
Novel Chemical Methods for the Infiltration of Opal
Particles with Electrically Conductive Polyaniline Polymers

Hanaa S. A. Khalil,1* Kalle Levon2

1Department of Energy Sciences and Technology, Brookhaven National Laboratory, Upton, New York 11973
2Department of Materials Chemistry, Polytechnic University, Brooklyn, New York 11201

Received 3 August 2001; accepted 1 April 2002
Published online 7 August 2002 in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/app.11143

ABSTRACT: Chemical methods for successfully coating
opal particles with electrically conducting polyaniline
(PANi) polymers were studied. Two different routes were
proven successful. First was the in situ chemical doping
reaction of PANi with dodecylbenzenesulfonic acid (DBSA)
and camphorsulfonic acid dopants. The other method was
placement of opal particles in a low concentration of a
conducting PANi/DBSA solution in chloroform. Ultraviolet
analyses of opal samples showed typical spectra for doped
PANi with delocalized polarons. The electrical resistance of

coated opal was measured to be 0.75 � 103 �. Morphological
studies of the fractured surface by scanning electron micros-
copy indicated successful coating. Cyclic voltammetry stud-
ies confirmed the percolating behavior of infiltrated PANi.
Also, a selective electroactive behavior toward the type of
dopant was observed. © 2002 Wiley Periodicals, Inc. J Appl
Polym Sci 86: 788–793, 2002
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INTRODUCTION

Synthetic opal particles are three-dimensional periodic
structures formed from nanoparticles of silica sus-
pended in solutions.1–3 The slow sedimentation of the
silica particles onto a pattern substrate can direct the
sedimented particles into an ordered pattern to yield
photonic crystals. These have several potential appli-
cations in the field of optoelectronics and important
technological uses as optical switches, optical fil-
ters,4–7 and materials with photonic band gaps
(PBGs).8,9

The period of the three-dimensional structure of
opal is close to the wavelength of electromagnetic
(EM) waves.10 In such photonic crystals, the EM radi-
ation undergoes Bragg’s diffraction, forming a stop
band for all modes propagating in a given direc-
tion.11–13 The absence of the propagating EM radiation
inside PBGs gives rise to unusual quantum phenom-
ena, such as the inhibition of spontaneous emission.14

The difference between the refractive index of the
silica spheres and that of the surrounding media are
responsible for the PBG, pseudogap, or a complete
optical homogeneity where the PBG completely dis-
appears.

Opals are insulating materials with resistivities of
more than 1011 �/cm. That inhibits the use of this

unique material in many applications that require a
minimum value of electrical conductivity.

A few different methods have been tried recently to
infiltrate opal with semiconducting metals, alloys15–17

and conducting polymers.18–20 One possible way to
enhance the properties would be control of refractive
indices by an electric field.

In this study, the infiltration of opal particles with
electroconductive polyaniline (PANi) via in situ chem-
ical doping reaction was examined. Our goal was to
achieve a material with a special value of conductivity
or possibility to control the optical properties of opal
as a photonic crystal The evidence of the successful
coating of opal and of filling the gaps between its
spheres were studied. Optical, morphological, and
electrical properties and the electrochemical behavior
of this material were monitored.

EXPERIMENTAL

Opal samples were supplied by Allied Signal Co.
(Morristown, NJ). Aniline, dodecylbenzenesulfonic
acid (DBSA), camphorsulfonic acid (CSA), and chlo-
roform were all Aldrich (St. Louis, MO) products and
were used as supplied.

In situ doping of PANi

Small rectangular samples of 0.5 mm thick opal were
placed in a 100-mL round-bottomed flask. The doping
reaction of PANi with DBSA was conducted in the
presence of the opal particles. The details of the dop-
ing reaction was reported elsewhere.21 The PANi:
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DBSA molar ratio was maintained at 1:0.5 with 1 g of
PANi and 4 g of DBSA. We allowed the doping reac-
tion to occur by thermal heating at 90°C without any
solvent. After the completion of the reaction, samples
were washed with chloroform and allowed to dry.
Another experiment was done with CSA as a dopant.
The reaction was conducted as reported before with
m-cresol as a solvent.22 The opal sample was placed in
a 500-mL flask. CSA (1.07 g) was allowed to dissolve
in 100 g of m-cresol, and 1.04 g of PANi was added; the
mixture was stirred for 48 h. The opal sample was
taken and washed many times with chloroform.

Placement of opal particles in a dilute solution of
conducting PANi/DBSA

A 4.0% (w/w) solution of PANi /DBSA in chloroform
was prepared. Small samples of opal were placed in
the solution for 24 h and were then washed with
chloroform and dried in a vacuum oven.

Characterization

Ultraviolet (UV) analysis

We used an ultraviolet–visible (UV–vis) spectrometer
(DMS-100, Varian Co.) to study the absorption spectra
of infiltrated opal with PANi. An opal sample was
placed in one sample holder and filled with chloro-
form, and the other one was filled with chloroform as
a reference. Opal is transparent and allows the pas-
sage of light through it in chloroform. Samples were
scanned from 200 to 900 nm with a scan rate 10 nm/s.

Scanning electron microscopy (SEM)

Morphological studies of infiltrated samples were per-
formed with SEM. Samples were surface-fractured,
coated with a thin layer of gold by evaporation, and
studied by SEM.

Cyclic voltammetry (CV)

Opal samples infiltrated via in situ doping were coated
with gold from one side and placed in one compart-
ment of the microelectrochemical cell with a few drops
of a 1M solution of H2SO4. CV was performed at a 50
mV/s sweep rate over the potential range �1 to 1 V
versus a silver/silver chloride reference electrode.
HCl (0.1M) was also used for CV measurements of
opal infiltrated with PANi/CSA via in situ doping.
Opal infiltrated with PANi/DBSA and with PANi/
CSA was used as the working electrode.

Electrical conductivity measurements

The two-probe-point method was used for resistance
measurements as a primary estimation of opal con-
ductivity.

RESULTS AND DISCUSSION

The opal sample infiltrated with PANi/DBSA via the
in situ doping reaction turned dark green with dark
red and green reflections when placed in chloroform.
The same color reflections were observed for fractured
surfaces. Opal samples that were placed in different
concentrations of PANi/DBSA solutions in chloro-
form turned different colors, from pale green to dark
green.

The optical properties of opal particles infiltrated
with PANi were studied by UV–vis spectroscopy. The
UV spectrum of the pure opal particles supplied by
Allied Signal is shown in Figure 1. A thin film of opal
particles was cut from the bulk sample at an angle of
60°. A sharp peak was observed at 440 nm, and a small
hump was observed between 560 and 650 nm. Also, a
strong peak at a shorter wavelength was observed at
220–300 nm. The sharp peak at 440 nm has been
assigned to a PBG or pseudogap,23 whereas the strong
peak at 220–300 nm may have originated from partial
leakage of light from the detected beam due to scat-
tering. The hump at the longer wavelength region at
560–650 nm may have been due to Raleigh-power-like
dependence, reflecting an increase of the scattering
cross-section.24

The spectral analysis of opal coated with PANi is
shown in Figure 2. When the spectrum of pure opal
(Fig. 1) is compared to opal infiltrated with PANi/
DBSA via the in situ doping reaction (Fig. 2), it is seen
that opal was extensively infiltrated with PANi/DBSA
with delocalized polarons. The spectrum is basically
typical of doped PANi. A peak at 440 nm was ob-
served that was due to the polaron band to �*-band
transition in doped PANi. A broad hump was ob-
served between 540 and 1100 nm, which was attrib-
uted to the �-band to polaron band transition in
doped PANi, and this indicated delocalization of
PANi/DBSA inside the opal particles.

The UV spectrum of opal infiltrated with PANi/
DBSA via placement in a low concentration of PANi/
DBSA is shown in Figure 3. The typical spectra of
PANi/DBSA was observed with delocalized polarons.
Two absorption peaks were observed at 464 nm and at
540 to 1100 nm. The extended broad band from 600 to
1100 nm indicated effective delocalized polarons of
PANi inside the opal particles.

Both methods of infiltration showed similar UV
spectra, which might have been generally due to the
strong influence of opal silica particles on PANi.

Morphological studies of opal particles were
achieved with SEM. Pictures of opal infiltrated with
PANi via the in situ doping reaction are shown in
Figures 4–6. Small spheres of opal were extensively
coated with PANi/DBSA. The penetration of polymer
was observed on the fractured surface of opal. The
obvious hexagonal morphology of opal spheres, as

INFILTRATIONOF OPAL PARTICLES WITH PANI POLYMERS 789



shown in Figure 6, has been explained by the cleavage
of the 111-plane.25 The structure is mainly controlled
by the geometry of the cavities. Homogeneous coating
was observed. We concluded that PANi filled all chan-
nels and voids inside opal, which covered the entire
close packing of opal as a continuous framework with
inclusions of periodically spaced silica spheres. We

also concluded that PANi inside silica particles had a
continuous path, coated silica spheres, and filled out
all voids among spheres.

Samples infiltrated via placement in solution indi-
cated a resistance value of about 0.5 � 105 � with
DBSA as a dopant. The opal itself had a resistance of
about 1011–1012 M�. With the in situ doping reaction,

Figure 1 UV spectrum of opal particles.

Figure 2 UV spectrum of opal particles infiltrated with PANi/DBSA via in situ doping.
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the resistance decreased to 1.7 � 103 �, a value com-
parable to that of ITO conductive glass. With CSA as
a dopant, the resistance decreased more to 0.85 � 102

�. The electrical conductivity of opal was enhanced
more than six orders of magnitude relative to the opal
particle itself. This agreed with the observed UV–vis
spectra of the delocalized polarons of doped PANi
inside opal particles.

A cyclic voltammogram of opal particles infiltrated
with PANi/DBSA via in situ doping is shown in Fig-
ure 7. Two distinctive peaks were observed for anodic
polarization, and almost no peaks were observed in
the cathodic current. The first peak was observed at
�0.13 V and at �0.38 V. With PANi/CSA, two peaks
were observed at the cathodic polarization, and no
peaks were observed at the anodic current. A very
long tail was observed at �1 and 1 V, respectively. The
opal was cycled hundreds of times without showing
any degradation of the polymer. It is well known that

PANi has two oxidation peaks and two reduction
peaks when in the protonated state. The electroactive
behavior of PANi can be monitored by CV. During the
electrochemical oxidation–reduction reaction of PANi,
positive charges are created and destroyed in the poly-
mer matrix. To maintain electroneutrality, ions have to
be exchanged with the electrolyte solution.24 Previous
studies have shown that anions and protons are ex-
changed in aqueous solutions.25 The first oxidation
peak in the cyclic voltammogram of PANi in the pos-
itive current was due to the creation of positive
charges via the oxidation of PANi, which could be
explained by the following reaction:

(C6H4NHO)2 ¡ {(C6H4NH�)•�} 2 � 2e

Anions from solutions are inserted into the film,
mainly chloride ions when hydrochloric acid is used

Figure 3 UV spectrum of opal particles infiltrated via placement in 4.5 wt % PANi/DBSA.

Figure 4 SEM of the fractured surface of opal particles
infiltrated with PANi/DBSA via in situ doping.

Figure 5 SEM of the fractured surface of opal particles
coated with PANi/DBSA via in situ doping.
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to compensate for the positive charge formed. This
causes the formation of emeraldine salt, the most con-
ductive state in PANi. The second oxidation peak in
the positive current in CV corresponded to the depro-
tonation of the imine nitrogen, which renders an un-
charged matrix with expulsion of protons and anions;
a state of pernigraniline oxidation forms the reaction
mechanism, which could be represented as follows:

(C6H4NHO)2
��•(X)O¡ (C6H4ONAC6 H4AN)O

All reaction steps are supposed to be reversible by
application of negative current if pernigraniline starts
to be protonated.

In the infiltration of opal with PANi/DBSA, CV of
PANi indicated clear distinctive peaks for oxidation,
whereas the reduction peaks were almost obscured or
too broad. This could be explained by the fact that the
two electrochemical processes are different. During
oxidation, the layer next to the electrode first becomes
conducting and forms the electrode surface for the
next layer and so on until the conducting zone reaches
the solution interface. In reduction, however, the layer
next to the electrode becomes nonconducting, and
hence, the conduction path is interrupted. This slows
down the kinetics, resulting in a broader CV peak.24

The opposite was observed in the case of opal infil-
trated with PANi/CSA, where the oxidation peaks
completely disappeared and two distinctive reduction
peaks were observed in the cathodic current (Fig. 8).
The opal had a selective reaction or response toward
the electrochemical processes taking place inside its
particles. We concluded that the oxidation–reduction
reaction is not the same as it is in bulk PANi. In the
case of PANi/CSA, the polymer underwent changes
from the oxidized state to the reduced state without
passing through the two-step oxidation–reduction re-
actions. The role of the opal toward the electroactive
behavior of the polymer was not clear, and further
studies are needed.

CONCLUSIONS

We successfully infiltrated opal particles with an em-
eraldine salt of PANi. In situ doping and placement in
different concentrations were successful methods of
achieving infiltration. In situ doping introduced a
three-dimensional replica of a continuous path of con-
ducting polymer inside opal particles. This was indi-
cated by the high conductivity of opal and by mor-
phological studies performed with SEM. CV of opal
indicated elecroactive behavior of PANi with con-

Figure 6 SEM of the hexagonal packing of opal particles
infiltrated with PANi/DBSA.

Figure 7 CV of opal particles infiltrated with PANi/DBSA.
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trolled oxidation–reduction steps that differed from
that of bulk polymer. The advantage of the infiltration
of opal particles could be used to create durable poly-
mer that does not undergo an overoxidation reaction,
which generally occurs in electroactive polymers. Both
methods of infiltration of PANi in opal were proven to
be successful.

References

1. Blaadern, A. V.; Ruel, R.; Wiltzius, P. Nature 1997, 385, 321.
2. Sacks, M. D.; Tseng, T. Y. J Am Ceram Soc 1984, 67, 525.
3. Johnson, N. P.; McComb, D. W.; Richel, A.; Treble, B. M.; De La

Rue, R. M. Synth Met 2001, 116, 469.
4. Flaugh, P. L.; O’Donnell, S. E.; Asher, S. A. Appl Spectrosc 1984,

38, 847.
5. Kamenetzky, E. A.; Mangliocco, L. G.; Panzer, H. P. Science

1994, 263, 207.
6. Sunkara, H. B.; Jethmalani, J. M.; Ford, W. T. Chem Mater 1994,

6, 362.
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Figure 8 CV of opal particles infiltrated with PANi/CSA.
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