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ABSTRACT: Three-dimensionally ordered macroporous materials have
unique structural and optical properties, making them useful for
numerous applications in catalysis, membrane science, and optics.
Accessible and economic fabrication of these materials is essential to
fully explore the many possibilities that these materials present. A new
templating method to fabricate three-dimensionally ordered macroporous
materials without overlayers is presented. The resulting structures are
freestanding inverse opals with large-area uniformity. The versatility and
power of our fabrication method is demonstrated by synthesizing inverse
opals displaying fluorescence, chirality, upconversion, second harmonic
generation, and third harmonic generation. This economical and versatile
fabrication method will facilitate research on inverse opals in general and
on linear and nonlinear optical effects in 3D photonic crystals specifically. The relative ease of synthesis and wide variety of
resulting materials will help the characterization and improvement of existing anomalous dispersion effects in these structures,
while providing a platform for the discovery and demonstration of novel effects.
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1. INTRODUCTION

Three-dimensionally (3D) ordered macroporous materials
combine interesting structural and optical properties.1−3

Their porous nature provides a high surface area, which is
interesting for catalysis,4,5 and can also be exploited in storage
units and membrane sciences.6 Moreover, the 3D order gives
rise to unique optical properties such as photonic band gap
effects, which selectively manipulate light waves and allow the
construction of sensors based on refractive index changes. By
combining 3D ordered macroporous materials with linear and
nonlinear optical materials, it is even possible to tune optical
interactions, which could be technologically relevant for organic
light-emitting diodes (OLEDs), organic photovoltaics (OPVs),
lasers, electro-optical modulators, and optical switches.
Much research remains to be performed on the unique

structural and optical properties of 3D ordered macroporous
materials. Accessible and economic fabrication of these
materials is essential to achieve this. 3D lithographic techniques
provide high quality structures but are expensive and
inaccessible to most researchers.7,8 A more economical method
to fabricate 3D ordered macroporous materials is by self-
assembling colloids, resulting in so-called opals.9 A templating
strategy is often used to introduce additional functionality
inside the porous structure, resulting in inverse opals.2,3,10,11

Various fabrication methods for organic and inorganic inverse
opals that display fluorescence,12−19 nonlinear optics,20−22

magneto-optics,23−26 plasmonics,27,28 or upconversion,29−33

can be found in literature. Mostly, the template is first

infiltrated with a solution, a sol−gel, or a melt and then
removed by chemical etching or decomposition at high
temperature. If no precautions are taken, this approach will
automatically lead to the deposition of superfluous material on
top of the template (overlayer).34−38 The unwanted optical
effects of the overlayer, which can be removed at the cost of an
additional polishing or controlled etching step, limit their use in
linear and nonlinear optics34,35 and in membrane science and
catalysis.39 Some methods succeed in reducing the thickness of
the overlayer by using a specially designed flow cell40,41 or by
containing the templating material between slides.42−45 For the
fabrication of inorganic inverse opals, alternative infiltration
methods such as chemical vapor deposition (CVD), atomic
layer deposition (ALD), or electrodeposition are available, yet
they also require careful parameter control to avoid overlayers.
A different approach toward inverse opals is coself-assembly of
the template and the templating material. Hatton et al.
successfully employed this method to fabricate overlayer-free
inorganic inverse opals.39 Like CVD and ALD, their method
involved high temperature steps, preventing its use in making
organic inverse opals. In analogy with electrodeposition,
electropolymerisation is viable to fabricate organic inverse
opals without overlayer by correct timing.46−50 However, being

Received: October 31, 2013
Accepted: February 21, 2014
Published: February 21, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 3870 dx.doi.org/10.1021/am4048464 | ACS Appl. Mater. Interfaces 2014, 6, 3870−3878

www.acsami.org


based on electrochemical methods, it is suitable only for a
limited number of substrates and templating materials.
In this work, we developed a straightforward and versatile

method to fabricate highly uniform polymer inverse opals
without overlayer. Briefly, our approach consists of sandwiching
a resin melt between two opal templates, forcing all material
inside or between the macroporous structures. The opal voids
are fully filled, and the superfluous melt material is extruded
before curing the resin. Finally, the opal templates are removed
by chemical etching. The resulting structures are freestanding
3D macroporous films with large-area uniformity, displaying
strong photonic properties due to their structural order.
Additionally, many applications require specific optical

functionalities. The versatility of our templating method is
uniquely suited for this purpose as it allows doping of the melt
before infiltration. Therefore, we can incorporate a large variety
of optical functions in the inverse opals using a single approach.
We demonstrated the versatility and power of our fabrication
method by synthesizing inverse opals featuring fluorescence,
chirality, upconversion, second harmonic generation, and third
harmonic generation. The clear suppression of fluorescence by
the photonic band gap further proves that the dopants are well
integrated in the structure.
The novel aspects of our method are the automatic absence

of overlayers and the broad choice of introducible (optical)
functions. We are therefore confident that this work will
facilitate research on inverse opals in general and on linear and
nonlinear optical effects in 3D photonic crystals specifically.
The relative ease of synthesis makes it accessible to most
researchers. As a wide variety of materials can be fabricated, it
will help the systematic investigation and improvement of
existing effects in these structures, while providing a platform
for the discovery and demonstration of novel effects.

2. MATERIALS AND METHODS
2.1. Polymer Inverse Opals. Silica nanoparticles of various sizes

were obtained by performing temperature-controlled Stöber-Fink-
Bohn syntheses.51 After purification, convective self-assembly was used
to assemble these silica nanoparticles into artificial opals (4 g/L in
ethanol at 37 °C; further details can be found in Supporting
Information).52 The inversion of the silica opals was performed using a
templating approach. The epoxy monomer (Bisphenol A diglycidyl
ether (DGEBA), Momentive, United States) was degassed in vacuum
and mixed with the resin hardener (4,4′-Methylenedianiline, ≥97.0%,
Sigma Aldrich) in a 2:1 molar ratio at 100 °C, resulting in an equal
amount of functionalities. At this moment, the curing starts and the
viscosity of the mixture slowly starts to increase. As low viscosity is
preferred to achieve complete filling and to extrude as much
superfluous material as possible, the infiltration should be done
directly after mixing. A drop of resin melt was sandwiched between
two silica opals on thin glass slides, and the superfluous material was
extruded by pressing both glass slides together. The outsides of the
sandwich structure were cleaned with chloroform (99.8%, Acros
Organics, Belgium), and the structure was left to cure (typically
around 70−100 °C, >4 h). After curing, the thin glass slides and the
silica nanoparticles were etched away with a solution of hydrogen
fluoride (±24 h, 10% HF, Sigma-Aldrich, United States) in water.
After etching, the freestanding inverse opal films were rinsed with
Milli-Q and methanol (analytic grade, Fisher Chemical, United States)
and dried at ambient conditions.
2.2. Doping of the Polymer Inverse Opals. To introduce

specific functionality in the inverse opals, the epoxy monomer should
be uniformly mixed with the appropriate dopant before following the
procedure described above. To ensure uniform mixing, the monomer
and the dopant were dissolved/dispersed in a common solvent
(chloroform). The solvent was then removed by rotary evaporation

(Buchi rotavapor R-210 with heating bath B-491 and Vacuubrand
CVC 3000 vacuum pump). Details on the doping of the specific
molecules or nanoparticles and on the equipment used for optical and
structural characterization can be found in the Supporting Information.

3. RESULTS AND DISCUSSION
3.1. Fabrication of Inverse Opals. We developed a

straightforward method to fabricate uniform, freestanding
polymer inverse opals (Figure 1). The absence of solvents

and the low viscosity during infiltration ensure that the resin
melt fully fills the voids of the silica opal templates, leading to a
good conservation of the structural properties after inversion.
This can clearly be seen from an electron microscopy image
taken of a sample where the top layers of the inverse opal were
removed, allowing us to visualize the interior structure (Figure
2a). The small pores that connect the spherical air voids can be

clearly seen. The cracks visible on the surface at high
magnification originate from the gold layer that was sputtered
on the sample for imaging purposes. The inverse opals are
macroscopically uniform for at least a few square centimeters
(Figure 2a, left inset).
The featured fabrication method does not require sintering

or polishing. A sintering step is often necessary to partially melt
the original silica or polystyrene spheres together (neck-
ing).18,34,36−38,53−57 Without necking, many fabrication meth-
ods suffer from inefficient etching as the etching solution (10%

Figure 1. The fabrication method of inverse opals involves 5 steps. (1)
Infiltration with resin melt at 100 °C. (2) Introduction and infiltration
of a second opal. (3) Extrusion of superfluous resin melt by applying
pressure. (4) Curing at 100 °C for more than 4 h. (5) Etching of silica
with 10% HF.

Figure 2. (a) The inverse opal is a good replication of the original fcc
crystal. The presence of pores indicates etching throughout the whole
structure (right inset). On the macroscopic scale, it is a freestanding
film with large-area uniformity (left inset). (b) A cross-section shows
the absence of overlayers on both sides of the film.
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hydrogen fluoride, HF) needs to pass through the pores to
remove the template material. In our method, the etching
solution can pass through the resin itself without compromising
the structural integrity, making sintering steps redundant.
Moreover, an overlayer is often formed by superfluous
templating material on top of the inverse opal. This increases
the background signal of many linear and nonlinear optical
effects and even influences the spectral position of the photonic
band gap.58 Our sandwich approach prevents the presence of
such polymer overlayers (Figure 2b), eliminating the need for
additional polishing steps as well. This is a logical result of the
fact that the silica opals are directly attached to the material
they were assembled on, which are necessarily on the outside of
the sandwich structure. The absence of a polymer overlayer is
especially important in the study of optical effects in inverse
opals. It ensures all the optically active material is either inside
or between the photonic crystal structure and hence maximizes
photonic band gap or band edge effects. It should be noted that
there is a polymer interlayer at some positions of the sample
(see Supporting Information). We attribute the appearance of
this interlayer to the limited flatness of the colloidal crystals
after convective self-assembly, which locally prevents the
complete extrusion of superfluous melt material. These local
interlayers should be eliminated when employing assembly
methods with better thickness uniformity, e.g., spincoating and
Langmuir−Blodgett techniques.8
If required, the curing temperature can be varied. The effects

of temperature variation on the curing process was quantified
using differential scanning calorimetry (DSC) (Figure 3). With

decreasing temperature, longer curing times are needed to
reach maximum conversion of the monomer into a networked
epoxy. The maximum achievable conversion is lower at lower
temperatures as well. This can be explained by gradual increase
in glass transition temperature (Tg) during the curing process.
When the Tg reaches the curing temperature, the mobility of
the system is drastically decreased. At this point, the reaction
stops, resulting in a partially cured epoxy resin. Lower curing
temperatures thus result in lower final conversion. The gel
point, determined as the minimum conversion where a polymer
chain reaches a theoretical infinite molecular weight, was

estimated by using the Flory−Stockmayer equation59 to be
57.7%. The DSC measurements therefore suggest that cross-
linking is ensured when curing at temperatures above 80 °C.
Below the gel point, the viscosity will gradually decrease. More
details on the calculation of conversion efficiencies can be
found in Supporting Information.

3.2. Optical Characterization and Reproducibility.
During the whole inversion process, the filling and etching
can be followed visually and spectroscopically.60,61 A typical
example of the changes in the extinction spectrum at normal
incidence after the different process steps is shown in Figure 4a.
The infiltration with resin melt (n = 1.676) leads to an increase
in the effective refractive index (neff) and hence a red shift of the
photonic band gap maximum (λmax), as can be seen from the
Bragg formula for fcc close-packed systems near normal
incidence:8

λ θ= −n2d sinmax [111] eff
2 2

[111] (1)

with θ[111], the angle between the incident light beam (in air)
and the [111] direction, and d[111], the spacing between the
(111) planes, which is from geometrical considerations (see
Supporting Information), equal to (2/3)1/2 times the sphere
diameter.
The refractive index contrast is reduced as well, weakening

the photonic band gap. The opposite is observed during the
etching step; the silica phase (n = 1.45) is replaced by air (n =
1), thus strongly reducing the effective refractive index and blue
shifting the photonic band. The increased refractive index
contrast strengthens the photonic band gap effect.
The spectral position of the photonic band gap was used to

estimate the reproducibility of our sandwiching approach
(Figure 4b). We self-assembled 18 opals from 307.17 ± 10.62
nm (as determined with transmission electron microscopy, see
Supporting Information) silica nanoparticles and used them to
make 9 sandwich structures. Extinction spectra were taken
directly after self-assembly, after curing, and after etching, and
the positions of the peak maxima were determined by peak
fitting with Lorentz functions. The average peak positions were
respectively, 678.5 ± 8.4, 750.2 ± 16.0, and 610.5 ± 6.7 nm.
The increase in standard deviation after filling was attributed to
a larger inaccuracy when fitting these weaker peaks. These
experimental results were then compared with the peak maxima
predicted by Bragg’s Law at normal incidence. For these
calculations, the effective refractive index was estimated by

∑=n f neff
2

i
i i

2

(2)

and constant filling fractions ( f i) of 0.74 and 0.26 (due to the
close-packed fcc crystal structure) were assumed in all
fabrication steps. As shown in Figure 4b, the experimental
peak maxima (black) match well with the calculated ones (red).
The uncertainty on the calculations is a direct result of the
standard deviation on the particle size.
Like classic opals, our sandwich structures display strong

iridescence. The band gap maxima obtained from angular
extinction measurements are easily fitted by Bragg’s law (Figure
5). When going to large angles, a second Bragg resonance
appears and eventually masks the photonic band gap
originating from the (111) planes (see Supporting Informa-
tion). This second peak is well described in literature and
originates from reflections on the (200) planes.62−64 More

Figure 3. Lower curing temperatures increase the required curing time
but decrease the maximum achievable conversion of DGEBA
monomer into a networked epoxy. The theoretical gel point is
indicated by the horizontal dashed line.
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details on the calculation methods and parameters used in this
section can be found in Supporting Information.
3.3. Doping of Inverse Opals. A myriad of optical

functionalities can be introduced by doping the resin melt
before infiltration. In this paper, we demonstrate fluorescence
suppression, chirality, upconversion, third harmonic generation
(THG), and second harmonic generation (SHG) in inverse
opals (see Sections 3.4−3.7). In addition to the optical effects
introduced by doping, there is still a strong selective reflection
due to the structural properties of the inverse opal (Figure 6).
The presence of both structural and introduced optical effects
in a single structure opens many possibilities toward the study
of band gap and slow light effects.8,65

Although the options for doping are plentiful, there are some
constraints to consider. First, heat stability might be an issue for
some dopants. This problem can be solved by lowering the
curing temperature and prolonging the curing time (see Section
3.1). Second, the dopants should be sufficiently chemically
compatible with the epoxy monomer to avoid aggregation
effects and should be resistant to HF, as it can freely pass
through the cured resin. The chemical compatibility could be
tailored by changing the nature of the epoxy monomer or the
nature of the dopant itself, e.g., by appropriate functionalization
of nanoparticles (see Section 3.6).
3.4. Fluorescence Suppression. The inverse opals doped

with fluorescent coumarin 343 clearly display angle-dependent
fluorescence suppression. Fluorescence suppression is a well-
known band gap effect that has been studied in
opals13,14,18,25,66−72 and inorganic13,14,17,19 and organic inverse

opals.18 The reduced density of states in the photonic band gap
decreases the efficiency of radiative decay. As the photonic
band gap in the inverse opals is also angle dependent, the
spectral form of the fluorescence is different for different
detection angles. In this experiment, we compared the
fluorescence spectrum of a sandwich structure with a band
gap outside the fluorescence peak (indicated as the reference)
with that of a sandwich structure whose band gap coincides
with the fluorescence peak (indicated as the active sample). In
both samples, the coumarin 343 is embedded in the epoxy and
the emitted light travels through material of the same average
refractive index (not considering anomalous dispersion near the
band gap). The only difference is the size of the air voids and
hence the position of the band gap. The reference sample did
not display strong angle-dependent fluorescence as the spectral
shape remained roughly the same (Figure 7a). The active
sample did show a strong modification of the fluorescence
spectrum when observed under different angles (Figure 7b).
The angular dependence of the band gap itself was measured
with UV−vis spectrophotometry. It should be noted that we
used sandwich structures containing no dye but having the
same band gap position at normal incidence to measure the
angle dependence of the band gap. This was necessary because
the absorption of coumarin 343 masked the photonic band gap
at higher angles (data not shown). The inset of Figure 5b
shows that the measured peak maxima follow the angle-
dependent Bragg law (see Section 3.1). The vertical dashed
lines in Figure 5b represent the calculated peak maxima for the

Figure 4. (a) As the effective refractive index is altered, the position of the photonic band gap shifts during the inversion procedure. The strength of
the photonic band gap is modified as well because of the changes in refractive index contrast and filling fractions. (b) The experimentally determined
peak maxima (black) agree well with those calculated using the Bragg formula (red).

Figure 5. The photonic band gap is strongly angle dependent and fits
well to the angular Bragg equation. Figure 6. All studied inverse opals display strong selective reflection in

addition to their specific optical function.
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color coded angles and elucidate the good correspondence
between the calculated peak maxima, the measured band gaps,
and the positions of fluorescence suppression. At an angle of 25
degrees, the band gap of the active sample coincided with the
wavelength of maximal fluorescence, resulting in a clear dip in
the fluorescence spectrum. As fluorescence suppression is a
direct result of the anomalous dispersion of the photonic
crystal, these results clearly indicate that the dopants are indeed
embedded in the photonic structure itself.
3.5. Chirality. To emphasize the versatility of our

fabrication method, we also doped chiral clusters in inverse
opals. The chiral entities were enantiomerically pure 2,2′-
bis(diphenylphosphino)-1,1′-binaphthyl (BINAP) molecules
attached to gold nanoparticles.73 As the crystal structure of
the inverse opals themselves is anisotropic, care has to be taken
to separate the effects of anisotropy and chirality. By averaging
the results of circular dichroism measurements over multiple
azimuthal angles and both directions of propagation, the
contributions of anisotropy were canceled out.74 The (R) and
(S) forms of the chiral molecules show opposite average
circular dichroism (CD) (Figure 8), confirming that the
resulting inverse opals are chiral. The combination of photonic
crystals and chirality is especially interesting for creating
negative refractive index materials75−77 and, when combined
with fluorescence, for lasing applications.78 Usually, the chirality
is introduced by a chiral supramolecular structure that displays
different band gaps for left and right handed circular polarized
light.79−82 In our case, not the crystal structure itself but the
dopants are chiral. The effect of the band gap on the chiral
signal remains to be investigated.
3.6. Upconversion. The doping procedure is also suitable

to introduce nonlinear optical functionality. First, we
demonstrate upconversion in our inverse opals, i.e., the
conversion of longer to shorter wavelengths through excited
state absorption (ESA) processes.83 NaGdF4:Yb

3+,Er3+ nano-
particles with an average size of 17.5 ± 1.0 nm were used for
this purpose. These particles are small enough to pass through
the pores of the original template. To avoid aggregation in the
epoxy monomer, the surface of the nanoparticles was silanized
with (2-phenylethyl)trimethoxy-silane.84 When exposed to 980
nm laser light, the Yb(III)-ions in the nanoparticles get excited

to a higher energy level and efficiently transfer the energy to
nearby Er(III)-ions. When the higher energy levels of the
Er(III)-ions get populated via the ESA system, they relax by
emitting shorter wavelength photons. The characteristic
luminescent peaks corresponding to blue (408 nm) and
green (526 and 553 nm) color were observed when exposing
our doped inverse opals to a 980 nm laser, proving the effective
integration of the nanoparticles in the inverse opal structure
(Figure 9).

3.7. Frequency Tripling and Doubling. Third harmonic
generation (THG), or frequency tripling, was achieved by
doping with Buckminster-fullerene. Because the electrons are
strongly delocalized, fullerene has a high polarizability and
hence a high molecular third order susceptibility.85−88 Indeed, a
strong peak was observed at 400 nm when the fullerene inverse
opal was probed with 1200 nm laser light (Figure 10a). Second
harmonic generation (SHG), or frequency doubling, is slightly
more complex as symmetry considerations have to be taken
into account. SHG can only occur in the absence of
centrosymmetry, both at the molecular and the bulk level.89

Figure 7. (a) The fluorescent coumarin 343 is uniformly doped in the inverse opal (inset). The reference sample had a band gap outside the spectral
range of fluorescence. No significant shape changes were observed in its fluorescence spectrum when changing the detection angle. (b) In the active
sample, the fluorescence spectrum (top) changes shape when detected under different angles. This is caused by selective suppression by the photonic
band gap (bottom), which is angle dependent. The dotted lines show the calculated band gap positions at different angles. These calculations match
well with the experimentally determined peak maxima (inset).

Figure 8. The circular dichroism is nonzero after averaging over all
azimuthal angles. Together with the opposite response of both
enantiomers, this proves the presence of chirality in the inverse opals.
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We used para-nitroanaline (PNA), a classic dipolar SHG dye, as
the dopant.90 After the inversion procedure, the PNA
molecules are isotropically distributed in the cured epoxy
resin. A modified version of corona poling was employed to
orient the molecules and hence break the macroscopic
centrosymmetry. The mobility of the PNA molecules was not
achieved by heating the sample to the glass temperature of the
polymer, as is commonly done, but by temporary solvation with
chloroform. No dye leaked out of the structure during this
process, which indicates that the molecules are trapped within
the resin but still mobile enough to reorient. In a sense, we
combined a well-known poling technique from the field of
organic nonlinear optics with the structural properties of
photonic crystals. This led to an inverse opal showing second
harmonic generation (Figure 10b). These nonlinear optical
inverse opals will be investigated further as the anomalous
dispersion in such structures is believed to cause phase
matching effects, which considerably boost the efficiency of
nonlinear scattering effects.21,91−96

4. CONCLUSIONS AND PERSPECTIVES
We have developed a new and versatile fabrication method to
fabricate freestanding polymer inverse opals. The resulting
structures have large-area uniformity and lack overlayers. To
prove the versatility of this method, fluorescence, chirality,

upconversion, and frequency tripling and doubling were
demonstrated in inverse opals. The presence of strong
fluorescence suppression confirms that the dopants are well
integrated in the photonic structure. The described fabrication
method is especially well suited for investigating the effect of
the band gap and band edge on linear and nonlinear optical
effects as it combines both structural and inherent optical
functions.
To include dopants that are not resistant to HF (e.g.,

magnetic iron oxide particles), toluene or other organic
solvents could be used in combination with templates self-
assembled from polystyrene particles. Although such strategies
have been successfully employed in literature,40,97,98 additional
research is needed to check compatibility with our fabrication
method. When extrusion of the templating material was
incomplete, an interlayer was present in our sandwich
structures. This effect could be harnessed to make defect
modes in a single fabrication step. By varying the viscosity of
the melt (temperature) or the amount of applied pressure
during melt extrusion, we aim to accurately control the exact
thickness of this interlayer. In combination with the possibility
to dope, such thickness controlled microcavities would be
technologically relevant to steer the optical processes in
OLEDS, OPVs, lasers, electro-optical modulators, and optical
switches.

■ ASSOCIATED CONTENT

*S Supporting Information
Details on the synthesis of silica nanoparticles and convective
self-assembly. Details on the doping of epoxy monomer and
synthesis of dopants (if applicable). Details on the structural
and optical characterization. SEM picture of inverse opal with
local interlayer. Details on the parameters used in the Bragg
equation. Details on the calculation of epoxy conversion
percentages. This material is available free of charge via the
Internet at http://pubs.acs.org/.

■ AUTHOR INFORMATION

Corresponding Authors
*E-mail: pieterjan.demeyer@fys.kuleuven.be.
*E-mail: koen.clays@fys.kuleuven.be. Tel: +3216327508.

Notes
The authors declare no competing financial interest.

Figure 9. The luminescence spectrum from an inverse opal containing
NaGdF4:Yb

3+,Er3+ nanoparticles clearly displays the characteristic blue
and green upconversion peaks upon excitation with 980 nm light.

Figure 10. (a) A strong THG peak was observed at 400 nm when exposing the fullerene inverse opal to 1200 nm laser light. (b) When probed with
1200 nm laser light, the poled PNA inverse opal displayed a strong SHG peak around 600 nm.
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