In particular, we present simple relationships
that describe the change in color with applied stress or strain.
Finally, we end with a brief discussion on the future directions
for mechanochromic sensing.

2. Polymer-Based Photonic Crystals for
Mechanochromic Sensing

An effective mechanochromic sensor requires that the infor-
mation pertaining to local stress and strain be encoded in
the optical response of the material and is sufficiently large
to enable optical detection. To describe this requirement, we
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Figure 1. Schematic representation of 1D, 2D, and 3D photonic crystals. The classification of
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define the mechanochromic sensitivity,
AAJAg, which defines the shift in the stop-
band wavelength with the incremental
change in applied strain. Table 1 summarizes
the mechanochromic sensitivity of polymer-
based photonic crystals.

As the table indicates, the mechano-
chromic sensitivity is highly dependent on
the specific material system, with sensitivity
values ranging from AA/Ae = 0.7 to 5.3. This

dimensionality is determined by the spatial arrangement of the two materials having different broad range in mechanochromic sensitivity

dielectric constants.
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Table 1. Summary of the mechanochromic properties of polymer-based
photonic crystals

Material Mechanochromic Stopband peak Maximum percent
sensitivity, range, strain, €
ALAJAE [nm[%] Anm]
Co-extruded polymer 1.85 565 to 750 100% uniaxial
multilayers (1D)B4 tension
Co-extruded polymer 1.52 410 to 600 125% uniaxial
multilayers (1D)P3] tension
Concentric polymer multi- 2.08 550 to 800 120% uniaxial
layers (1D)03l tension
Cholesteric liquid crystals 1.41 544 to 630 61% equi-biaxial
1Dyl tension
Polymer dispersed liquid 2.86 590to 713 43% uniaxial
crystals (1D)B7] compression
Anisotropic hydrogel 2.89 415 to 600 64% uniaxial
lamellar copolymer(1D)3] compression
Anisotropic hydrogel 0.65 350t0 610 400% uniaxial
lamellar copolymer(1D)E8l tension
Block copolymer (PS-b-PI, 1.48 562 to 642 50% uniaxial
1D)[39:40) compression
Block copolymer gel (PS- 4.80 520 to 760 30% uniaxial
b-sP2VP, 1D)12¢] compression
Synthetic opal elastomer 1.50 560 to 590 20% uniaxial
(PDMS backfilled, 3D)["® tension
Synthetic opal elastomer 5.25 466 to 550 16% uniaxial
(Acrylate backfilled, compression and
3D)lel tension
Synthetic opal elastomer 3.67 525 to 580 15% uniaxial
(Hydrogel backfilled, compression
3D)13

behavior of the materials system subject to different deforma-
tion modes. Additionally, only 1D and 3D photonic crystals are
commonly used in mechanochromic sensing. This trend is
associated with ease and practicality of fabrication and appli-
cation. In the next section, we will discuss the structures and
mechanisms that contribute to the mechanochromic.

2.1. Materials Systems

2.1.1. 1D Photonic Crystals

As we have already discussed, a 1D photonic crystal (Figure 1)
possesses a stopband perpendicular to the layers, thus making
it an ideal geometry for mechanochromic sensing applications
since the photonic color can be easily viewed normal to a sur-
face. Both top-down and bottom-up fabrication strategies have
been employed for constructing polymer-based 1D photonic
crystals. A commercially relevant top-down approach is the
coextrusion approach of multilayer polymer films. Developed
during the late 1960s by Dow Chemical, these multilayers con-
sists of two or more different polymers coextruded together to
form a dielectric mirror.*!! This continuous film-coextrusion
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process utilizes multiple layer-multiplying die elements to
form films effectively consisting of hundreds to thousands of
alternating polymer layers. For a multilayer of A and B homo-
polymers, the two molten polymers are combined through
a feedblock to form an ABA trilayer; this trilayer is then split
vertically at the layer-multiplying die element, then spread hori-
zontally and recombined.*? Currently, 3M produces similar
coextruded films that are commercially available. Wideband
filters (e.g., mirrors) are also available from 3M and are films
made from polymer layers with graded thickness and high
birefringence.**#4 The Baer group has extended this coextru-
sion method to fabricate elastomeric photonic crystals.l33]
The stopband can be tuned by the thickness of the layers and
the stopband intensity can be adjusted by a number of alter-
nating polymer layers, both of which can be controlled via the
coextrusion process. When deformed, these elastomeric multi-
layers change color. This fabrication strategy is highly scalable
and amenable to a variety of polymer combinations, which is
very promising for mechanochromic sensing applications since
elastomeric polymers are highly deformable materials, and
their mechanical properties can be tuned based on a judicious
choice of polymers with specific mechanical and optical prop-
erties. More recently, Kolle et al. used a conceptually similar
layer multiplying approach to generate a concentric 1D pho-
tonic bandgap fiber by rolling a bilayer film consisting of two
different elastomers around a thin glass-fiber core to form the
multilayer cladding with a stopband that is strain-sensitive.[3¢!

A bottom-up analog to these coextruded polymer mul-
tilayers is the lamellar phase of block copolymers (BCPs).
Unlike polymer multilayers, which require energy-intensive
melt-processing and are limited to an alternating layered nano-
structure, BCPs self-assemble into a variety of periodic block
microdomains whose morphology and structural length-scale
are governed by the thermodynamics of microphase separa-
tion. The molecular architecture of each polymer and degree of
immiscibility between the polymer blocks determine the final
morphology. Because the morphology forms spontaneously,
conformal, curved and topographically complex coatings can
be made. Additionally, different mechanical properties can be
imparted into the BCPs by a judicious choice of polymer for
each of the blocks.

For a diblock copolymer composed of covalently bonded
blocks of homopolymers A and B, several morphologies,
including body-centered cubic, cylindrical, bicontinuous cubic,
and lamellar, can be obtained depending on the relative compo-
sition or volume fraction (Figure 2). The size of an individual
BCP microdomain scales with the molecular mass or total
number of monomer repeat units (N) of the corresponding
polymer. For a diblock BCP that forms lamellar morphology,
the size of the microdomain scales as N?/3.[*] Besides having a
refractive-index contrast between the respective block domains,
a BCP photonic crystal with a stopband in the visible wave-
lengths requires that each homopolymer has a sufficiently large
number of monomer repeats to create the necessary 100 nm
domain thickness; in other words, the total molecular molar
mass is about 10° g mol~1.1#6:47]

Since one of the key requirements of a photonic crystal is
a periodic variation in the refractive index, materials with
anisotropic refractive indices can also be candidate materials.
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Figure 2. Block copolymer phase diagram for an AB linear diblock. Repro-
duced with permission.*8l Copyright 2007, Elsevier.

spheres cylinders  gyroid

The coextruded film by 3M is one example of such a material
where the anisotropic refractive indices develop due to shearing
of the layers during coextrusion. Another example is liquid-
crystalline materials (LCs), which consist of mesogens that are
small, rigid-rod- or disk-like molecules. Twisted-nematic liquid
crystals (TNLCs) have been used for decades in display tech-
nology since the mesogens can be reoriented with an applied
electric field, which leads to large changes in the optical-
transmission properties of the material. Side-chain liquid-
crystalline block copolymers have been developed to display
temperature- and electric-field-tunable photonic bandgaps.
Specifically, Osuji and co-workers used hydrogen bonding
to link small-molecule mesogens to a coil-coil diblock
copolymer, to form a liquid-crystalline phase in one of the block
domains,*>% thus resulting in a photonic-bandgap material
whose refractive index is tunable with external stimuli.>”
Besides electric and magnetic fields, the orientation of the
mesogens can also be changed via a mechanical stress field.
This effect can be easily observed when one touches an LC-
based flat-panel display, which is due to re-orientation of the
mesogens due to mechanical compression normal to the dis-
play surface. Cholesteric liquid crystals (CLCs) contain meso-
gens that are chiral in nature. Thus, these materials have a rota-
tion of the molecular alignment through the material thickness,
which is described as a pitch. This twist of the molecular orien-
tation also creates a periodic variation in dielectric properties,
which gives rise to selective reflection of one circular polariza-
tion based on Bragg reflection.’! Additionally, CLCs have been
engineered as elastomers that can change color in response to
mechanical deformation, making them candidate materials for
tunable optical filters or reflectors.’”°>->] The tunability and
reversibility of these CLC elastomers comes about because of
the change in pitch with applied stress and the entropic elastic
restoring force from the deformed crosslinked network and
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director field. The pitch of a CLC is sensitive to the chemical
composition of the system, as well as temperature, making a
wide parameter space available for changing the photonic prop-
erties of these materials. Similar to BCPs, CLC elastomers are
quite scalable due to their ability to self-assemble into func-
tional nanostructures over large areas and then be crosslinked.

Another promising self-assembled system that displays
mechanochromic behavior is the anisotropic hydrogel devel-
oped by Haque et al. These hydrogels are 1D photonic crys-
tals whose photonic structure is defined by the assembly of
hydrophobic poly(dodecyl glyceryl itaconate) (PDGI) bilayers
embedded in a polyacrylamide matrix.?*38 Unlike typical
hydrogels that have rather poor mechanical properties, this
anisotropic hydrogel is very tough and can support >2000%
strain before failure. This enhanced toughness is attributed to
the non-covalent hydrophobic association of the PDGI bilayers
serving as sacrificial bonds to provide significant energy dis-
sipation during mechanical deformation.’®l Strain-to-failure
ratios of this magnitude are sometimes found in nature but
rarely in mechanochromic polymers.

2.1.2. 3D Photonic Crystals

Self-assembled structures have also been used as scaffolds or
templates for producing 3D mechanochromic materials. These
templates include face-centered cubic structures of spheres
(synthetic opals) produced by self-assembly of polystyrene or
silica colloids, which are then subsequently infiltrated with elas-
tomericl'® or gell12056-8] precursors and then crosslinking to
ensure reversible mechanochromism. The colloidal template
can be removed by dissolution of the particles while preserving
the soft matrix to obtain the inverse face-centered-cubic struc-
ture. Removal of the colloids not only enhances the refractive-
index contrast of the mechanochromic material, because they
are now replaced with air, but also changes its mechanical
properties.

Another candidate 3D photonic material is a polystyrene-
block-polyisoprene, forming the double-gyroid phase.”” It con-
sists of two 3D-bicontinuous polystyrene networks in a polyiso-
prene continuous matrix. Similarly, etching of the polyisoprene
matrix with ultraviolet light yields a polystyrene scaffold with
an enhanced refractive-index contrast, since the polyisoprene is
now replaced with air. Alternatively, this bicontinuous structure
can be used as a template by infiltration with a gel precursor
followed by dissolution of the polystyrene scaffold to tune both
the optical and mechanical properties.

2.2. Mechanochromism of Photonic Crystals

Mechanochromism in a photonic crystal is based on stopband
shifts due to changes in the optical path length of one or more
of the domains. This change corresponds to the form, magni-
tude, and temporal characteristics of the applied deformation.
For example, consider a 1D photonic crystal under the three
basic modes of compression, tension, and shear (Figure 3a).
For simplicity, we consider that this photonic crystal consists
of two materials with different refractive indices (n;, n,) but
similar thicknesses (d; = d,) and moduli (E; = E,), possesses
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Figure 3. General deformation modes resulting in stopband changes
of a 1D photonic crystal viewed at normal incidence. a) Example of a
1D photonic crystal consisting of two materials with different refractive
indices (ny, ny) but similar layer thicknesses (d; = d,) and elastic moduli
(Ey = E;). b) Stopband changes as a function of applied strain. Left: The
stopband shifts to shorter wavelengths linearly with compressive strain
(€,) due to a reduction in optical path length. Center: The stopband shifts
to longer wavelengths linearly with tensile strain (&,) due to an increase
in optical path length. Right: The stopband shifts to longer wavelengths
non-linearly when the shear strain (g,,) induces changes in lamellar ori-
entation, leading to changes in the layer spacing. In all three deformation
modes, we assumed that the refractive indices are strain-independent:
thus, the optical path length changes are due to changes in layer thick-
nesses and reorientation.

strain-independent refractive indices, and behaves mechani-
cally as a linear-elastic material. Regardless of the specific
mode, the applied deformation either deforms or distorts this
layered structure to cause an alteration in layer dimensions
and/or refractive index, which changes the optical path length
for each layer, thus resulting in a stopband shift. However, the
specific change in the optical path length is unique to each
deformation, which implies a unique relationship between the
stopband position and the strain () (Figure 3b).

Uniaxial compression and tension applied along the normal
to the layer thickness are similar, in that they can be explained
in terms of a decrease or an increase in the layer thicknesses,
respectively. Based on Equation 1, the stopband vs. strain rela-
tionship is defined as:

Mez) = 2mdy - (14 £21) + 2mpd; - (1 4+ £25) (2)

&2 = P1821 + $a€22 3)

Equation 3 is obtained from the classical Reuss composite
model with the volume fractions of materials 1 and 2 defined as
¢, =% and ¢, = 2, respectively. For our 1D photonic crystal,
where materials 1 and 2 have similar modulus and thickness,
Equation 2 simplifies to A(€,) = (2nyd; + 2n,dy) - (1 + &,).

Shear is unique in that it involves a shape change as opposed
to a volume change. This leads to a rotation of the layers, plus a
translation, which causes an effective change in the optical path
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length along the original viewing direction (Figure 3c). There-
fore, the stopband increases non-linearly with shear strain (g,,),
and the relationship for our symmetric 1D photonic crystal is:

2 (mdy + nady)

Mex) = cos (tan‘1 (sxz))

()

3. Mechanochromism of Photonic Gels

As Table 1 shows, photonic gels have significantly higher mech-
anochromic sensitivity values, making them ideal candidates as
simple visual mechanochromic sensors. Compared with tradi-
tional polymer gels, photonic gels consist of periodic dielectric
structures on the mesoscale. Furthermore, this periodic struc-
ture and refractive-index contrast must be maintained to be
functional as mechanochromic sensors. Therefore, only a few
material systems have been shown to exhibit these properties.
While there are several strategies to construct photonic gels, we
limit our discussion primarily to BCP-based systems, because
this material platform offers a vast parameter space in tuning
both the optical and mechanical properties. We will briefly dis-
cuss colloidal-based photonic gels since there are currently no
3D BCP-based photonic gels. For a given BCP, we can select
the constituent polymers, add homopolymer, diluent, or solvent
to generate a range of morphologies and domain spacings by
selectively swelling one or both of the microdomains, while at
the same time adjusting the mechanical response to suit a par-
ticular sensing application. Swelling can significantly increase
the dimensions of the microdomains reducing the need for
high-molecular-mass BCPs, which are often challenging to syn-
thesize and process into defect-free films.

Almost all polymers have the propensity to swell with the
appropriate solvent or swelling agent. Depending on the chem-
ical affinity of the polymer to the swelling agent, the extent
of swelling can span from =10% to over =1000%, which ena-
bles the generation of a photonic gel using a BCP of moderate
molecular mass (M, = 10° g mol™!). An early demonstration of
this swelling approach was the incorporation of low-molecular-
mass homopolymers into a diblock copolymer of polystyrene-
block-polyisoprene (PS-b-P1).I° In this study, homopolymers of
PS and PI (M, ps = My p; = 13 000 g mol™!) were systemically
blended into a nearly symmetric PS-b-PI of moderate molecular
mass (M, ps/Mppr = 194 000 g mol™/197 000 g mol~?). Specifi-
cally, this blending leads to stopband shifts toward longer vis-
ible wavelengths, due to swelling of the microdomains to larger
layer thicknesses, which increase with the volume fractions of
the two homopolymers incorporated into the BCP blend.

Besides tuning the photonic stopband by adding low-
molar-mass homopolymers to swell the BCP microdomains,
nanoparticles have also been used to modify the dielectric proper-
ties of a BCP photonic crystal.l®!] Specifically, polystyrene-function-
alized gold nanoparticles were blended into a nearly symmetric
diblock copolymer of polystyrene-block-polyethylene/propylene
(PS-b-PEP) (M,, ps/M,, pgp = 400 000 g mol~1/400 000 g mol?) that
formed the lamellar morphology. Due to the PS ligands, the nano-
particles sequestered to the PS microdomains. This resulted in a
stopband shift to a slightly longer wavelength due to an enhance-
ment in the refractive index of the PS microdomain, as well as
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followed by stretching (Figure 4a). Figure 4b
shows a series of optical micrographs of the

elastomer film

(2]

o

(=]
T

550F ™Co

stopband, 1 (nm)

500+

deformation cycle of the plasticized photonic
gel, the deformation cycle, and the associated
color change.

To quantify the local deformation of this
gel, the stopband shift versus deformation
o was measured using spectral measurements.
- As shown in Figure 4c, the stopband shifts to
lower wavelength with stretching quantified
as tensile strain, g. On the polymer level,

450 L
0 0.2

Figure 4. Mechanochromism of the plasticized PS-b-PI photonic gel. a) The gel is deformed
indirectly by stretching the elastomeric supporting film. b) Optical micrographs of the deformed
gel. The color shifts from green to blue during deformation and, when the deformation is
relaxed, the green color is recovered. The cycle is represented by the arrows: the yellow-green
sample is stretched in (i) to a green color; further stretching in (ii) yields a blue-green sample;
continued stretching in (iii) results in a color change to blue, which represents the shortest
spacing of the observed colors; and finally, relaxation in (iv) recovers the initial color of the
sample. The cycle shown can be repeated with consistent performance. c) The peak reflective
wavelength is plotted as a function of the measured deformation of the elastomer film, which is
represented as tensile strain. The stopband shifts to shorter values as the sample is stretched
in accordance with the observed color change. The solid curve represents the scaling relation-
ship defined by Equation 2. Reproduced with permission.[2 Copyright 2003, Massachusetts

Institute of Technology.

the refractive-index contrast, without significant changes to the
microdomain size. These approaches provide a flavor of the strate-
gies in tuning either the layer thickness or refractive index of the
BCP photonic crystals. In the next section, we discuss the appli-
cation of these strategies in the context of BCP photonic gels.
We focus primarily on systems that have been demonstrated as
mechanochromic sensors and discuss their particular operating
mechanism.

3.1. Block Copolymer Photonic Gel Systems

3.1.1. Plasticized BCP Photonic Gels

Swelling with a solvent represents one of the simplest and most
versatile routes to enhancing the physical, optical, and mechan-
ical properties of a polymer network. However, most solvents
are volatile, which causes an unstable change in the polymer
properties unless the overall system is sealed. To circumvent
this issue, Urbas and co-workers used dioctyl-phthalate (DOP),
a common non-volatile plasticizing agent for polymers, to swell
a nearly symmetric diblock of PS-b-P1.1°4 Both the PS and PI
microdomains swell significantly since DOP is a neutral sol-
vent for both polymers, resulting in a photonic gel that is also
viscoelastic, and hence hysteretic, since the glassy PS is now
plasticized.

This plasticized BCP photonic gel is responsive to various
mechanical deformations, including uniaxial tension, peel, and
shear. Under uniaxial tension, quantifying local deformation by
monitoring the stopband shift is straightforward (Figure 4).1%
The color change as a function of deformation of this gel can
be measured directly by coating it onto an elastomeric substrate

L
0.4

substrate tensile strain, £,

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

this uniaxial tensile strain compresses the
plasticized BCP microdomains that are ori-
ented parallel to the elastomer film surface,
thus leading to the stopband shift.

Because the entire BCP is uniformly
swollen with the plasticizer, this material can
be described as a highly solvated polymer
network consisting of physical entangle-
ments. Therefore, the microdomain dimen-
sion and shear modulus of both layers are
d, = dy, and G; = G,. This assumption ena-
bles the application of classical mechanical
deformation models for polymer gels, which
links deformation on the macroscopic level
to the polymer-chain level.l®® Specifically,
we apply the junction-affine polymer net-
work model to describe the mechanical response. This model
deviates from the affine network model in that it considers
the local response of the polymer network to be slightly dif-
ferent from the macroscopic deformation. Specifically, the local
deformation of the BCP microdomains oriented parallel to the
film surface, a,, is related to the macroscopic tensile strain &,
(@)= 2+ &,)/(2(1+ &4)). The strain-dependent stopband
change is defined as:

L 1
0.6 0.8 1

2 ; 1/2
+ e )) 5)

A (896) = (2 (nSPSdsPS + nsPIdsPl)) . (m

The parameters ngps, ngp; and dgps, dgp; correspond to the
refractive index and layer thickness of the swollen PS and PI
microdomains, respectively. As shown by the fit in Figure 4c,
Equation 5 provides good agreement with the experimental
results. While morphological characterization is needed to
understand the local deformation of the BCP microdomains,
the results demonstrate that this plasticized BCP approach pro-
vides an indicator of deformation that can be easily visualized
with the naked eye.

Besides mechanochromic sensing of uniaxial deformation,
this plasticized BCP photonic gel can also measure the stress
distribution during a peel experiment (Figure 5).1° In this exper-
iment, a small amount of the same BCP and plasticizer mixture
was placed between a glass substrate and a clear plastic film.
After equilibration to obtain a highly colored and reflective mate-
rial, the clear plastic film was peeled back from the glass sub-
strate, deforming the plasticized BCP gel (Figure 5a). As shown
in Figure 5D, this deformation caused a color change at the sep-
aration edge (i.e., the peel front). Since the undeformed gel is
violet in color, the shift to a longer wavelength at the peel front
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distribution on the local stopband shift: the
stopband shifts to the highest wavelength at

the peel front and then sinusoidally decays to

’ y}z-x 750F

Ao far away from the deformed region. One
potential application of this photonic gel is
thus in developing a better understanding
of pressure sensitive adhesives. Here, the
mechanochromic behavior would be quite
useful as a visual sensor to detect failure or

separation conditions of the an interface.
; These could be used for in situ monitoring;
for example, the stopband shifting to longer

substrate 3 3
peel front = EE
=
° 650F
‘% 490
W)
a L
o 35 5
1z
550F
fregion -
fingering
i‘ A instability 450_4 ; _'3 -

Figure 5. Peeling of a plasticized BCP photonic gel. a) The gel layer, which is sandwiched
between a rigid substrate and a flexible superstrate, is peeled away from the substrate to cause
development of a peel front. b) Optical micrograph of the peel experiment showing the mecha-
nochromic response of the gel as it is peeled from the right to left. Ahead of the peel front, the
gel develops Saffman—Taylor-like fingering instability to relieve the maximum stress. Significant
stopband shifts occur locally at and directly behind the peel front, which is indicative of the
strain field imposed by the peel process. The undeformed gel has a violet color but changes to
predominately longer wavelengths closer to the peel front where the strain is the highest. Part
(b) reproduced with permission.[2 Copyright 2003, Massachusetts Institute of Technology.
c) Predicted stopband change as a function of the distance away from the peel front, demon-
strating the intricate change in the stopband position. The inset is a magnification of the plot
illustrating the alternating tensile and compressive regions of the gel behind the peel front.

indicates that the gel is in tension. Ahead of this peel front, as
indicated by the deformed region in Figure 5b, significant color
change is observed that is highly position dependent and oscil-
lates between longer and shorter wavelengths corresponding to
both tensile and compressive regions of deformation.

Peel is similar to uniaxial deformation in that the stress or
strain field can be described along a principle direction. The
unique feature of peel is that the stress or strain field has a
non-unifrom distribution along this principle direction. This
non-uniform distribution is attributed to local bending and
stretching of the material, which can be described as a decaying
sinusoidal function reflecting the alternating regions of tension
and compression. For a 180° peel test, the stress distribution
experienced by the gel as a function of the peel direction x is:
0,(x) = opexp(—Px)(cosPx + sinPx), where 1/f is a characteristic
length-scale that describes the gel region under tension or com-
pression.® To illustrate the effect of this stress distribution,
we define the following stopband function vs. peel distance x
by assuming that the photonic gel is a linear elastic material,
whose mechanical response is also described by the junction-
affine model, (a,)? = (1+@+ sz)z)/Z (63

12
A (x) = (2 (nspsdsps + nsprdspr)) - (%)

~ (ha)- (1 + (14 e P (cosBx + sinﬂx))2>l/2 ©

2
Figure 5cis a plot of Equation 6 with Ay = 2(ngpsdsps + Mprdspi)

= 500 nm. The result demonstrates the effect of the peel stress
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wavelength will indicate that the adhesive is
A experiencing high stresses and is about to
separate from a surface.

Plasticized BCP photonic gels can also
be used to characterize shear. A polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA)
diblock  copolymer  (Mpps/Mypuma =
290 000 g mol™/360 000 g mol™!) was
swollen with toluenel®! (slight preference
for the PS microdomain), and then sand-
wiched between two glass plates separated
by a 150 um gap and strained at different
linear strain rates (Figure 6). Interestingly,
the mechanochromism of this photonic gel is
strain-rate sensitive. At low strain rates (less
than =0.1 s7!), the deformation produced
little change in the initial green color of the gel. Intermediate
strain rates, however, produced a change in color from green
to red with forward motion (away from the motor) and a slight
blue-shift upon reversal. At higher strain rates (greater than
=10 s71), the sample changed from reflecting to transparent in
appearance. One possible mechanism of this optical change
is due to reorientation of the block copolymer microdomains
along the shear direction. The gel regained color after several
minutes following cessation of the shear deformation. This
shear-rate-dependent behavior and slow recovery to the original
undeformed state has also been recently reported by Mykhaylyk
et al.,[%! who probed the shear-induced morphological changes
in a photonic BCP by using photo-crosslinking to lock in
the transitory copolymer structures and enable traditional
imaging techniques. Their results indicated that the strain-rate-
dependent optical-property change is associated with reorienta-
tion of the lamellae from the parallel to the perpendicular ori-
entation with increasing strain amplitude and rate.

Based on our previous discussion, a shift to longer wave-
lengths is due to an increase in the optical path length. With
respect to shear, this change in optical path length is most likely
due to an apparent increase of layer spacing caused by rotation
of the microdomains as discussed previously (Figure 3c).l%”]
Alternatively, the optical path length can increase due to a rela-
tive change in the refractive indices (e.g., cavitation of one of
the microdomains due to deformation or enhanced swelling
due to shear stress). However, this mechanism alone is insuf-
ficient to explain such a significant shift of the wavelength.

Further investigation on the microdomain structural changes
with shear strain is required to understand the mechanism of
stopband change completely. However, we can develop some
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Figure 6. Simple shear of a PS-b-PMMA photonic gel. A cyclic shear (1 Hz) was applied to
cause a transient color change of the photonic gel. A strain-rate of 3.3 s produced a color
change from green (a) to red (b) as viewed from above the gel. c) The reverse motion produced
a slight blue-shift from the original sample color. d) Proposed microstructural evolution for the
color change, which we suggest is associated with the formation of kinked microdomains at
low shear and stretching of the kinked region with increasing shear.

qualitative understanding from previous work on the mechanical
deformation of block copolymers. Specifically, researchers have
shown that neat lamellar block copolymers have a tendency to
form kink bands where regions of lamellae rotate under shear

H,0 v

PS-b-QP2VP

o

[ 23
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Figure 7. Optical properties of a polyelectrolyte PS-b-qP2VP photonic gel. a) Schematic of
the BCP prior to swelling and the development of a photonic stopband following preferen-
tial swelling of the qP2VP microdomains with water. b) Three cross-sectional micrographs
(transmission electron microscopy (TEM), confocal microscopy and scanning electron micros-
copy (SEM)) of the swollen gel at normal incidence, illustrating the microdomain structure.
c) Optical micrograph of the photonic gel surface swollen in water. The red color of the letters
GEL is due to the lower degree of crosslinking using dibromobutane compared with the blue
background that swells less due to higher degree of crosslinking. Reproduced with permis-
sion.”% Copyright 2007, Nature Publishing Group.
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deformation.l-%1 Applying this deformation
mechanism to the shearing photonic gel, a
possible mechanism for stopband change
is due to the formation of kink bands and
stretching of the lamellae in the kinked
regions. The material in the kinked region
changes its domain spacing in response to the
applied stress, whereas the material under-
goes a rotation plus translation towards the
shear direction as the polymer chains align
with the flow direction. For example, when the
strain rate is slow, the color remains constant
because the system can relax faster than the
shear can expand the material in the kinks.
At intermediate strain rates, the chains cannot
relax back to the preferred parallel orientation,
which causes an expansion of the domains.
The intensity of the red reflection also seems to
decrease with an increasing number of cycles
at these intermediate strain rates, suggesting
that more and more chains could be aligning
parallel to the shear direction with each suc-
cessive cycle. At even higher strain rates, the
system becomes clear due to an alignment of
the chains parallel to the shear flow either due
to the rotation of the lamellae that were origi-

nally oriented parallel with the substrate to perpendicular orien-
tation or a significant breakup of the BCP structure leading to
disorder. Upon cessation of shear, this clear state reverts back to
the original stopband wavelength (i.e., the system goes from clear

to green) after several minutes.

3.1.2. Polyelectrolyte BCP Photonic Gels

Incorporating a plasticizing agent provides a
straightforward means to enhance the photonic
properties of a diblock copolymer via uniform
3D swelling of both the block microdomains.
However, preferential swelling of one of the
blocks can be more effective in tailoring the
intensity and peak wavelength of the stopband.

Kang et al. demonstrated this preferential
large 1D swelling strategy using a polyelec-
trolyte BCP system.”") The starting BCP was
a polystyrene-block-poly(2-vinylpyridine) (PS-
b-P2VP) diblock copolymer (M, ps/M, pavp =
190 000 g mol™/190 000 g mol™!) that forms
the lamellar morphology. Subsequent quater-
nization led to conversion of the P2VP micro-
domains into polyelectrolyte layers (qP2VP)
that are stabilized after swelling by the adja-
cent glassy PS layers. This simple approach
enabled the PS-b-qP2VP to develop chemical
affinity to aqueous solutions. Exposure of this
material to an electrolyte such as water caused
selective and significant swelling (greater
than =1000%) of the qP2VP microdomains,
which resulted in the formation of a polyelec-
trolyte BCP photonic gel (Figure 7).

Adv. Mater. 2013,
DOI: 10.1002/adma.201300692



ADVANCED
MATERIALS

Mk

www.MaterialsViews.com

www.advmat.de

The mechanochromic response is tunable
with respect to the solution pH. The degree
q{] of swelling of the P2VP layers, and hence
the average shear modulus of the photonic

| gel, changes significantly with the acetic
? acid concentration with respect to water
(Figure 8d). This simple demonstration pro-

vided a straightforward means to adjust the
mechanochromic sensitivity of the photonic

-0.3
compressive strain, £,

555  gel, which enables a multitude of applica-
tions with different stress- or strain-detec-
tion requirements.

Additionally, Chan and co-workers devel-
oped a simple mechanical model, which con-
siders the shift in the stopband to be associ-
A ated purely with compression of the swollen
P2VP (sP2VP) microdomains, with the PS
° microdomains acting as glassy layers stabi-
lizing the overall structure.?®l To improve
upon their model, we develop a modified
expression for stopband vs. strain. Similar
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Figure 8. Mechanochromism of a polyelectrolyte PS-b-sP2VP photonic gel swollen with an
acetic acid-water solution. a) Schematic of the deformation of the gel with a spherical probe
with a glass probe of radius, R=5 mm. b) Optical micrographs of the gel surface illustrating the
change in stopband due to increasing compression by the probe. c) Stopband change versus
compressive strain of the polyelectrolyte photonic gel for the central region. d) Tailoring the
shear modulus with molar concentration of the acetic acid with respect to water, which leads (az)?
to a corresponding change in the swelling ratio. Reproduced with permission.?¢l Copyright z

2011, John Wiley & Sons, Inc.

This polyelectrolyte photonic gel system also displays mech-
anochromic behavior. Recently, Chan et al. demonstrated the
mechanochromic response of a similar photonic gel via uni-
axial compression testing (Figure 8).2%1 PS-h-P2VP diblock
copolymer (M, s/My, ppyp = 102 000 g mol™/97 000 g mol™)
was converted to a lamellar polyelectrolyte photonic gel upon
exposure to an acetic acid—water solution that swells the P2VP
domains by protonation. Contact mechanical testing was used
to study the mechanochromic response. Specifically, the test
involved deforming the gel under uniaxial compression and
characterizing the applied compressive strain, stress, and
contact area (Figure 8a). Due to the spherical shape of the
indenter, an axisymmetic strain field developed within the
region of the gel in contact, which is reflected by the radi-
ally dependent color observed in each normal-incidence
light micrograph (Figure 8b). The indenter shape causes
an increase in the contact area with increasing compressive
strain (&,). Both these features are captured by the local color
change of the photonic gel, which nicely demonstrated the
ability of the BCP photonic gel to record localized mechanical
deformation.

To describe the mechanochromic response, the position of
the stopband measured at the center point of the contact area
was measured as a function of compressive strain at several
indentation rates (Figure 8c). A blue shift in the peak position
with increasing compressive strain was observed while the
stopband was insensitive to the indentation rates investigated.
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to their model, we assume that this polyelec-
trolyte photonic gel is a linear elastic mate-
rial with the sP2VP microdomain as the
sole contributor to the total deformation.
However, to relate the macroscopic deforma-
tion ratio to the local microdomain strain,
we again apply the junction-affine model,
= (14 (1+4¢.)*)/2. Using the starting
expression A = 2(npsdps + nepaypdspayp) and
then substituting the junction-affine model,
we obtain:

A(ez) = 2 (npsdps + npavedpave)

<1+ (1+ 62)2)3/2 (7)
+ Znsdpzvp -2
1- ¢s<o)

This model considers that compression causes deswelling
of the sP2VP microdomains, with the macroscopic deforma-
tion ratio scaling with the swelhng -agent volume fraction (¢s)
as . ~ ((1—¢s0)/(1 —(/)s)) with the initial swelling ratio
(1 = ¢,)"! = 10. As shown in Figure 8c, Equation 7 is in fair
agreement with the results, but fails to capture the invariance
of the stopband at either the low or high compressive strains.
We remark that Equation 7 predicts the stopband invariance,
but at higher compressive strains than the experimental results,
and the lack of agreement is attributed to several effects that
this simple model does not account for. All of the microdo-
mains are most likely not perfectly oriented parallel with the
substrate, but consist of domains in other orientations that
Equation 7 does not describe. Additionally, since the photonic
gel is a highly swollen polymer network under mechanical
constraint and deformation, interesting phenomena such as
buckling instabilities can potentially occur. Buckling instabili-
ties have been observed in many bilayer systems where one of
the layers is a highly swollen polymer network.”'=74 A similar
phenomena may occur in these photonic gels where, in order to
accomodate the significant expansion of the sP2VP layers, the
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incorporation of the appropriate swelling
agents. Figure 9b and 8c illustrate 2 possible
approaches. These figures are predictions of
the mechanochromic behavior for PS-b-P2VP
swollen with acetic acid (PS-b-sP2VP)2681]
and PS-b-PI swollen with tetradecane (PS-
b-sP1),8 two systems that have been experi-
mentally demonstrated as block copolymer
gels that undergo preferential swelling. In
both examples, the starting block copoly-
mers are symmetric diblocks that form the
lamellar morphology. Next, a specific pref-
erential solvent is added to swell one of the

0%l L VS O e e Y | )
400 500 600 700 800400 500

stopband, 4 (nm)

Figure 9. a) Elastic modulus range of several soft material classes. b) Prediction of the mecha-
nochromism of a polyelectrolyte PS-b-sP2VP photonic gel as a function of acetic acid/water
solution volume fraction. c) Prediction of the mechanochromism of a PS-b-sPI photonic gel as

a function of tetradecane volume fraction.

PS layers buckle to maintain strain compatibility at the inter-
faces. At low strains, the deviation of the results compared with
Equation 7 can potentially be attributed to poroelasticity. Poroe-
lasticity is a field of physics that studies the coupling between
the mass transport of a liquid within a porous medium. This
phenomena has been observed in many polymers gels”> and
will likely occur in photonic gels since the mechanochromism
of these materials is associated with solvent migration within
the gel due to mechanical deformation. Since the poroelastic
relaxation time scales with the diffusion length squared over
the diffusion constant ~ a? / D, this implies that there is a finite
time requirement for solvent migration, and thus the stopband
shift with strain is time-dependent. At low strains or initial
testing times, the poroelastic relaxation time can be longer than
the testing time, thus implying that the solvent concentration
is higher than predicted by Equation 7. Therefore, future work
warrants morphological characterization of the microdomains
with emphasis on establishing relationships to quantify the
expansion ratio of the microdomain layers vs. solvent volume
fraction; the change in solvent volume fraction vs. compressive
strain and time; and the compressive strain vs. microdomain
layer thicknesses and time.

3.1.3. Tuning the Mechanochromic Response of BCP Photonic Gels

The broad application of these photonic gels as mechano-
chromic sensors requires that they can mechanically couple to
the material of interest and report the local strain field. In other
words, the photonic gel must have similar mechanical proper-
ties to the material of interest. With soft materials, their elastic
modulus can span from approximately 10> N m~2 for cells and
soft tissues up to approximately 10° N m~2 for engineering
plastics (Figure 9a). For a photonic gel to serve as a functional
sensor over this entire range requires manipulating its moduli
by 7 orders of magnitude.

While this presents a significant material requirement,
BCP photonic gels offer many opportunities for tuning the

f L
600 700 800
stopband, 2 (nm)
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blocks to form the photonic gel, which leads
to an increase in the domain spacing and a
decrease in the refractive index of the swollen
block. To predict the stopband change due
to an applied compressive stress normal to
the microdomain layers, we assume that the
photonic gel is linear elastic. For PS-b-sP2VP,
the stress vs. strain relationships for the two
blocks are: opg = Eps€ps and Ogpyyp = EgpoypEspayp, Where Epg
and Egpyyp are the elastic moduli of the PS and sP2VP layers,
respectively. Again, we apply the Reuss model to describe the
mechanical response of the photonic gel, the total stress o, =
Ops = Ogppyp- Substitution of these expressions into Equation 1
yields:

)\.(O’Z) = znpsdps <1+ gz )

PS

o
. ®)
Espove )

The elastic modulus of the PS layer (Eps) is a constant. The
elastic modulus of the sP2VP changes with volume fraction of
the acetic acid (¢s), E where we consider

+ 2nspovpdspove (1 +

sp2ve = Eppp(1 — ¢s)3:
the sP2VP as a gel swollen with an uncharged solvent.’l Sub-
stituting these expressions into Equation 8, along with the rela-
tionships of refractive index ngpyyp = @sns + (1 — @g)npyyp and

domain spacing (dspzvp = dPZVP/(l _ ¢S)) of the sP2VP, we

obtain:

-1
A (0z) = 2 (npsdps + npaypdpave) + 2nsdpayp (i - 1)

npsdps pavedpave -3
+ 20, - 1—¢s
< Eps Epavp ( ¢
n;dPZVP d’s (1 - d’s) ) (9)
P2VP

Using the materials constants (Eps = Epyyp = 3 X 10° N m™2
nps = 1.59, npyyp = 1.62, ng = 1.35) into Equation 9 yields the
results in Figure 9b for several acetic acid volume fractions. We
also use Equation 9 to predict the mechanochromic response of
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a similar PS-b-sP2VP photonic gel swollen
with 2,2,2-trifluoroethanol (Figure 10b).54
Upon application of an electric field, this
electrolytic swelling agent can undergo a
redox reaction that leads to dissociation into
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trifluoroethoxide ions. This dissociation
effectively changes the solvent quality, which
leads to deswelling of the sP2VP domains
and a shift of the stopband to shorter
wavelengths.

N

e 3.2. Colloidal Crystal Photonic Gels

400 600 800 1000 380 400 450 500 580 600
Wavelength(nm)

Figure 10. Examples of stimuli-responsive PS-b-qP2VP photonic gels. The stopband can be
controlled via changes in: a) pH and b) electrochemical potential. a) Reproduced with permis-
sion.B" Copyright 2010, John Wiley & Sons, Inc. b) Reproduced with permission.4 Copyright

2009, John Wiley & Sons, Inc.

the PS-b-sPI by substituting the materials constants of sP2VP
with sPI (Ep; = 3 X 10 N m™2, np; = 1.52, np; = 1.43), and the
results are summarized in Figure 9c at several tetradecane
volume fractions.

The relationship of stress to stopband position depicted
in Figure 9b and Figure 9c illustrates the general strategy to
obtaining a BCP photonic gel with a highly tunable mechano-
chromic response, that is, a material platform that can measure
a large range of stresses via observation of a photonic stopband
in the visble wavelength regime. Based on these results, the
range of measurable stress of the photonic gel is determined
primarily by the block with the lower modulus. The upper
limit of the stress range is determined by the modulus of the
dry block and the lower limit of the stress range is determined
at the maximum solvent volume fraction. Comparing the two
photonic gels, the PS-b-sPI system is predicted to be able to
measure lower stresses than the PS-b-sP2VP system at similar
solvent volume fractions. This result is attributed to the lower
modulus of the starting rubbery PI block compared with the
glassy P2VP Dblock. Preferential swelling leads to a decrease
in the moduli of the respective blocks and an enhanced sensi-
tivity to lower levels of stress. However, significant swelling can
potentially render the photonic gel as a non-functioning mecha-
nochromic sensor because the primary stopband will be outside
the visible region.

The PS-b-P2VP BCP is a highly tunable photonic gel plat-
form since the pyridine group of the P2VP block is responsive
to various stimuli, such as pH or electric field. For example,
Kim et al. demonstrated that the stopband of the PS-b-qP2VP
photonic gel can be tuned via changes in pH (Figure 10a).5!
This pH-dependent swelling behavior is related to the qP2VP
ion-pairing affinity between the protonated pyridinium on the
qP2VP and the various anions of the buffered solution. There-
fore, the stopband can be tuned simply by the addition of an
acid or base to control the ion-pairing affinity.

Alternatively, the stopband can be tuned electrochemically.
Walish et al. presented a simple full-color pixel device based on

Adv. Mater. 2013,
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o7 = 3.2.1. Spherical Colloidal Crystal Photonic Gels
Gel-immobilized colloidal crystals represent
the most common type of 3D mechano-
chromic photonic gel (Figure 11). Generally,
this composite gel consists of a close-packed
array of colloidal particles, such as poly-
meric or inorganic microspheres, which is
infiltrated with or encapsulated by a crosslinked polymer gel
(Figure 11a). Thus, these gels share similarities with BCP pho-
tonic gels in that they are composites of two components with
different mechanical properties. As there are many approaches
to fabricating such gel-immobilized colloidal crystals, please
refer to refs,[13,1819,27,85-87)

The advantage in using a 3D photonic crystal is that it offers
the possibility of a complete photonic bandgap, provided that
there is sufficient dielectric contrast and the proper 3D struc-
ture. A 3D crystal allows for mechanochromic sensing in all
three directions. However, current 3D photonic gels have been
limited to mechanochromic sensing along a single principal

Figure 11. Examples of 3D photonic structures. a) 3D photonic elastomer
based on infiltration of close-packed PS spheres with an elastomeric pre-
cursor followed by crosslinking. Reproduced with permission.'® Copy-
right 2005, The American Chemical Society. b) 3D photonic gel based
on centrifugation of Wisena iridovirus and subsequent crosslinking of
the pellet. Reproduced with permission.® Copyright 2006, John Wiley
& Sons, Inc.
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direction.1-141820221 Tny other words, these 3D photonic gels
are utilized as mechanochromic sensors in the same way as
the 1D photonic gels discussed earlier, and their utility as 3D
sensors has yet to be realized. Under uniaxial compression or
tension, the mechanochromic response of these 3D photonic
gels is associated with the change in spacing of close-packed
planes defined by the colloidal crystal assembly.'''4 Thus,
the stopband shift with stress and strain is related in a fairly
straightforward manner. Similar to the 1D photonic gels, these
3D photonic gels have been demonstrated as simple pres-
sure sensors.!1#18=21] Again, the range of stresses that can
be measured by these gels is dependent on the moduli of the
gel matrices, which typically have been on the order of = 10* to
10° N m2.

3.2.2. Iridovirus Photonic Gels

An alternative to the gel-infiltrated colloidal crystal photonic gel
is the iridovirus-based photonic gel. Iridoviruses, a name origin-
ially derived because of the “rainbow-like” iridescence observed
in heavily infected insects, are nanoparticles with an icosahedral
shape. Compared with the synthetic spherical particles typically
used in 3D photonic crystals, iridoviruses are unique for their
non-spherical-like shapes with monodisperse particle dimen-
sions and highly defined surface chemistries. These virus parti-
cles are potentially interesting material platforms for assembling
3D photonic crystals with symmetries different from the tradi-
tional structrues obtained using spherical particles.

Iridoviruses have been observed to form 3D photonic crys-
tals in vivo and, more recently, in vitro. Previously, Juhl et
al. demonstrated that either centrifugation or flow-assisted
assembly can be used to generate a 3D photonic gel of chemi-
cally crosslinked Wiseana iridescent virus (WIV) particles
(Figure 11D).8 The researchers showed that the morphology
of the WIV assembly depended on the processing method.
Centrifugation yielded disordered but densely packed struc-
ture with short-range order, whereas flow-assistance assembly
yielded a close-packed polycrystalline structure. Following pro-
cessing, the morphology of the WIV structure can be locked
in by taking advantage of the surface chemistry of the WIV
via chemical crosslinking with glutaraldehyde to form the iri-
dovirus photonic gel. The interesting result is that both pro-
cessing methods yield WIV assemblies with photonic prop-
erties that can be reversibly tuned via swelling. While the
mechanical properties of these virus assembles are not known,
their reversible swelling behavior suggests their potential as
mechanochromic photonic gel sensors.

One final point is the importance of long-range order on
the photonic properties of these gels. Traditionally, photonic
crystals are commonly associated with materials having long-
range order, resulting in Bragg scattering. Therefore, defects
or disorder in a photonic crystal were considered undesirable,
as they are assumed to lead to a decrease in optical properties.
However, recent simulation and experimental work have dem-
onstrated that disordered materials such as colloidal glasses
can develop photonic bandgaps.®* Using both theory and
numerical simulations, Florescu et al. suggest that the three
materials requirements for obtaining a photonic crystal with
a complete bandgap include hyperuniformity, uniform local

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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topology, and short-range geometric order, which are automati-
cally satisfied by both photonic crystals and quasicrystals.?!
These requirements also exist in some colloidal glasses that are
hyperuniform, that is to say, density fluctuations are minimized
over large length scales. Therefore, designing collodial glasses
as photonic bandgap materials would require computations
and modeling to identify glass structures that satisfy the three
materials requirements necessary for a complete bandgap.
Compared with the traditional 3D photonic gels that require
colloidal crystal templates with long-range order, these results
may have a significant impact from a fabrication standpoint,
since they suggest a more pragmatic approach to generating
photonic gels based on colloidal glasses without the need to
acheive long-range order with minimal defects.

4, Conclusions and Future Outlook

In this report, we have shown several examples of structured
polymer-based materials that exhibit strain-dependent photonic
properties. These mechanochromic materials have potential
applications in sensing, monitoring and revealing complex
local strain fields that can be quantified provided that the exact
relationships between the stopband and the strain or stress
are established. While the development of these materials is
ongoing, we have shown that simple relationships linking the
structures, their mechanical properties, optical properties, and
mechanochromic response can be derived to describe experi-
mental results. These can serve as an enabling starting point
to this field as it develops. Clearly, complex phenomena remain
to be explained and new materials systems developed to exploit
mechanochromism fully. Key hurdles include the analysis
of complex strains in heterogeneous systems and dynamic
responses (time-dependent phenomena such as polymer visco-
elasticity and poroelasticity), increasing the response of materials
systems, and generating a wider range of available mechanical
properties for visible mechanochromic materials. In particular,
experimental measurements that can quantify local changes
to the structure (microdomain reorientation) and composition
(solvent/polymer distribution) are needed. Measurement tools
such as X-ray scattering®*%¢7l and neutron scattering,®3! cou-
pled with in situ mechanical deformation of the photonic gels
is especially useful in providing quantitative information with
regard to changes in structure and composition. However, these
measurement tools are best suited for quasi-static experiments
because of their relatively slow data-acquisition times. Alterna-
tively, advanced imaging techniques such as stimulated emis-
sion depletion microscopyl®®! and laser scanning confocal
microscopy®® potentially provide the fast acquisition times
needed for capturing the rapid changes in structure and com-
position due to in situ mechanical testing. While these imaging
techniques have been demonstrated for imaging the nanostruc-
tures of high-molecular-mass BCPs, they may still lack the res-
olution needed to quantify the compositional changes due to
mechanical deformation. Thus, future studies in linking mech-
anochromism to local structural and compositional changes of
structured polymer-based materials may involve utilizing both
scattering and advanced imaging techniques in order to obtain
the necessary material information.
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