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Colloidal crystal-templating methods have been used to prepare inverse opal photonic
crystals of silica, mercaptopropyl-functionalized silica, titania, and zirconia. Ordered arrays
of uniformly sized polymer spheres were infiltrated with fluid precursors capable of
condensation or crystallization. After solidification of the material in the void spaces between
the spheres, the polymer templates were removed by calcination or solvent extraction, leaving
inverse replicas of the template arrays. By carefully controlling the synthetic procedures,
gram-scale quantities of powdered macroporous materials exhibiting photonic crystal
properties were obtained. For materials with crystalline walls (titania and zirconia), this
required minimization of the size of the nanocrystalline grains. Because the periodicity
introduced into the wall structure by the colloidal crystal templates was on the order of
optical wavelengths, Bragg diffractions from the planes produced photonic stop bands in
the visible spectra of these materials. The stop bands were manifested as brightly colored
reflections and an optical filtering behavior of the materials. A crystallographic indexing of
the optical spectrum of a polycrystalline inverse opal confirmed the fcc ordering of the pores.
The optical properties of these materials were modified in predictable manners by numerous
methods, including tailoring the pore size, filling the pores with fluids of various refractive
indices, and changing the compositions of the solid material. The wavelengths of the colorful
reflections (stop bands) were found to be proportional to the pore size and to vary linearly
with the refractive index of the fluid filling the pores. The physical and synthetic modifications
reported here allowed for the preparation of powders with optical reflections and bright
colors spanning the entire visible spectrum.

Introduction

Since the introduction of the photonic band gap
concept,1,2 the creation of materials exhibiting a three-
dimensional periodic modulation of the dielectric con-
stant has been a very active area of research. Such
materials, known as photonic crystals, diffract photons
from a lattice of dielectric planes in a manner analogous
to the behavior of electrons with respect to an atomic
crystal lattice.3 When the refractive index of the dielec-
tric material is sufficiently large, a complete photonic
band gap is formed in which Bragg diffractions inhibit
a range of wavelengths from propagating through the
photonic crystal over all directions.3-5 Materials exhibit-
ing a complete photonic band gap could provide a
number of unique technological applications, including
optical waveguides with sharp bends,6,7 optical inte-
grated circuits,7 single-mode light-emitting diodes,3 and
low-threshold telecommunications lasers.1,8,9 Photonic

crystals made of dielectric materials with lower refrac-
tive indices have an incomplete band gap, yet still
exhibit very unique optical properties. Natural examples
of photonic crystals with incomplete band gaps include
opals that, despite being composed of the optically
transparent silica, exhibit a bright display of colors. This
variety of photonic crystal, with an incomplete photonic
band gap, exhibits stop bands over which selected
wavelengths of light are partially inhibited from propa-
gating through the material in certain directions.

Several strategies have been used for the creation of
three-dimensional photonic crystals, including the chemi-
cal methods of colloidal self-assembly10-15 and colloidal
crystal templating,16-22 the microfabrication techniques
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of mechanically drilling holes within a dielectric slab23

or stacking logs of a dielectric material,24-26 and holo-
graphic patterning using multiple laser beams.27 The
colloidal crystal-templating approach utilizes the natu-
ral tendency of monodisperse spherical particles to self-
assemble into a close-packed, or opal, arrangement.28

The process of filling the voids of the synthetic opal
template with a precursor capable of solidification and
then removing the template yields a macroporous
inverse opal material with a close-packed arrangement
of air spheres. The benefit of this self-assembly approach
to the fabrication of three-dimensional photonic crystals
is the ease with which a dielectric material can be
rapidly ordered in three dimensions, compared to the
stepwise manner of microfabrication techniques. Varia-
tions of the colloidal crystal-templating approach have
been used to prepare three-dimensionally ordered
macroporous (3DOM) materials with diverse composi-
tions,22,29 including metal oxides,16-19,21,30-33 metals,34-39

semiconductors,20,40-42 polymers,43-46 carbons,47,48 and

hybrid organosilicates.19 Inverse opal materials have
been demonstrated to exhibit photonic crystal proper-
ties, such as the presence of optical stop bands,18 tunable
color changes,49 and inhibition of the spontaneous
emission of luminescent species intrinsic to or embedded
within the photonic crystal.50-53

In the current study, poly(methyl methacrylate)
(PMMA) colloidal crystal-templating methods were used
for the preparation of 3DOM silica, titania, and zirconia,
and polystyrene (PS) colloidal crystal templates were
used for mercaptopropyl-functionalized silica. The ma-
terials were prepared by infiltration of the precursor
solution through a powdered colloidal crystal template,
using a salt solution for the preparation of 3DOM
zirconia and sol-gel precursors for the other composi-
tions. The syntheses were optimized for each composi-
tion, with careful attention being paid to the choice of
precursor and template removal conditions, to produce
materials with photonic crystal properties. Using the
technique of templating with a powdered PMMA col-
loidal crystal, the photonic crystals produced had ran-
dom orientations of crystal planes throughout the
materials. As a result, the apparent colors of the bulk
macroporous samples were not angle-dependent. In-
stead, through the choice of appropriate synthetic
procedures, bright and relatively uniformly colored
materials could be produced. These materials exhibited
optical properties that could be modified by changing a
number of factors, including the composition of the wall
material, the spacing of the pores, the solid fraction of
the material, and the refractive indices of the walls and
the void-filling material. Processes for modifying the
optical properties of colloidal crystals and inverse opals
have previously been reported and modeled45,54-56

for materials that respond to thermal or chemical
changes,57-61 infiltration with solvents,10,11,49,62 applica-
tion of an electric field to liquid crystal-filled materi-
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als,63,64 application of UV light to photochromic dye-
filled materials,65,66 and changes in template size49,67-70

and angle of incidence.11,12,33,56,71-73

In the current report, we prepared three-dimension-
ally ordered macroporous materials by methods that
optimized their photonic crystal properties, and we
studied various methods for controlling and predicting
the optical properties of these materials. Results of
optical measurements were compared to theoretical
predictions. A strong agreement was found between the
spectral positions of the optical reflections and those
predicted by the Bragg diffraction model. The pore size
of these materials was found to be directly proportional
to the wavelength of the optical stop band. Filling the
voids of the macroporous materials with solvents of
various refractive indices yielded a linear response in
the shift of the spectral position of the stop band. Optical
methods were utilized to calculate the average pore size
of the materials, giving values very similar to those
measured by scanning electron microscopy (SEM). Both
Bragg theory and dynamical diffraction theory (DDT)
were used to calculate the solid volume fractions, with
better values obtained from DDT. The compositions of
the photonic crystals, as well as the microstructures of
the walls, were found to affect the optical properties of
the materials. A crystallographic indexing of the optical
spectrum of a polycrystalline inverse opal was per-
formed to confirm the fcc ordering of the pores.

Experimental Section

Materials. Reagents were obtained from the following
sources: tetramethoxysilane (TMOS), (3-mercaptopropyl)tri-
methoxysilane (MPTMS), titanium(IV) propoxide, zirconium
acetate (solution in dilute acetic acid, 15-16% Zr), zirconium-
(IV) propoxide (70 wt % solution in 1-propanol), HCl (37%),
tetrahydrofuran (THF), methyl methacrylate (MMA), 2,2′-
azobis(2-methylpropionamidine) dihydrochloride, 2-propanol,
dimethylformamide (DMF), toluene, and 1,2-dibromoethane
were from Aldrich; absolute ethanol was from Aaper Alcohol
and Chemical Co.; methanol and acetone were from Pharmco
Products Inc. All chemicals were used as received without
further purification. Macroporous zirconia from alkoxide pre-
cursors was prepared according to a literature method.17

Polystyrene sphere colloidal crystals were prepared according
to a literature method.19 The average PS sphere size was 355
( 5 nm, as measured by SEM. Water used in all syntheses
was distilled and deionized to 17.7 MΩ‚cm.

Synthesis of PMMA Colloidal Crystals. Monodisperse
poly(methyl methacrylate) (PMMA) spheres were synthesized

using an optimized version of literature techniques74,75 and
packed into colloidal crystals. PMMA spheres were synthesized
at 70-80 °C from mixtures with a typical composition of 1.6
L of water, 300-400 mL of methyl methacrylate (MMA), and
1.5 g of 2,2′-azobis(2-methylpropionamidine) dihydrochloride
as an azo initiator. Water and MMA were added to a five-neck
round-bottom flask, to which was attached an electric stirrer
driving a glass stirring shaft with a Teflon stirrer blade, a
water-cooled condenser, a pipet connected to a house supply
of nitrogen gas, and a thermocouple probe attached to a
temperature controller. The mixture was stirred at approxi-
mately 350 rpm, while being heated to 70-80 °C and purged
with nitrogen gas. After stabilization of the temperature at
an elevated level, the azo initiator was added, and the reaction
was allowed to proceed for 1-2 h, producing colloidal PMMA
spheres. The colloidal polymer was filtered through glass wool
to remove any large agglomerates. PMMA colloidal crystals
were formed by centrifuging the colloid at 1500 rpm for 24 h,
decanting the water, and allowing the solid to dry for 3 days.
Before being used as templates, the PMMA colloidal crystal
pellets were crushed with a metal spatula to form a powder.
PMMA spheres used in the syntheses of macroporous materi-
als had diameters of 310 ( 5 nm, 375 ( 5 nm, and 425 ( 5
nm, as measured by scanning electron microscopy (SEM). In
a typical synthesis, 10 g of PMMA was used to produce about
0.5-1.5 g of macroporous material.

Synthesis of Macroporous Silica. Macroporous silica was
prepared by an optimized version of a literature method.19

Samples were synthesized from mixtures with a typical
composition of 6.0 mL of TMOS, 4.0 mL of methanol, 3.0 mL
of water, and 1.0 mL of HCl. The reagents were added to a
small vial, and the mixture was stirred at room temperature
for several minutes. Dried PMMA sphere colloidal crystals
were crushed to a powder and deposited in millimeter-thick
layers on filter paper in a Büchner funnel. With suction applied
to the Büchner funnel, the silica precursor solution was applied
dropwise until it completely covered the PMMA spheres. Equal
amounts, by mass, of PMMA and precursor solution were used.
The composite sample was allowed to dry in air at room
temperature for 24 h. The PMMA template was removed from
the sample by calcination in air. In a typical calcination, the
temperature was increased from ambient at a rate of 2 °C
min-1, stabilized at 300 °C for 2 h, increased at a rate of 2 °C
min-1, stabilized at 550 °C for 10 h, and then decreased to
ambient temperature at a rate of 10 °C min-1. The final
products were colorful silica powders. Silica samples were
prepared from PMMA spheres with average diameters of 310
( 5 nm and 375 ( 5 nm, producing mean macropore sizes in
silica of 265 ( 5 nm [sample SiO2(265)] and 320 ( 5 nm
[sample SiO2(320)], respectively, as measured by SEM.

Synthesis of Macroporous Mercaptopropyl Silica.
Macroporous mercaptopropyl-functionalized silica was pre-
pared via direct synthesis by an optimized version of a
literature method.19 The sample was synthesized from a
mixture of 3.0 mL of TMOS, 1.5 mL of MPTMS, 1.2 mL of
water, 0.3 mL of HCl, and 3.0 mL of methanol. TMOS and
MPTMS were added to a small vial and were stirred at room
temperature for several minutes. Water, HCl, and methanol
were mixed in a separate vial, and then this solution was
added to the TMOS/MPTMS mixture. The combined solution
was stirred for 3 min. This precursor was added to PS colloidal
crystals and allowed to dry as described above. The PS
template was removed from the sample by extraction for 5 days
in a refluxing solution of 1:1 (v/v) THF and acetone. The
powder product was recovered by filtration and washed with
THF/acetone and then acetone. The sample was prepared from
PS spheres with an average diameter of 355 ( 5 nm, producing
a mean macropore size of 310 ( 5 nm [sample MSiO2(310)] as
measured by SEM. Elemental analysis (wt %): Si, 39; C, 21;
H, 4; S, 9.
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Synthesis of Macroporous Titania. Macroporous ti-
tania was prepared by an optimized version of literature
methods.17-19,69 Samples were synthesized from mixtures with
a typical composition of 5.0 mL of ethanol, 1.0 mL of HCl, 5.0
mL of titanium(IV) propoxide, and 2.0 mL of water. The
reagents were added to a small vial in the order listed above,
and the mixture was stirred at room temperature for several
minutes. This precursor was added to PMMA colloidal crystals
and allowed to dry as described above. The PMMA template
was removed from the sample by calcination in an air/nitrogen
mixture. In a typical calcination, the temperature was in-
creased from ambient at a rate of 2 °C min-1, stabilized at
300 °C for 2 h, increased at a rate of 2 °C min-1, stabilized at
400 °C for 2 h, and then decreased to ambient temperature at
a rate of 10 °C min-1. The final products were colorful titania
powders. Titania samples were prepared from PMMA spheres
with average diameters of 310 ( 5 nm and 375 ( 5 nm,
producing mean macropore sizes in titania of 250 ( 5 nm
[sample TiO2(250)] and 310 ( 5 nm [sample TiO2(310)],
respectively, as measured by SEM.

Synthesis of Macroporous Zirconia. Macroporous zir-
conia was prepared by an optimized version of a literature
method.21 Samples were synthesized from mixtures with a
typical composition of 6.0 mL of methanol and 6.0 mL of
zirconium acetate (solution in dilute acetic acid). The reagents
were added to a small vial and were stirred at room temper-
ature for several minutes. This precursor was added to PMMA
colloidal crystals and allowed to dry as described above. The
PMMA template was removed from the sample, and the
zirconium acetate was converted to zirconia by calcination in
an air/nitrogen mixture. In a typical calcination, the temper-
ature was increased from ambient at a rate of 2 °C min-1,
stabilized at 300 °C for 2 h, increased at a rate of 2 °C min-1,
stabilized at 450 °C for 2 h, and then decreased to ambient
temperature at a rate of 10 °C min-1. The final products were
brightly colored zirconia powders. Zirconia samples were
prepared from PMMA spheres with average diameters of 310
( 5 nm, 375 ( 5 nm, and 425 ( 5 nm, producing mean
macropore sizes in zirconia of 200 ( 5 nm [sample ZrO2(200)],
250 ( 5 nm [sample ZrO2(250)], and 285 ( 5 nm [sample ZrO2-
(285)], respectively, as measured by SEM.

Characterization. Diffuse-reflectance UV-vis spectra were
obtained on a Hewlett-Packard 8452A diode array spectro-
photometer equipped with a Labsphere RSA-HP-84 reflectance
spectroscopy accessory. Spectra were obtained for randomly
oriented bulk powder samples. Reflectance data were con-
verted to f(R∞) values using the Kubelka-Munk equation.
Scanning electron microscopy (SEM) images were obtained on
a Hitachi S-800 scanning electron microscope operating at 4
kV. Samples for SEM were dusted on an adhesive conductive
carbon disk attached to an aluminum mount and were coated
with Pt prior to examination. Polymer sphere diameters and
inverse opal pore sizes were determined from the SEM images.
An Abbe refractometer was used to determine the refractive
indices of macroporous silica and mercaptopropyl silica by
solvent refractive index matching. Powder X-ray diffraction
(XRD) analyses were performed on a Siemens D5005 wide-
angle XRD spectrometer with Cu KR radiation operating at
40 kV and 45 mA. Phases and grain sizes were determined by
using the JADE 5 program. Elemental analyses were per-
formed for Si at the Geochemical Lab, University of Minnesota,
Minneapolis, MN, and for C, H, and S at Atlantic Microlab
Inc., Norcross, GA.

Results and Discussion

Synthesis of Macroporous Materials. The compo-
sition and microstructure of the walls of macroporous
materials affect their photonic crystal properties. As a
result, careful control of the synthetic conditions was
required to produce materials with brightly colored
optical reflections. Each of the four types of macroporous
materials prepared in this report required different

types of precursors and processing conditions to opti-
mize their photonic crystal properties. Alkoxides were
used as precursors for silica and titania, whereas
zirconia required the use of zirconium acetate to yield
materials with maximized optical reflections. The best
results for silica and titania were obtained when TMOS
and titanium(IV) propoxide were used as the respective
precursors. Both of these precursors are moisture-
sensitive, and titanium(IV) propoxide is very viscous,
so the alkoxides were diluted with alcohols to decrease
reactivity and increase penetration through the polymer
template. Addition of an acid to the alkoxide precursors
decreased the rates of condensation, preventing prema-
ture metal oxide precipitation upon exposure to air. The
addition of an acid was especially important for forming
ordered titania, because titanium alkoxides are very
reactive and undergo rapid condensation when exposed
to moisture. Zirconium alkoxides are even more reactive
and water-sensitive than those of titanium, making
zirconium acetate the preferred precursor for zirconia
because of its ease of handling and lower reactivity.

In addition to the appropriate choice of precursors, it
was necessary to tailor the template removal conditions
for each type of material to maximize the optical
reflections. Extraction of the PS template in a refluxing
THF/acetone solution was the method of choice for
producing macroporous mercaptopropyl silica to pre-
serve the organic groups. For the metal oxides, on the
other hand, calcination was the preferred method of
template removal. The optimum calcination conditions
varied for the different types of oxides. Higher temper-
atures, longer heating times, and an atmosphere of air
were used for removal of PMMA from silica. In contrast,
lower temperatures, shorter heating times, and a mixed
nitrogen/air atmosphere was required to produce macro-
porous titania and zirconia with strong photonic crystal
properties (i.e., brightly colored samples). The milder
conditions required for titania and zirconia, compared
to silica, are related to their respective wall microstruc-
tures. Because the silica samples have amorphous walls,
higher temperatures and longer heating times were
beneficial as they aided further condensation of the
walls. In contrast, titania and zirconia have nanocrys-
talline microstructures in which small grains are fused
together to form the larger wall structure.76 In these
structures the grain size must be very small in com-
parison to the void dimensions to have the uniform
periodicity required for photonic crystal behavior. As a
consequence of this crystalline microstructure, milder
template removal techniques were required to control
grain growth and keep the morphology of the macro-
porous structure closer to that of an fcc structure.
Optimized synthetic conditions allowed the production
of macroporous titania and zirconia samples with very
limited grain growth. The macroporous titania samples
had the anatase phase, with average grain sizes of 10
nm (as determined from powder X-ray diffraction),
whereas the zirconia samples were tetragonal, with
average grain sizes of 1-2 nm. Because of the limited
grain growth of these samples, they exhibited very
prominent photonic crystal properties, especially with
respect to their bright colors.

(76) Blanford, C. F.; Yan, H.; Schroden, R.; Al-Daous, M.; Stein, A.
Adv. Mater. 2001, 13, 401-407.
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The importance of careful control of the synthetic
conditions in the production of photonic crystals is
demonstrated by transmission electron microscopy (TEM)
images of macroporous zirconia (Figure 1). The dark
regions in the images represent the solid framework,
and the light regions represent the voids. The top
images (Figure 1A and B) are of a sample prepared from
an alkoxide precursor, whereas the bottom sample
(Figure 1C and D) was prepared from the acetate.
Zirconia prepared from the alkoxide had an average
grain size of 28 nm (as determined by powder X-ray
diffraction), compared to the 1-2-nm grain size for the
sample prepared from the acetate. This difference in the
microstructures of the two zirconia samples resulted in
the different visual appearances of the samples. The
macroporous zirconia sample with large grains appeared
white as a result of random light scattering from the
grains, whereas the sample with smaller grains was
brightly colored as a result of Bragg diffraction of light
from the highly ordered periodic structure and less
random scattering.

Scanning electron microscopy (SEM) images of rep-
resentative samples of macroporous silica, mercapto-
propyl silica, titania, and zirconia are presented in

Figure 2. The lighter regions in the images represent
the solid framework, and the darker circles are the “air
spheres” that were previously occupied by polymer
spheres. Former contact points between neighboring
polymer spheres appear as windows between the
macropores. Small openings are present in the walls of
the macropores of mercaptopropyl silica at the center
of each triangular intersection of three air spheres. The
presence of these voids has been shown to enhance the
photonic crystal properties of inverse opals.77 Similar
openings have also been observed for other compositions
of inverse opal materials.18,33,47,69 This is likely due to
the adherence of the precursor to the polystyrene
template,78 resulting in a surface-templated47 filling in
which condensation of the walls occurred at the surface
of the spheres, blocking the introduction of additional
precursor solution into the intersections. The absence
of these features in the silica, titania, and zirconia
samples (templated by PMMA) suggests that a volume-
templated47 filling occurred in which the precursors

(77) Busch, K.; John, S. Phys. Rev. E 1998, 58, 3896-3908.
(78) Jiang, P.; Bertone, J. F.; Colvin, V. L. Science 2001, 291, 453-

457.

Figure 1. Transmission electron microscopy (TEM) images of three-dimensionally ordered macroporous zirconia prepared from
(A, B) zirconium(IV) propoxide and (C, D) zirconium acetate. The dark regions correspond to the wall structures, and the lighter
regions to void spaces. An increased ordering of the wall structure is observed for the sample in C and D because of limited
growth of the nanocrystalline grains (1-2 nm) compared to the sample in A and B, which has larger grains (28 nm). As a result
of this difference in microstructure, materials prepared from the alkoxides appear visibly white, whereas those prepared from
the acetate appear brightly colored.
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completely filled the volume between the spheres prior
to condensation and/or crystallization. The shrinkage
observed from the diameter of the original polymer
sphere templates to the spacing between the pores was
about 15% for silica, 13% for mercaptopropyl silica, 18%
for titania, and 34% for zirconia.

The colloidal crystals used as templates for the
macroporous materials were intentionally crushed so
that powder products could be obtained. This process
limited the size of ordered domains and increased the
number of defects in the structure. Although such
defects have been calculated to close a photonic band
gap,79,80 ordered structures with as few as eight layers
have been demonstrated to exhibit 99% reflectivity.26

In general, the bright colors of the samples reported
here were far more sensitive to the grain size of the
walls than to the size of the ordered domains.

Theoretical Basis of Optical Properties. Each
type of wall material forming the structures of the
inverse opals described in the current report does not

absorb in the visible spectrum. Nevertheless, the ma-
terials appear brightly colored. Like natural opals, the
polymer colloidal crystal templates used to form the
macroporous materials in this report have microstruc-
tures consisting of a close-packed arrangement of spheres.
The ordered arrangement of the colloidal crystal is
transferred to the inorganic inverse replica through the
templating process, producing a close-packed arrange-
ment of air spheres in an inorganic matrix. As a result
of optical diffractions from the crystal lattice planes, the
macroporous materials exhibit colorful reflections simi-
lar to those observed in natural opals.

An approximate expression for the spectral positions
of the stop bands for an inverse opal photonic crystal
can be calculated by a modified version of Bragg’s law,
combined with Snell’s law to account for the reduced
angle with respect to the normal that light travels upon
entering a medium of a higher refractive index49,53

where λ is the wavelength of the stop band minimum
(79) Li, Z.-Y.; Zhang, Z.-Q. Phys. Rev. B 2000, 62, 1516-1519.
(80) Li, Z.; Zhang, Z. Adv. Mater. 2001, 13, 433-436.

Figure 2. Scanning electron microscopy (SEM) images of three-dimensionally ordered macroporous (A) silica, (B) mercaptopropyl
silica, (C) titania, and (D) zirconia. The white skeletal structures in these images are the walls of the macroporous materials, and
the darker spherical regions are void spaces. Windows between macropores can be clearly seen in A at the positions of former
contact points between polymer spheres. Small openings at the center of each triangular intersection of three macropores in B
are indicative of surface templating due to adherence of the precursor to the PS template. The absence of these openings in the
other samples (templated by PMMA) is indicative of volume templating.

λ )
2dhkl

m xnavg
2 - sin2 θ (1)
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(i.e., the wavelength of maximum reflected intensity),
m is the order of Bragg diffraction, navg is the average
refractive index of the macroporous material, and θ is
the angle measured from the normal to the planes.
Because the optical reflectance measurements made in
this report were on bulk powdered (randomly oriented)
photonic crystal samples, the spectra display stop band
minima at the calculated values for normal incidence
(θ ) 0°), and the angle dependence of the stop band
position is lost. Dropping the angle dependence from eq
1 yields stop band positions that are proportional to both
the interplanar spacing and the average refractive index
of the macroporous material

The arrangement of the pores in macroporous materi-
als, and of the spheres in their colloidal crystal tem-
plates, is widely regarded to be face-centered-cubic
(fcc).28 The apparent preference of spherical colloidal
particles to self-assemble into the fcc arrangement
instead of the hexagonal-close-packed (hcp) arrange-
ment has been suggested to be a result of a more
favorable entropy for fcc formation.81,82 The fcc ordering
of macroporous materials has recently been confirmed
by small-angle X-ray diffraction69 and tilting in the TEM
images.19 For an fcc structure, nonzero reflections (or
photonic crystal stop bands) are predicted to occur for
either all even or all odd h, k, l indices. Therefore, if
the pore ordering is fcc, stop bands should exist for
reflections from the (hkl) planes (111), (200), (220), (311),
etc. For “polycrystalline” photonic crystals, in which a
random orientation of the crystal planes exists, multiple
stop bands should be present in a single spectrum.
However, most spectra of macroporous materials re-
ported to date have exhibited stop bands in the UV-
visible region from only one or two sets of planes.

A definitive experimental determination of the pore
ordering in macroporous materials could be made from
an optical spectrum if multiple stop bands could be
indexed to different sets of planes in a manner analo-
gous to the indexing of powder X-ray diffraction patterns
to determine the pore arrangement of mesoporous
silicates.83,84 For a macroporous material with an fcc
structure, the interplanar spacing (dhkl) for each set of
(hkl) diffraction planes would relate to the pore spacing
(D) and unit cell parameter (a) by the equation

From eqs 2 and 3, it can be seen that the wavelengths
(λ) of the stop bands are inversely proportional to (h2 +
k2 + l2)1/2. Therefore, structures with an fcc arrangement
of pores would have stop band wavelengths from the
(200), (220), and (311) planes with ratios to the (111)

stop band wavelength of x3/x4, x3/x8, and x3/x11,
or 0.866, 0.612, and 0.522, respectively.

Whereas the spectra of most samples in the current
work exhibited two stop bands in the UV-visible region,
the macroporous mercaptopropyl-functionalized silica
sample exhibited four stop bands when filled with
2-propanol. The diffuse-reflectance UV-vis spectrum of
this sample, in which the minima correspond to optical
stop bands, is given in Figure 3. The stop band wave-
lengths of this sample are observed at 734, 644, 450,
and 388 nm. The ratios of the lower-wavelength stop
bands to the stop band at 734 nm (having values of
0.877, 0.613, and 0.529) are in very close agreement
with the theoretical values presented above. We can,
therefore, conclude that the stop bands are caused by
reflections from the (111), (200), (220), and (311) sets
of planes, respectively, and that the macroporous mate-
rial has an fcc arrangement of pores. To the best of our
knowledge, this is the first report of the crystallographic
indexing of an optical spectrum of a polycrystalline
inverse opal exhibiting reflections from four crystal
planes.

To estimate the wavelengths of the stop bands of
inverse opal photonic crystals, the effective medium
approximation85,86 (navg ) ∑i niφi, where ni and φi are
the refractive index and volume fraction of component
i in the material), which assumes that the average
refractive index of a material is a weighted sum of the
refractive indices of its components, can be combined
with eq 2 to yield

where φ is the volume fraction of the solid wall material,
nwalls is the refractive index of the wall material (e.g.,

(81) Woodcock, L. V. Nature 1997, 385, 141-143.
(82) Bolhuis, P. G.; Frenkel, D.; Mau, S.-C.; Huse, D. A. Nature

1997, 388, 235-236.
(83) Kresge, C. T.; Leonowicz, M. E.; Roth, W. J.; Vartuli, J. C.;

Beck, J. S. Nature 1992, 359, 710-712.
(84) Beck, J. S.; Vartuli, J. C.; Roth, W. J.; Leonowicz, M. E.; Kresge,

C. T.; Schmitt, K. D.; Chu, C. T.-W.; Olson, D. H.; Sheppard, E. W.;
McCullen, S. B.; Higgins, J. B.; Schlenker, J. L. J. Am. Chem. Soc.
1992, 114, 10834-10843.
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Figure 3. Diffuse-reflectance UV-vis spectrum of a powdered
sample of three-dimensionally ordered macroporous mercap-
topropyl silica filled with 2-propanol. This polycrystalline
photonic crystal exhibits stop bands (optical reflections) cor-
responding to (hkl) planes with all odd or all even h, k, l
indices. The stop band minima (marked with arrows) cor-
respond to diffraction from the (111), (200), (220), and (311)
sets of planes.

λ )
2dhkl

m
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nsilica ) 1.455, nzirconia ) 2.13, ntitania ) 2.50), and nvoids
is the refractive index of the void spaces. A solid volume
fraction of 26% would be predicted for an exact inverse
replica of close-packed spheres. However, the actual
solid volume fraction is often much lower than 26% as
a result of dilution of the precursors to aid template
infiltration, as well as condensation of the precursors.

The Bragg’s law approximation is not exact because
it neglects attenuation of the incident beam and as-
sumes identical contributions from each lattice plane.87

Corrections to Bragg’s law have been made by using
dynamical diffraction theory (DDT), which considers
coupling of the incident and diffracted waves due to
strong scattering.87,88 The DDT prediction for the dif-
fracted wavelength (λD) at normal incidence is related
to the Bragg prediction (λB) according to the relation-
ship89

where ψ is a parameter that can be estimated by85,90

where r is the ratio of the refractive indices of the walls

and the voids (i.e., r ) nwalls/nvoids). The DDT approxima-
tion for the position of the stop bands for inverse opal
photonic crystals can be calculated by combining eqs 4
and 5

Tuning the Colors. The spectral positions of the stop
bands of inverse opal photonic crystals (i.e., the wave-
lengths of maximum optical reflection) can be varied in
a predictable manner by altering certain variables in
eq 4, such as the pore size and the refractive index of
the void spaces. For the macroporous materials de-
scribed in this report, reflections from the (111) set of
planes dominated the optical properties, specifically the
color, of the materials. Because the stop band wave-
length is directly proportional to the pore size, the color
of the macroporous materials can be shifted to higher-
wavelength colors simply by increasing the size of the
polymer sphere templates used in the preparation of the
samples, resulting in larger pore sizes. In addition,
filling the voids of the macroporous samples with a
solvent allows the position of the stop band to be
systematically shifted to higher wavelengths.10,11,49,62

A demonstration of these color-tuning techniques is
given in Figure 4 for samples of macroporous zirconia.
Zirconia samples with 200-, 250-, and 285-nm pores give
optical reflections at 374, 446, and 510 nm, resulting
in powders that appear violet, blue, and green, respec-
tively. The addition of methanol to the two larger-pore
zirconia samples yields materials with optical reflections
at 572 and 646 nm, changing the colors of the powders
to yellow-orange and red, respectively. These color
changes are reversible, with reversion to the original
colors occurring a few minutes after wetting, following

(85) Vos, W. L.; Sprik, R.; van Blaaderen, A.; Imhof, A.; Lagendijk,
A.; Wegdam, G. H. Phys. Rev. B 1996, 53, 16231-16235.

(86) Romanov, S. G.; Maka, T.; Torres, C. M. S.; Müller, M.; Zentel,
R. J. Lightwave Technol. 1999, 17, 2121-2127.

(87) Liu, L.; Li, P.; Asher, S. A. J. Am. Chem. Soc. 1997, 119, 2729-
2732.

(88) Rundquist, P. A.; Photinos, P.; Jagannathan, S.; Asher, S. A.
J. Chem. Phys. 1989, 91, 4932-4941.

(89) Zachariasen, W. H. Theory of X-ray Diffraction in Crystals;
John Wiley and Sons: New York, 1946.

(90) Pan, G.; Sood, A. K.; Asher, S. A. J. Appl. Phys. 1998, 84, 83-
86.

Figure 4. Inverse opal photonic crystal powders of zirconia with optical reflections spanning the colors of the visible spectrum.
Diffuse-reflectance UV-vis spectra (top) and photographs (bottom) of three-dimensionally ordered macroporous zirconia powders
demonstrating the effects of pore size and the presence of solvent in the pores on the color of the samples. The stop band minima
correspond to the wavelengths of maximum reflection. (A) ZrO2(200), (B) ZrO2(250), (C) ZrO2(285), (D) ZrO2(250) filled with
methanol, (E) ZrO2(285) filled with methanol. Increasing the pore size or filling the pores with solvents results in an increase in
the wavelength of light reflected by the photonic crystal.
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evaporation of the solvent. It is noteworthy that the
chemical compositions of all of the macroporous zirconia
samples are identical and that zirconia does not absorb
light in the visible spectral region. The origin of the
observed colors of the inverse opal materials is entirely
from diffraction of light from the periodic arrangement
of the macroporous structure. The current materials
differ from those described in previous reports of colorful
reflections from macroporous thin films in that these
materials are bulk powders that exhibit striking colors.
This aspect might allow the use of these materials in
applications such as colorful pigments.

The shift in the position of the stop bands to higher
wavelengths upon filling of the void spaces of macro-
porous materials with solvents is greater for larger
values of the solvent refractive index. This relationship
was examined by filling the macroporous samples with
a group of solvents that span a range of refractive
indices. The fluids used to fill the pores were air (n )
1.000), methanol (n ) 1.329), ethanol (n ) 1.360),
2-propanol (n ) 1.377), THF (n ) 1.407), DMF (n )
1.431), toluene (n ) 1.496), and 1,2-dibromoethane (n
) 1.538). The diffuse-reflectance UV-vis spectra of
fluid-filled samples of ZrO2(285) are displayed in Figure
5. The spectra are vertically offset for clarity, and they
exhibit a systematic increase in the stop band wave-
length with the solvent refractive index. Diffuse-

reflectance UV-vis spectra for the other samples have
a similar appearance.

The position of the stop band varies in a linear
manner with the refractive index of the fluid filling its
pores. This result follows the Bragg’s law approxima-
tion, which can be seen by rearranging eq 4 to give a
linear expression for the wavelength (λ) of the stop band
versus the solvent (or air) refractive index (nsolvent)

Plots of the wavelengths of the stop band minima versus
the refractive index of the pore-filling fluid are given in
Figure 6 for the three macroporous zirconia samples.
In each case, a linear least-squares fit of the data gave
a strong correlation between λ and nsolvent. All samples
in this report gave linear fits of λ versus nsolvent with R2

values greater than 0.995. It can be seen from the plots
in Figure 6 that larger pore sizes gave longer-wave-
length reflections and a steeper response to the change
in the stop band position by solvent filling. The slopes
of the curves showed that the position of the stop bands
shifted by approximately 288, 377, and 420 nm per unit
increase in the refractive index for the ZrO2(200), ZrO2-
(250), and ZrO2(285) samples, respectively. These data
are summarized in Table 1 for all of the macroporous
materials studied in this report.

Plots of λ versus nsolvent for reflections from a given
(hkl) plane allow the solid fraction (φ) and the pore
spacing (D) to be calculated49 from the slope and

Figure 5. Diffuse-reflectance UV-vis spectra of ZrO2(285)
with voids empty and filled with fluids of various refractive
indices. Spectrum with filling fluid and refractive index: (A)
air, n ) 1.000; (B) methanol, n ) 1.329; (C) ethanol, n ) 1.360;
(D) 2-propanol, n ) 1.377; (E) THF, n ) 1.407; (F) DMF, n )
1.431; (G) toluene, n ) 1.496; (H) 1,2-dibromoethane, n )
1.538. The spectral position of the stop band shifts to higher
wavelengths as the refractive index of the filling fluid in-
creases. The spectra are vertically offset for clarity.

Figure 6. Plots illustrating the change in the spectral position
of the stop band minimum corresponding to diffraction from
the (111) sets of planes upon filling the pores of the macroporous
zirconia samples [with pore sizes of (A) 200, (B) 250, and (C)
285 nm] with fluids of increasing refractive index. Macroporous
materials with larger pore sizes gave longer-wavelength
reflections and a greater shift in the stop band position upon
solvent filling. Slopes of the linear least-squares fits of the data
indicate shifts of (A) 288, (B) 377, and (C) 420 nm per unit
increase in the refractive index.
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intercept of the linear least-squares fit by the equations

where M is the slope and B is the intercept. The benefit
of the calculation of these parameters via optical
methods is that the values are averaged over the entire
sample, whereas pore size measurements made by SEM
are averaged over a finite number of measurements and
the solid fraction cannot be measured directly by SEM.
For all of the samples studied in this report, excellent
agreement was obtained between physical measure-
ments and predictions made by the Bragg diffraction
model. For example, the measured (and calculated)
values of the pore sizes of the three macroporous
zirconia samples were 200 (201), 250 (252), and 285
(283) nm. Similarly strong agreements were found for
all other samples. These and other relevant data for all
samples are summarized in Table 1.

Because the solid volume fraction cannot be deter-
mined directly by SEM, results calculated from eq 9
were compared to values of the “experimental” solid
fraction calculated from the mass loss during template
removal, the densities of the walls and polymer tem-
plate, and the structural shrinkage. DDT was also
compared to Bragg theory in the estimation of the solid
volume fraction. For these calculations, the values nwalls
and D were fixed, and φ was optimized numerically
using the values calculated from eq 9 as seeds. Solid
volume fractions calculated by the DDT were typically
in closer agreement with the experimental values than
were the Bragg predictions.

Optical Filtering. The microstructure of the walls
of the macroporous materials affects their optical prop-
erties. The presence of nanocrystalline grains in the
walls of titania and zirconia leads to an opaque appear-
ance because of scattering of light from the grains. The
apparent colors of these samples remain the same
regardless of the viewing conditions. The macroporous
silica samples, however, have amorphous walls and
appear relatively transparent. As a result, the macro-
porous silica materials exhibit an optical filtering
behavior (shown in Figure 7). These photographs dem-
onstrate how powdered samples of SiO2(265) and SiO2-
(320) held between glass microscope slides change colors
when observed in reflected or transmitted light. In
reflected light, the color corresponding to wavelengths
inhibited from passing through the photonic crystal is
observed. In transmitted light, the complementary color,
consisting of light wavelengths that are allowed to pass
through the photonic crystal, is observed. The respective
stop bands corresponding to diffraction from the (111)
set of planes for samples SiO2(265) and SiO2(320) are
observed at 445 and 530 nm, giving blue and green
appearances in reflected light and yellow and pink
appearances in transmitted light, respectively.

Conclusion

Synthetic methods have been presented for the prepa-
ration of inverse opal photonic crystals that exhibit

(91) For the calculations listed in the Table 1, the common literature
values of 2.50 and 2.13 were used for the refractive indices of titania
and zirconia, respectively. Although the refractive index of the nano-
crystalline walls is almost certainly lower than bulk values, this has
little effect on the calculations. This result arises from the low solid
fraction of the materials, which minimizes the contribution of the wall
material to the average refractive index. Using TiO2(250) as an
example, pore spacings of 257, 252, and 249 nm are calculated from
eq 9 when refractive index values of 2.0, 2.5, and 3.0, respectively, are
inserted for titania. These values are in close agreement with each
other and with the SEM measurement of 250 nm.

Table 1. Summary of Theoretical and Experimental
Results91

sample
SiO2
(265)

SiO2
(320)

MSiO2
(310)

ZrO2
(200)

ZrO2
(250)

ZrO2
(285)

TiO2
(250)

TiO2
(310)

sphere size,a nm 310 375 355 310 375 425 310 375
D (SEM),b nm 265 320 310 200 250 285 250 310
D (Bragg),c nm 263 318 316 201 252 283 252 309
φ (Bragg),d % 8.7 4.5 24.7 12.3 8.5 9.2 7.0 8.9
φ (DDT),e % 5.7 2.3 12.4 6.5 4.5 4.8 3.8 4.8
φ (exp),f % 6.7 7.0 10.8 5.8 4.7 5.0 2.3 2.2
wt %g 7.9 8.2 14.0 7.3 6.6 7.1 4.1 4.2
Mh 392 496 389 288 377 420 383 459
Bi 54 34 196 86 74 90 72 112
nwalls

j 1.455 1.455 1.534 2.13 2.13 2.13 2.50 2.50
mk 1 1 1 1 1 1 1 1
λ (111),l nm 445 530 585 374 446 510 454 572

a Diameter of the polymer sphere template as measured by
SEM. b Pore size as measured by SEM. c Pore size calculated by
the Bragg diffraction model using eq 9. d Solid volume fraction
calculated by the Bragg diffraction model using eq 9. e Solid
volume fraction calculated by the DDT. f Experimental solid
volume fraction determined from the mass loss during template
removal, the densities of the walls and polymer template (SiO2, d
) 2.2; MSiO2, d ) 2.2; ZrO2, d ) 5.6; TiO2, d ) 3.84; PMMA, d )
1.12; PS, d ) 1.05), and the structural shrinkage. g Weight
percentage of solid remaining after removal of the polymer
template by calcination or solvent extraction. h Slope of the linear
least-squares fit of the stop band wavelength versus the refractive
index of the fluid filling the pores. i Intercept of the linear least-
squares fit of the stop band wavelength versus the refractive index
of the fluid filling the pores. j Refractive index of the walls of the
macroporous materials. Experimental values were used for silica
and mercaptopropyl silica, and literature estimates were used for
titania and zirconia. k Order of Bragg reflection. l Wavelength of
the stop band [position of maximum reflectance corresponding to
diffraction from the (111) sets of planes] of the dry samples.

φ ) B
Mnwalls + B

D )
m(Mnwalls + B)xh2 + k2 + l2

2x2nwalls

(9)

Figure 7. Photographs of three-dimensionally ordered
macroporous silica powders demonstrating an optical filtering
behavior in which complementary colors are observed in
transmitted and reflected light. (A) SiO2(320) observed in
reflected (left) and transmitted (right) light. (B) SiO2(265)
observed in reflected (left) and transmitted (right) light. Stop
bands at 530 nm for SiO2(320) and 445 nm for SiO2(265) give
the materials green and blue appearances in reflected light
and pink and yellow appearances in transmitted light, respec-
tively.

3314 Chem. Mater., Vol. 14, No. 8, 2002 Schroden et al.



tailorable optical properties. Optimization of the syn-
thetic procedures yielded materials with brightly colored
reflections. The spectral position of the optical stop
bands of these materials was found to be in strong
agreement with theoretical predictions based on Bragg
diffraction from the lattice planes of the three-dimen-
sionally ordered macroporous structure. The color of the
materials was predictably altered by changing the pore
spacing and infiltrating the pores with fluids of various
refractive indices. The wavelengths of light reflected by
the photonic crystals were found to be directly propor-
tional to their pore sizes. Addition of solvents to the
pores of the macroporous materials resulted in a linear
shift in the spectral position of the stop band with
respect to the refractive index of the filling fluid. The
use of optical measurements to calculate the pore size
of macroporous materials was found to be an effective
method for determining the statistically averaged pore
size of the material. The microstructure of the walls of
the inverse opals was found to affect the visible appear-
ance of the materials. Macroporous materials with
nanocrystalline walls exhibited colors corresponding to
the wavelengths of their photonic stop band regardless
of the viewing conditions. In contrast, macroporous
materials with amorphous walls exhibited the color of

the stop band wavelengths when viewed in reflected
light and the complementary color when observed in
transmitted light. A crystallographic indexing of the
optical spectrum of a macroporous material confirmed
that the pores were arranged in an fcc structure. The
compositional flexibility of these syntheses, the remark-
able colors of the materials and striking color changes
that occur upon filling with different fluids, and the
powdered nature of the macroporous materials pre-
sented here suggest that they can be applied in the
areas of chemical sensors, optical filters, or photonic
pigments. The solvent-filling approach might also be
used for switching or tuning a photonic band gap by
shifting it in to or out of a desired spectral region.
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