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Gel-immobilized colloidal crystals are a three-dimensional
periodic structure of monodisperse particles immobilized in

the gel network.1 The spatial periodicity of the refractive index of
the colloidal crystals results in an optical stop band, and hence,
they act as photonic crystals in the optical regime.2 The gel-
immobilized colloidal crystals consist of three components, i.e.,
particles, gel-network materials, and solvents. Various functional
particles such as magnets and semiconductors have been pre-
pared, and novel photonic crystals with special functionalities have
been developed with these particles.3 Further, various stimuli-
sensitive gels, which undergo a volume change in response to
external stimuli such as changes in temperature and pH, have
been used.4 The lattice constant or optical stop band of the
colloidal crystals embedded in these gels can be altered on demand
by applying external stimuli; this is useful for applications such as
tunable photonic crystals5 and biological and chemical sensors.6

On the other hand, to the best of our knowledge, approaches for
preparing solvents other than aqueous solutions have not been
explored, except for polyhydric alcohols7 and poly(ethylene
glycol) derivatives.8 Since most organic solvents have a weak
affinity for hydrogels, the gels shrink greatly in organic solvents,
resulting in the destruction of the crystallinity of the colloids
immobilized in the gel. In addition, the evaporation of the solvent
can also destabilize these gel-immobilized colloidal crystals.

Recently, ionic liquids, which are salts in the liquid state at
room temperature, have received increasing attention as new
solvents.9 They have many attractive features such as nonvola-
tility, noncombustibility, high ionic conductivity, high thermal
stability, and favorable solvating properties; moreover, ionic liquids
have the potential for use in fuel cells (as a nonvolatile electrolyte),10

gas handling,11 and cellulose processing.12 The properties of ionic
liquids can be adjusted by changing the cation�anion combina-
tion. Thus, the use of ionic liquids as solvents for gel-immobilized
colloidal crystals will increase the possibility of designing colloi-
dal photonic crystals in which there is no solvent evaporation.
In this Communication, we show that hydrophilic ionic liquids
can be used as suitable swelling solvents for gel-immobilized
colloidal crystals. The optical stop band of the colloidal crystals
can be adjusted over a wide range of wavelengths by varying the
mixing ratio of hydrophilic and hydrophobic ionic liquids; the
stop-band wavelength is linearly dependent on the mixing ratio,
which is quite advantageous in practical applications.

Our system consists of loosely packed colloidal crystals
immobilized in a hydrogel film. The detailed preparation method
for the gel-immobilized colloidal crystal films is described in the

Supporting Information. An aqueous suspension of charged silica
or polystyrene particles (diameter:∼0.2μm) in a crystalline state
was converted into a single-crystal-like structure in a flat flow cell
by using the shear-flow effect.13 The single-domain crystal was
immobilized through the photopolymerization of gelation re-
agents (N-methylolacrylamide as a monomer,N,N0-methylenebis-
(acrylamide) as a cross-linker, and a polymerization initiator) that
had been added to the starting suspension in advance.14 Thus, we
obtained a self-standing gel film containing the loosely packed
colloidal crystals (about 10% in particle volume fraction); the
film was cut into circular fragments with a diameter of 3 mm. The
circular fragments were soaked in an ionic liquid for a few days to
replace the water in the gel with the ionic liquid.

When a gel film is soaked in hydrophobic ionic liquids such as
1,3-diallylimidazolium bis(trifluoromethanesulfonyl)imide, the
gel shrinks considerably, as is the case with most organic solvents.
In such a case, the structure of the colloidal crystal immobilized in
the gel is destroyed; the sample turns cloudy, and the Bragg peak
in the spectrum disappears. On the other hand, after soaking the
gel film in hydrophilic ionic liquids, the crystalline structure of the
colloids remains intact. The swelling volume of the gel-immobi-
lized colloidal crystals varies with the type of ionic liquid (Table
S1 in Supporting Information). In some hydrophilic ionic liquids,
the gel film swells to an extent greater than that in water, as shown
by the reflection spectra and microscope images before and after
replacing water with 1,3-diallylimidazolium bromide in Figure 1.
The film swells to 1.04 times its initial size when water is replaced
with the ionic liquid, leading to a different diffraction color or red
shift of the reflection peak in the spectrum. For the film immersed
in water, a strong reflection peak is observed at 807 nm, which is
due to Bragg diffraction from the (111) lattice planes of a face-
centered-cubic (FCC) structure parallel to the cell surface.When
the ionic liquid replaces the water, the peak shifts to a longer wave-
length of 956 nm, maintaining high spectral quality. The red shift
of the Bragg wavelength can be explained by the increase in the
lattice spacing and refractive index of the crystals immobilized in
the gel.

The Bragg diffraction wavelength from FCC (111) lattice
planes in the case of normal incidence is given by

λ111 ¼ 2nc d111 ð1Þ

Received: April 13, 2011
Revised: June 22, 2011



5866 dx.doi.org/10.1021/ma200850m |Macromolecules 2011, 44, 5865–5867

Macromolecules COMMUNICATION TO THE EDITOR

where nc is the refractive index of the colloidal crystals and d111 is
the interplanar spacing of (111) lattice planes. The value of d111
in the case of the FCC structure can be estimated from geo-
metrical considerations by using the particle volume fraction ϕp
and the particle diameter d, and it is given by

d111 ¼ 2π

9
ffiffiffi
3

p 1
ϕp

 !1=3

d ð2Þ

The value of nc can be approximated by a volume-weighted
average of the refractive indices of the components:15

nc ¼ npϕp þ ngel-networkϕgel-network

þ nsolventð1� ðϕp þ ϕgel-networkÞÞ ð3Þ
where np, ngel-network, and nsolvent are the refractive indices of the
particle, gel-network material, and solvent, respectively. ϕgel-network
is the volume fraction of the gel-network material (ϕgel-network =
0.56ϕp, which is determined from the masses of the gelation
reagent and particles added to the suspension). By substituting
the observed peak wavelength for the film immersed in water
(λ0111 = 807 nm), the particle diameter (d = 210 nm), and the
refractive indices of the components (np = 1.45 (silica), ngel-network =
1.41,16 and nsolvent = 1.33 (water)) in eqs 1�3, the lattice spacing
of (111) for the film immersed in water can be calculated to be
d0111 = 298 nm. Assuming that the lattice spacing increases to
1.04 times its initial value after the replacement of water with the
ionic liquid, the Bragg wavelength for the crystals in the ionic
liquid can be estimated by substituting the assumed lattice
spacing (d111 = 310 nm) and the refractive index of the ionic
liquid measured with an Abbe refractometer (nsolvent = 1.56) in
eqs 1�3. The estimated Bragg wavelength (λ111 = 967 nm) is in
good agreement with the observed wavelength (956 nm). For the
conventional gel-immobilized colloidal crystals immersed in aque-
ous solutions, the tuning of the optical stop band is restricted to a
wavelength region shorter than the Bragg wavelength in the case
of water, since the widest lattice spacing is achieved for the
crystals immersed in water. On the other hand, we found that
even a wider lattice spacing or a longer Bragg wavelength than

that in the case of water can be achieved by using hydrophilic
ionic liquids as solvents.

Furthermore, we found that the swelling volume of the gel
can be easily varied by adding a hydrophobic ionic liquid (i.e., 1,
3-diallylimidazolium bis(trifluoromethanesulfonyl)imide) to the
hydrophilic one. Thus, the Bragg wavelength or optical stop-band
wavelength of the colloidal crystals can be varied over a wide
range. As shown in Figure 2A,B, upon decreasing the volume frac-
tion of the hydrophilic ionic liquid, which is measured prior to
mixing, the Bragg reflection peak shifts to a shorter wavelength in
a wide range of about 400 nm, preserving the uniform crystalline
structure. The value of d111 is estimated by using eqs 1�3, the
Bragg wavelength (Figure 2B), and the refractive index of the
ionic liquid measured with an Abbe refractometer (Figure 2C);
the degree of swelling thus obtained (d111/d

0
111) is plotted in

Figure 2D. These plots are well approximated by a function of the
mixing ratio x, i.e., d111/d

0
111 = 0.525x + 0.543, as shown by the

solid line in Figure 2D. Surprisingly, the Bragg wavelength and
swelling size show linear dependence on themixing ratio x, which
is quite advantageous for adjusting the optical characteristics of
the crystals in practical applications. In general, however, the
swelling�shrinking phenomenon that depends on the change in
the mixing ratio of solvents is known to be a type of phase
transition, and the gel size (or Bragg wavelength) is known to be
a strongly nonlinear function of the mixing ratio, as already
reported for the water�ethanol system.17 The swelling degree of
the gel has been explained with the Flory�Huggins formula by
considering the balance of osmotic pressures present interior and
exterior of the gel, which is due to the interaction among solvent,
gel network, and colloidal particles.18 While such a nonlinear
behavior can be theoretically understoodwith the formula, the pre-
sently observed linear behavior cannot be explained.We speculate

Figure 2. (A) Reflection spectra of gel-immobilized colloidal crystal
film immersed in the mixed solution of 1,3-diallylimidazolium bromide
and 1,3-diallylimidazolium bis(trifluoromethanesulfonyl)imide for var-
ious mixing ratios. The parameter x is the volume fraction of 1,3-
diallylimidazolium bromide measured prior to mixing. (B) Bragg
wavelength obtained from (A) as a function of x. (C) Refractive index
of the solvent, as measured with an Abbe refractometer. (D) Degree of
swelling of the gel-immobilized colloidal crystals as a function of the
mixing ratio x.

Figure 1. Reflection spectra and microscope images of gel-immobilized
silica colloidal crystal film before and after the replacement of water in
the gel with 1,3-diallylimidazolium bromide. The length of the scale bars
is 1 mm.
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that very high concentrations of ions in the ionic liquid might
lead to the linear behavior. In addition, it might be necessary to
consider the influence of colloidal forces based onDebye�H€uckel
theory19 to explain the linear behavior. Theoretical understand-
ing seems to be a challenging work to be done in the future.

Since ionic liquids do not evaporate even in high vacuum, we
can directly verify the presence of distance-controlled particle
arrays in the swollen gel by using an ordinary scanning electron
microscope (SEM) (Figure 3). For x = 0.2, relatively dense arrays
of silica particles are observed (Figure 3A), while for x = 0.8,
loose arrays of particles are seen (Figure 3B). This confirms that
uniform expansion or shrinkage of the periodic arrays can be
successfully attained by changing the mixing ratio of the two
different ionic liquids. From the SEM images, the distance
between the nearest-neighbor particles, a0, for x = 0.2 and x =
0.8 is estimated to be 247 ( 15 and 335 ( 25 nm, respectively.
These values are in reasonable agreement with those determined
by using the Bragg wavelength. The determination of the values
by using the Bragg wavelength is as follows. The a0 of the FCC
structure is given by

a0 ¼
ffiffiffi
3
2

r
d111 ð4Þ

By using the observed Bragg wavelength (Figure 2B), refractive
index of the solvents (Figure 2C), and eqs 1�4, the distance
between the nearest-neighbor particles for x = 0.2 and x = 0.8 is
calculated to be 239 and 355 nm, respectively. This agreement
between the values implies that the observed change in the Bragg
wavelength results from a change in the periodicity of particle
arrays. In addition, the Bragg wavelength is maintained even after
taking the sample from the vacuum chamber. The present
successful direct observation of the particles immobilized in the
hydrogel without evaporation implies that ionic liquids can be
used to study wet materials such as gels, tissues, and living cells.

In summary, we have demonstrated that ionic liquids can be
used as solvents for gel-immobilized colloidal crystals with high
stability and high tunability. Since ionic liquids exhibit good
electric conductivity and favorable solvating properties, colloidal
photonic crystals containing ionic liquids have potential for use
in many new applications, for example, in high-efficiency solar
cells, electric-optic conversion materials, and novel functional
photonic crystals.
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Figure 3. Top-view SEM images of gel-immobilized silica colloidal
crystal films with x = 0.2 (A) and x = 0.8 (B).


