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Elastomer-immobilized tunable colloidal photonic
crystal films with high optical qualities and high
maximum straint
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High-quality elastomer-immobilized colloidal crystal films with low particle volume fractions can be

prepared using hydrogel-immobilized single-crystalline colloidal crystal films processed by shear flow.

The solvent-free elastomer film demonstrated a full-colour change from red to blue with high
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uniformity over a cm? scale, achieved by varying the mole fraction of monomers in the hydrogel. Owing
to the low particle volume fraction, the elastomer film exhibited a colour change from red to blue upon
stretching, and the maximum strain reached 120%. The film provided reversible and repeatable colour

changes during extension without residual strain. The prepared films have the potential to be used in

rsc.li/materials-advances

Introduction

Periodic arrays of monodisperse colloidal particles, that is,
colloidal crystals, embedded in a soft polymer, act as tunable
photonic crystals." ' Because the volume of the soft polymer
can be altered by external stimuli, the lattice constant of the
colloidal crystals varies, and hence, their optical properties can
be tuned on demand. For example, colloidal crystals immobi-
lized in a hydrogel can change the optical stop-band wave-
length or Bragg reflection colour through changes in the gel
volume corresponding to environmental changes such as
temperature,”” pH,>* ionic strength,”™® and solvent.®'° These
properties are also expected to be applicable in simple sensors
and indicators that detect changes in environmental conditions
and indicate those through changes in the reflection colour.
One of the most intriguing applications of such tunable photo-
nic crystals is a strain sensor.'™? For example, when these
sensors are attached to a constructed wall, such as a building,
bridge, or tunnel, small amounts of strain which are normally
invisible can be readily detected on sight through colour
change without requiring expensive tools and prior training.
However, hydrogels generally have low mechanical strength,
especially against extension, and evaporation of swelling
solvent into the ambient atmosphere,® which hinders their
practical use.
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simple strain sensors to express invisible strains through colour change.

Solvent-free colloidal crystals immobilized in an elastomer
are a possible solution.”*™'® They can be prepared by filling
interstices of opal-type close-packed colloidal crystals with
elastomers."*™'® Elastomer-immobilized colloidal crystals with-
out solvent are stable in the ambient atmosphere and have
sufficient mechanical strength to allow stretching. However,
maximum strain has been limited to approximately 50%
because the extension caused a significant rearrangement of
particles in the opal-based colloidal crystals with a very high
particle volume fraction of more than 0.4.°7'® Recently,
elastomer-immobilized colloidal crystals with a low particle
volume fraction have been developed. They were prepared by
polymerization of elastomer precursor solutions containing
charge-stabilized colloidal crystals."”'® Owing to the electro-
repulsive interaction among particles, particles were sepa-
rated from each other as they crystalized in the elastomer
precursor solutions and were immobilized in the elastomer by
polymerization at a low particle volume fraction (e.g. 0.234"7
and 0.33'%). Because the large interparticle separation sup-
pressed particle rearrangement during the extension, the
maximum strain was improved to approximately 70%."”'® If
elastomer-immobilized colloidal crystals with even lower par-
ticle volume fractions are prepared, they may exhibit a higher
maximum strain.”> However, this preparation is a challenge
because strong electrorepulsive interactions are not generally
generated in elastomer precursor solutions. In addition,
although optical qualities, especially the uniformity of Bragg
reflection colour over a large area, are essential for practical
applications, those of colloidal crystals prepared using the
common methods are not high because they provide poly-
crystalline structures.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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We have found that charge-stabilized colloidal crystals in
water®>>® with a lower particle volume fraction of approxi-
mately 0.1 can be single-crystallized over a large area of a cm?
scale by a shear flow effect in a flat capillary cell.>*">° Moreover,
loosely packed colloidal crystals can be immobilized in a
hydrogel film without deterioration of the high crystalline
qualities by the subsequent photopolymerization of gelation
reagents previously dissolved in water.>>*" If water contained
in the hydrogel film is replaced by an elastomer precursor
solution that is then polymerized intact, elastomer-
immobilized colloidal crystal films with high optical qualities
and a lower particle volume fraction can be obtained. However,
in general, when a hydrogel film is immersed in an elastomer
precursor solution for replacement, the film shrinks signifi-
cantly, destroying the crystal structure.

In this report, we demonstrate that elastomer-immobilized
colloidal crystal films with a very low particle volume fraction
exhibiting high optical qualities and high maximum strain can be
achieved using gel-immobilized single-crystalline colloidal crystal
films by the proper combination of the hydrogel and the elasto-
mer. We used hydrogels composed of comonomers of N-isopro-
pylacrylamide (NIPAM) and N-methylolacrylamide (NMAM) with
different NIPAM mole fractions to adjust the affinity between the
hydrogel and the elastomer precursor solution. Hydrophilic 4-
hydroxybutyl acrylate (HBA) was used as the elastomer precursor.
We examined the dependence of the particle volume fraction and
Bragg reflection wavelength of elastomer-immobilized colloidal
crystal films on the NIPAM mole fraction. In addition, the tunable
properties of the elastomer-immobilized colloidal crystal films at
extension were examined.

Results and discussion
Preparation of elastomer-immobilized colloidal crystal films

The method for preparing gel-immobilized single-crystalline
colloidal crystal films has already been reported,*>*' and a brief
description is given below. An aqueous suspension of mono-
disperse polystyrene particles (Thermo Scientific, particle
diameter: 160 nm) was deionised by adding a mixed-bed ion-
exchange resin (Bio-Rad, AG501-X8(D)) and stirring gently.
Gelation reagent (NIPAM and NMAM as monomers,
N,N’-methylenebisacrylamide (BIS) as a cross-linker, and 2,2'-
azobis[2-methyl-N-(2-hydroxyethyl)propionamide] (VA) as a
photo-initiator) and ultrapure water were added to the suspen-
sion to achieve monomer, cross-linker, photo-initiator, and
particle concentrations of 800 mM, 40 mM, 0.35 mM, and
approximately 10.7 vol%, respectively. The colloidal suspension
with different NIPAM mole fractions x (x = [NIPAM]/([NIPAM] +
[NMAM])) was shear-flowed into a flat capillary cell (channel
height: 0.1 mm; width: 9 mm; length: 70 mm) to convert into a
single-domain crystal (Fig. 1a).?*° Ultraviolet (UV) light was
irradiated uniformly from both sides of the cell to photopoly-
merize the gelation reagent (Fig. 1b).>**' The obtained gel film
containing single-crystalline colloidal crystals was removed
from the cell and cut into circular fragments with a diameter
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Fig. 1 Schematic representation of preparation process for elastomer-
immobilized colloidal crystal films.

of 4.5 mm (Fig. 1c). A rectangular fragment with a length of
20 mm and width of 9 mm was cut from the gel film with x =
0.50. The films were immersed in an elastomer precursor
solution of HBA with 1 wt% of photo-initiator (BASF Japan
Ltd, DAROCUR 1173) for approximately 24 h to replace the
water contained in the gel film with the precursor solution. The
films were placed between two glass slides using cover glasses
as spacers, and the UV light was irradiated to photopolymerize
the HBA (Fig. 1d).

Fig. 2 shows photographs and reflection spectra of the
colloidal crystal film with x = 0.50 at each preparation step.
Before gelation, the colloidal crystal exhibited a uniform texture
with a bright red colour over the entire sample area, which was
achieved by the shear flow effect. The reflection spectrum
showed a strong peak at 679 nm, which was derived from the
Bragg reflection from the (111) lattice planes of the face-centred
cubic (FCC) structure parallel to the sample surface.”®™>° After
gelation, uniform colour and an excellent spectral profile were
preserved. When the gel-immobilized colloidal crystal film was
cut into the circular fragments and immersed in the elastomer
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Fig. 2 Photographs and reflection spectra of the colloidal crystal film with
x = 0.50 at each preparation step.
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precursor solution, the uniform colour and the peak shape were
retained. After the photopolymerization of the precursor, the
film shrank, and the particle volume fraction increased to
0.155. As a result, the reflection peak was blue-shifted to
654 nm. However, excellent optical properties such as the
uniform reflection colour and the strong reflection peak were
almost fully retained.

The change in the Bragg wavelength after the conversion
from the gel film to the elastomer film can be quantitatively
explained by the contraction of the FCC(111) lattice spacing
and the change in the refractive index of the colloidal crystals
using Bragg’s law at normal incidence:

Anki = 2Nl pgiy (1)

where Ay is the Bragg wavelength, . is the refractive index of the
colloidal crystals, and djy; is the lattice spacing of the (%kf) planes.
The volume-weighted average of the refractive indices of the

components of colloidal crystals is a good approximation of 7:5>>

ne = np¢p +nm(1 - d)p)’ (2)

where n;, and n,, are the refractive indices of the polystyrene
particles (7, = 1.59) and the matrix of the elastomer film,
respectively, and ¢, is the volume fraction of polystyrene particles
in the elastomer film. Because the matrix consists of poly(N-
isopropylacrylamide)  (PNIPAM), poly(N-methylolacrylamide)
(PNMAM), and poly(4-hydroxybutyl acrylate) (PHBA), n, can
be approximated as 7, = (Mpxpam®Penieam T MenvamPenmvam T
Npppa(l — ¢p — ¢pnram — Penmam))/(1 — d’p); where npnipam,
Npnmam, and nppgpa are the refractive indices of the PNIPAM
(npnipam = 1.45), PNMAM (npnmam = 1.41), and PHBA (fpyps =
1.49), respectively, and ¢pnpam and ¢pnmam are the volume
fractions of the PNIPAM and PNMAM in the elastomer film,
respectively. The dy;; value is determined using ¢, and the
diameter d of colloidal particles:

1
o \?
d11| - (W) d (3)

Because the volume change of the film is isotropic in three
dimensions during solvent replacement and photopolymeriza-
tion, the volume ratio o of the elastomer film to the gel film is
calculated using the measured diameters of the elastomer film D
and the gel film D’ as follows:

D\?
- (o) ¥

Assuming that the volumes of the colloidal particles, PNIPAM,

and PNMAM are constant during the preparation process, the

volume fractions of the particles ¢}, PNIPAM $pnipans, and PNMAM
¢dpnvam 1IN the elastomer film can be estimated using o as

. qﬁ,
i p
=12 5
s =2 g
i _ Obnipam
Ponpam = Ty (6)
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Penmam = MTMM/I’ )
where ¢p, Ppnmvams Ad Ppamam are the volume fractions of the
colloidal particles, PNIPAM, and PNMAM in the gel film swollen in
water, respectively. These values can be calculated from the Bragg
wavelength and the masses of the gelation reagent added to the
water.>® By substituting ¢, ¢paivams Peamanm, Dy and D' into
eqn (4)-(7); ¢py Ponpams and Pprmian Were determined. The values
for n. and dy;, of the elastomer film were calculated by substituting
d)ip, Pontpan, and Phaniam INtO eqn (2) and (3). Thus, the Bragg
wavelength of the elastomer film was estimated to be 657 nm by
substituting n. and d;1; into eqn (1). This value is in good
agreement with the measured Bragg wavelength of 654 nm.

We found that the affinity of the gel film to HBA was greatly
changed by x. Thus, the particle volume fraction and the Bragg
reflection wavelength of the resultant elastomer-immobilized
colloidal crystal film could be greatly altered by x (Fig. 3 and
Fig. S1, ESIT). When x decreased, the gel film shrank signifi-
cantly in the precursor solution. High uniformity was pre-
served, and the resultant elastomer film exhibited a full-
colour change: red (x = 0.50), yellow (x = 0.40), green (x =
0.35), light blue (x = 0.30), and blue (x = 0.20) (Fig. 3). The
particle volume fraction at x = 0 was calculated to be 0.503. In
contrast, when x was increased, the gel film swelled well in the
precursor solution. In particular, the swelling volume of the gel
film with x = 1.0, in the precursor solution was larger than that
of the gel film in water. As a result, surprisingly, the particle
volume fraction of the elastomer film with x = 1.0 was 0.111.
This signifies that the solvent-free elastomer film can realize a
lower particle volume fraction than the gel-immobilized colloi-
dal crystal film swollen in water (i.e. 0.114). The observed Bragg
wavelengths of the elastomer films with various x values are
plotted as filled circles in Fig. 3. At x values exceeding 0.80, the
Bragg wavelength attained a near-IR range. These plots are in
good agreement with the plots calculated using eqn (1)-(7),
which are shown as open diamonds.

0.6
NIPAM mole fraction x

L L n

L 1 1 1
0 0.2 0.4 0.8 1.0
Fig. 3 Plots of the Bragg wavelength and photographs of the elastomer-
immobilized colloidal crystal films as a function of x (@: experimentally

measured Bragg wavelength, o: calculated Bragg wavelength).
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Tunable properties of the elastomer-immobilized colloidal
crystal film at extension

The elastomer-immobilized colloidal crystal film showed a full-
colour change at extension and exhibited a maximum strain of
120%, which is, to date, the highest value reported for
elastomer-immobilized colloidal crystals. As shown in Fig. 4a,
when the film with x = 0.50 was stretched, various reflection
colours (red, orange, yellow, green, and blue) were observed,
corresponding to the strain (¢ = ((L° — L)/L') x 100, L: film
length at extension, and L': film length without extension),
while preserving uniformity over a cm” scale. In the reflection
spectrum, the Bragg peak was gradually blue-shifted from 660
to 488 nm as the strain was increased to 120% (Fig. 4b and c).
The intensity of the peak decreased upon stretching. This is
explained by the decrease in the refractive index contrast
between a slice containing the (111) plane at the middle and
an intermediate slice.'® Fig. 4d shows the sensitivity, that is, the
amount of change in the Bragg wavelength responding to
strain, estimated by the slope of the graph of the Bragg
wavelength as a function of strain (Fig. 4c). The sensitivity
decreased with increasing strain and became a very low value of
less than 1 nm/% at a strain of 120%.

The blue shift of the Bragg peak is caused by the reduction
of the lattice spacing perpendicular to the thickness direction
of the film; hence, the Bragg wavelength during extension can
be estimated from the film thickness. The lattice spacing dj;; at
extension is given by the film thickness ¢° at extension, film
thickness ¢ without extension, and lattice spacing di,, without
extension as follows:

€

[ .
dyy = Z_idin (8

Because the particle volume is constant during the exten-
sion, the particle volume fraction ¢y at extension is given by the
volume of the elastomer film V' without extension and the
volume of the elastomer film V° at extension, which are
calculated by the area and the thickness, as follows:

Vi,
Pp = 7% )

Assuming that n,, does not change by stretching, n,, is the
refractive index of the matrix without extension. n. under strain
is determined by substituting n,, and ¢y, into eqn (2). Thus, the
Bragg wavelengths at various strains were estimated by sub-
stituting djz; and n, into eqn (1), and plotted as open diamonds
in Fig. 4c. These plots were in good agreement with the
observed Bragg wavelengths.

Fig. 4e shows the time-course change in the Bragg wave-
length of the elastomer film after releasing the extension with a
maximum strain of 120%. At 10 s after release, the Bragg
wavelength showed a 5% difference in the initial wavelength
and became almost identical to the value after 1 min. Fig. 4f
shows the thickness ratios of ° to ¢ for the elastomer film with
x = 0.50, and for the elastomer film without particles. The two
films showed the same dependence of thickness on strain. In
addition, the Poisson’s ratios of both films had the same value

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Photographs of elastomer-immobilized colloidal crystal film
with x = 0.50 at various strains. The length of the scale bars is 5.0 mm. (b)
Reflection spectra of the film at various strains. (c) Bragg wavelength of the
film as a function of strain (@ : experimentally measured Bragg wavelength,
¢o: calculated Bragg wavelength). (d) Sensitivity of the film estimated from c.
(e) Time-course change in the Bragg wavelength after the release. (f)
Thickness ratio of t© to t' as a function of strain (@ elastomer film with x =
0.50, O: elastomer film without particles).
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of 0.39, which was estimated by the gradient of the plots of
—In(t°/¢) vs. In(L¢/L) up to a maximum strain of 120% (Fig. S2,
ESI{).*® These data indicate that the colloidal crystals in the
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Fig. 5 (a) Spectral change of the elastomer-immobilized colloidal crystal
film with x = 0.50 by repeating the stretch and release. (b) Photographs and

Bragg wavelength of the film by repeating the stretch and release 3 times.
The length of the scale bars is 5.0 mm.

elastomer film do not affect the deformation of the elastomer
even at a maximum strain of 120% because of the very low
particle volume fraction. In addition, the relatively low Pois-
son’s ratio of the elastomer film contributed to the high
maximum strain.

Fig. 5a shows the spectral change of the elastomer film by
repeating the stretch and release between strains of 10% and
35%. The Bragg peak blue-shifted from 637 to 586 nm during
the stretch and returned to the initial wavelength after the
release, preserving the excellent spectral profile (Fig. 5a). The
uniform reflection colour was also intact after the repetitions
(Fig. 5b). The film was fully reversible, and the colour change
was repeatable with elastic deformation, which was achieved by
the large interparticle separation in the colloidal crystals with a
very low particle volume fraction. The variations in the Bragg
wavelength and the intensity of the reflection did not exceed a
few percent after repeating the extension with the maximum

3298 | Mater. Adv,, 2021, 2, 3294-3299
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strain of 120% and the release 100 times, and no damage was
observed on the film.

Conclusions

In summary, we succeeded in preparing elastomer-immobilized
colloidal crystal films with high optical qualities and a low particle
volume fraction, realizing the benefits of hydrogel-immobilized
single-crystalline colloidal crystal films processed by shear flow.
By the proper combination of the copolymer hydrogel consisting
of NIPAM and NMAM monomers and the hydrophilic HBA
elastomer precursor, the shrinkage of the gel film during solvent
replacement was suppressed; thus, the high-quality colloidal
crystals could be immobilized in solvent-free elastomer films
intact. Furthermore, we found that the gel film composed of the
NIPAM monomer swelled to a greater degree in the HBA than in
water, and therefore, the particle volume fraction in the resultant
elastomer film could be greatly altered between 0.111 and 0.503 by
varying the mole fraction of monomers. This leads to elastomer
films exhibiting a full-colour change from red to blue with high
uniformity over a cm? scale. Owing to the very low particle volume
fraction, the elastomer film exhibited a full-colour change from
red to blue when stretched, without rearrangement of particles,
and the maximum strain reached 120%. This is the highest value
reported to date for elastomer-immobilized colloidal crystals. In
addition, because the particles remain untouched during stretch-
ing, no residual strain remains. Thus, the film exhibited reversible
and repeatable colour changes during extension. The films have
the potential to be used in simple strain sensors to detect invisible
strains through colour change.

Experimental

Preparation of gel-immobilized colloidal crystal films

An ion-exchange resin (Bio-Rad, AG501-X8(D)) was added to an
aqueous suspension of monodisperse polystyrene particles
(Thermo Scientific, particle diameter: 160 nm), and the mixture
was gently stirred for deionization. The formed charge-
stabilized colloidal crystals were centrifuged to increase the
particle concentration. Gelation reagents (NIPAM (FUJIFILM
Wako Pure Chemical Corp.) and NMAM (FUJIFILM Wako Pure
Chemical Corp.) as monomers, BIS (FUJIFILM Wako Pure
Chemical Corp.) as a cross-linker, and VA (FUJIFILM Wako
Pure Chemical Corp.) as a photo-initiator) and ultrapure
water (Millipore, Milli-Q system) were added to the colloidal
crystals so that the concentrations of the monomers, cross-
linker, photo-initiator, and particle were 800 mM, 40 mM, and
0.35 mM, and approximately 10.7 vol%, respectively. Colloidal
crystals with different NIPAM mole fractions x (x = [NIPAM]/
(INIPAM] + [NMAMY])) were prepared and bubbled with Ar gas
for 5 min to remove dissolved O, and CO,. The colloidal crystals
were shear-flowed into a flat capillary cell (channel height:
0.1 mm; width: 9 mm; length: 70 mm) to convert into a
single-domain crystal. The obtained particle array of the single
crystal was immobilized in the hydrogel network by UV light

© 2021 The Author(s). Published by the Royal Society of Chemistry
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irradiation using a UV light device (MORITEX SCHOTT, MBRL-
CUV7530). Photographs of the samples before and after UV
light irradiation were taken using a CCD camera (Sony, XCD-
V60CR) through a macro zoom lens (Edmund Optics, MLH-
10X), and the reflection spectra were measured using a multi-
channel spectrometer (Soma Optics, Fastevert S-2630).

Preparation of elastomer-immobilized colloidal crystal films

The gel film containing single-crystalline colloidal crystals was
removed from the cell and cut into circular fragments of
4.5 mm diameter. For the tensile testing, the gel film with x =
0.50 was cut into a rectangular fragment 20 mm long and 9 mm
wide. The gel films were immersed in HBA (Tokyo Chemical
Industry Co., Ltd) with 1 wt% of a photo-initiator (BASF Japan
Ltd, DAROCUR 1173) for approximately 24 h to replace the
water in the gel with the elastomer precursor solution. Slide
glasses were coated with toluene (FUJIFILM Wako Pure Chemical
Corp.) with 5 wt% of silicone oil (Shin-Etsu Chemical Co., Ltd, KF-
96A-50CS) as a release reagent and heated at 350 °C for 1 h in an
electric furnace (Tokyo Rikakikai Co., Ltd, TMF-4100). The gel
films, swollen in the elastomer precursor solution, were placed
between the two glass slides using cover glasses (thickness:
approximately 0.15 mm) as spacers. The films were irradiated
with UV light (MORITEX SCHOTT, MBRL-CUV7530), both above
and below. Photographs of the films before and after UV light
irradiation were taken using a CCD camera (Sony, XCD-V60CR)
through a macro zoom lens (Edmund Optics, MLH-10X), and
reflection spectra were measured using a multichannel spectro-
meter (Soma Optics, Fastevert S-2630).

Tensile testing of elastomer-immobilized colloidal crystal film

The film was pinched 5 mm from both edges and stretched at
1.0 mm intervals. At each step, photographs of the film were
taken from above using a CCD camera (Sony, XCD-V60CR)
through a macro zoom lens (Edmund Optics, MLH-10X). The
side view of the film was observed using a CCD camera through
a video lens (Edmund Optics, VIDEO LENS-VZM 600) to mea-
sure the film thickness. The reflection spectra of the stretched
films were measured using a multichannel spectrometer (Soma
Optics, Fastevert S-2630).
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