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Photonic crystals1 (PCs) have aroused extensive attention
due to their special light manipulating properties and showed
potential applications in smart windows, chemical sensors,
optical devices, and memory devices.2–8 Recently, a growing
research interest has been focused on the fabrication of
multifunctional PCs.9 For example, Sailor et al.9a reported
an amphiphilic, magnetic bifunctional PC, which could
manipulate liquid droplets without microfluidic container, and
its structure color provided an optical signal to distinguish
different liquids. These multifunctional PCs demonstrated
extra properties except stopband of PCs and greatly extended
their promising applications. Herein, a new multifunctional
PC was fabricated based on the polypyrrole (Ppy) material.

Ppy is an electrically active material, whose properties can
be reversibly modulated by doping or dedoping different ions,10

offering it many potential applications in various devices.10–13

Typically, based on its large volume change between reduction
and oxidation state, Ppy has been used as microactuators.11

Meanwhile, a microfluidic device can be achieved based on its
switchable wettability from superhydrophobicity to superhy-
drophilicity by controlling electrochemical potential,12 while the
fabrication of Ppy PCs would endow them novel optical
properties.13 Caruso et al. have successfully developed Ppy
inverse opals for biosensing13b,c and fluorescence control.13d

However, the reversible tuning of Ppy properties has not be
reported in the Ppy PC, which would be of great importance
for applications in smart optoelectronic devices. In this paper,
the Ppy inverse opal with switchable stopband, conductivtiy,
and wettability was successfully fabricated using high-quality
PC template made from latex spheres with hydrophobic PS core
and hydrophilic PMMA-PAA shell. These properties endow
the Ppy inverse opal promising application in novel multifunc-
tional optical devices.

The PC templates were prepared via vertical depositon
from the core-shell latex suspension of poly(St-MMA-AA)
with a diameter of ca. 440 nm. Here, the specific dimension
of latex spheres ensured that the stopband of the Ppy inverse
opal located in the visible range under different doping levels.
Meanwhile, this latex diameter provided enough air interstice
for easily filling of the pyrrole monomer. Moreover, the
specific morphology of the latex spheres, with hydrophobic
PSt core and hydrophilic PMMA-PAA shell,14 was favorable
to the permeation of pyrrole aqueous solution into the opal
void due to the hydrogen bonding interaction between the
amide and the carboxyl groups. Additionally, the strong
hydrogen bonding between the hydrophilic latex shell and
hydrophilic ITO substrate could prevent the PC structure
from being damaging when the film was exposed to aqueous
electrolyte. Figure 1a,b shows typical top and cross views
of SEM images of the PC templates. The images showed
that the latex particles were face-centered cubic close-packed,
with the (111) surface parallel to the ITO substrate. This
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well-ordered PC template was necessary for the formation
of high quality Ppy inverse opal.

Ppy inverse opals were prepared by electrodeposition tech-
nique.13 The reaction was carried out in a three electrodes
electrochemical cell. The pyrrole (0.1 M) was dissolved in 0.1
M sodium dodecylbenzene sulfonate (NaDBS) aqueous elec-
trolyte to infiltrate into the void of the PC template. Following
the electropolymerization, the poly(St-MMA-AA)-Ppy com-
posite opal was exposed to tetrahydrofuran for 24 h to remove
the poly(St-MMA-AA) PC template. The as-prepared Ppy
inverse opal exhibited green color. Figure 1c and Figure S3
(Supporting Information) showed the SEM images of the freshly
prepared Ppy inverse opal. Clearly, the pores were in ordered
array, consistent with a (111) plane arrangement of the original
latex templates. The center-to-center distance of the resulting
inverse opal was 360 ( 20 nm, and the wall thickness was 60
( 5 nm. The thickness of the film was ca. 2 µm (see Figure
S4, Supporting Information).

The properties of the Ppy inverse opal were modulated by
electrochemical redox,10–12 which was carried out in an
electrochemical cell filled with 0.1 M aqueous LiClO4 solution.
In our systerm, doping or dedoping of the small Li+ dominated
the electrochemical redox due to the large immobile DBS- as
dopant.10a,c,d,11b (see Figure S1, Supporting Information).
Scheme 1 presents the reaction of electrochemical redox of
Ppy, and the dedoping and doping of Li+ resulted in the change
of the film from oxidation to neutual state.

The optical propeties of the Ppy inverse opals can be
modified by electrochemical redox. Figure 2a presented the
UV-vis spectra of the Ppy inverse opals at oxidation (the
green line) and neutral state (the orange one) respectively.
The stopband position of the Ppy film at oxidation state was
576 nm, and the value red-shifted to 626 nm at neutral state.
Meanwhile, the color of the film changed from green to
orange as shown in the inset of Figure 2a. Furthermore, the
stopband position could return to 576 nm accompanying with
its color change (from orange to green) when being reoxi-

dized. Figure 2b presented the reversible change of stopband
position when alternatively exposing the film at negative
potential (-0.8 V vs Hg/HgCl2) and positive potential (0.8
V vs Hg/HgCl2), respectively. The change of peak positions
was steadily reversible though there was a small fluctuation.
The samples showed good durability during tens of cyclic
experiments, which would be of great importance for
practical application for optoelectronic or sensor devices.

The stopband of the Ppy inverse opal was determined by
the lattice constant and the refractive index.15a In our system,
the change of the stopband was mainly resulted from doping
and dedoping of Li+, which led to the increae/decrease of both
volume and refractive index of Ppy.11,13d,e,15b The volume
increase could be clearly observed when comparing the SEM
image of the Ppy inverse opal at the oxidation (Figure 1c) with
that at the neutral state (Figure 1d). Obviously, the average size
of the sphere voids increased by 30-50 nm, and the wall
thickness thinned by 20 nm when the film varied from oxidation

Figure 1. Typical SEM images (a and b) for the PC template, and (c and
d) for the oxidation and neutral state of Ppy inverse opals.

Scheme 1

Figure 2. (a) UV-vis spectra of the Ppy inverse opal at the oxidation (the
green line) and neutral state (the orange line). The insets were the microscope
photographs of the film at the oxidation (green) and neutral (orange) state,
respectively. (b) Reversible stopband transitions of the Ppy inverse opal
upon alternative negative potential (-0.8 V vs Hg/HgCl2) and positive
potential (0.8 V vs Hg/HgCl2), respectively. (c) The relationship of stopband
positions and oxidation/reduction times, with the arrows indicating the
reaction direction of the electrochemical redox.
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to neutral state. The increase of the sphere voids was mainly
originated from the expension resulting from the insertion of
Li+,11 the insertion of Li+ also aroused the increase of refractive
index of Ppy.13d,15b The increase of sphere voids and refractive
index of ppy resulted in redshift of stopband for 50 nm in Figure
2a. Additionally, the volume of the neutral state could recover
to the oxidation state (Figure 1c) after oxidation procedure,
which led to the contraction of the film accompanying the
decrease of refractive index.13d,15b Thus, the tuning of both the
volume and the refractive index caused the reversible modula-
tion of the stopband position in Figure 2b. It should be noted
that there was a tiny increase of the reflectance intensity at neutral
state comparing with that of the oxidation state. This enhanced
optical signal at neutral state could be ascribed to the more ordered
structure due to the extension2c,5a,6a stemming from the Li+ doping.
This change could be clearly observed by comparing the SEM
image of Figure 1c with that of Figure 1d.

Furthermore, the optical properties could be modulated
step by step through varying the doping level of Li+ as
shown in Figure 2c. At the beginning of the reduction, there
was a large red shift of stopbands because Li+ doped into
the Ppy film easily. Along with the reaction carrying out,
the shift became smaller because the doping procedure
became difficult. After reduction for 16 min, the concentra-
tion of Li+ reached saturation in the Ppy film, and the
stopband kept constant. Similar phenomena were observed
during the oxidation procedure. The stopband position could
gradually return to 576 nm after oxidation for 16 min.

On the other hand, the conductivity of the Ppy inverse
opals showed a reversible transition between the two states
accompanying with its color change. Figure 3 shows the I-V
curve of the Ppy inverse opals. Clearly, The conductivity
was relatively high at the oxidation state, and the value was
decreased by 4-5 times at the neutral state. In detail, the
conductivity was approximately 5.2 S cm-1 at the oxidation
state, and the value lowered to approximately 1.1 S cm-1 at
the neutral state. Additionally, the conductivity of the Ppy
inverse opals could be reversibly switched between the two

states as shown in the inset of Figure 3. The reversible change
of Ppy’s conductivity was caused by the doping or dedoping
of Li+. At the neutral state, the doped Li+ attracted the free
electrons inside the Ppy polymer, which restricted the
movement of the electron and resulted in the decrease of
the conductivity of the film. In contrast, the deinsertion of
Li+ at the oxidation state would promote the movement
of free electron and lead to the increase of conductivity. 10c,12

Simultaneously, the wettablity of the Ppy inverse opal
could be modulated reversibly as well. Figure 4 shows the
water contact angle of the Ppy inverse opal at oxidation and
neutral state, respectively. The value reversibly changed from
139.4° to 48.7° when dedoping or doping Li+. The wetta-
blility of the Ppy film strongly depends on the types of
dopants used.12,16 In our case, at the oxidation state, the film
showed hydrophobicity due to the doping of DBS- with a
hydrophobic long alkyl chain.12,16 In contrast, the film
showed hydrophilicity at the neutral state due to the
introduction of the hydrophilic Li+. XPS data in Table S1,
Supporting Information, revealed that little Li+ dopant
existed at the oxidation Ppy film but significant amounts were
found at the neutral state. These results further confirmed
the change of the surface chemical composition from
hydrophobic to hydrophilic when varying from oxidation to
neutral state. Otherwise, the roughness of the inverse opal
structure also contributed to the enlargement of wettability
change.14b,c,17,18 Thus, the wettablity of the Ppy inverse opal
changed from highly hydrophobic to highly hydrophilic when
being altered between the oxidation and the neutral state.

In conclusion, high quaility Ppy (DBS) inverse opals were
fabricated via PC template made from latex spheres with
hydrophobic PS core and hydrophilic PMMA-PAA shell. The
stopband of the material showed reversible conversion
between the oxidation and the neutral state. Both the
conductivity and the wettablitiy of the Ppy inverse opal could
be switched accompanying with the color change. These
multifunctional responses would endow the material promis-
ing applications in biosensors, optoelectronic devices, and
microfluidic devices.
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Figure 3. I/V curve of the Ppy inverse opal at oxidation (the green line)
and neutral state (the orange line). The inset shows the conductivity switch
of the sample at the two states.

Figure 4. Water-drop profiles for as-prepared Ppy inverse opal, the water
CA changed from 139.4° to 48.7° when being altered between oxidation
(left) and neutral (right) state.
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