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Ordered 3D arrays of polyaniline (PANI) inverse opals were fabricated via electrochemical methods
by using colloidal crystals of polystyrene beads as sacrificial templates. Compared with films obtained
by chemical synthesis, the inverse opaline samples obtained by electrochemistry had a much higher
structural quality. To explore potential biosensing applications, PANI composite inverse opals were
fabricated for the first time by modifying the structure with different dopants, such as poly(acrylic acid)

(PAA) and poly(styrene sulfonate) (PSS). It was

found that these dopants had a major effect on the

structure of the obtained opaline films. With selection of suitable dopants, PANI composite inverse opals
could be fabricated with very high quality. The obtained films remained electroactive in buffer solutions

of neutral pH. Owing to their huge surface area, they should be ideal candidates for biosensing applications,
e.g., as electrocatalysts or bioreactors. Our first effort to use such macroporous structures as electrocatalysts
for the oxidation of reducefl-nicotinamide adenine dinucleotide (NADH) showed that the electrocatalytic
efficiency of the inverse opline film was much higher compared with that of an unpatterned film.

Introduction

Recently, sacrificial template methddshave been shown
to offer an effective approach for the fabrication of structured
materials with unique properties that are difficult to produce
by traditional patterning procedures (such as photolithogra-
phy?2 soft lithography’© and dip-pen nanolithography,
holographic patterning). The templates normally used
include diblock copolymerS,1¢ anodized alumina layet$,°
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Among these, self-assembled colloidal crystals (synthetic
opals) stand out as ideal templates for creating highly ordered
three-dimensional (3D) structures with interconnected
macropores (the so-called “inverted opals” or “inverse
opals”), which show potential applications ranging from
photonic crystals to catalysts and bioreact§ré® To date,
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Figure 1. Schematic illustration of the procedure used for fabricating PANI inverse opals.

Top view Side view colloidal assemblies as sacrificial templates. A chemical
) polymerization method for the preparation of inverse PANI
opal was reported previously by Caruso and co-workers.
However, the quality in terms of defect density and detailed
structural integrity of the obtained PANI inverse opals was
somewhat poor, due to the inherent drawbacks of the method
used (vide post). Moreover, the loss of redox activity of
PANI in neutral solution®“¢also precludes the use of such
pure PANI inverse opaline structures for biosensing applica-
tions. It has been demonstrated, however, that the redox
activity of PANI can be sustained in neutral pH solutions
by doping it with different polyanions (such as poly(styrene
sulfonate), PSSY, 52 modified gold nanoparticles;>* or
modified carbon nanotub&sBy using electropolymerization,
we demonstrate that PANI inverse opals can be obtained with
much higher quality. Furthermore, by controlling the po-
lymerization time, we can exactly control whether the
topmost layer of the inverse opal is open or closed. Finally,
efforts are also directed toward fabricating inverse opals of
— PANI composites by electro-copolymerizing aniline in the
Figure 3. SEM images of PANI inverse opals prepared via cyclic nregsence of different dopants, to explore their potential for

voltammetry, at low (A) and higher (B) magnification. CV scan rate 20 . . L
mV s71, 10 scan cycles. biosensing applications.

Figure 2. Typical SEM images of a 3D PS colloidal crystal template
prepared by vertical lifting deposition.

The original interest for preparing inverse opals with Experimental Section
conjugated polymers originated from the motivation to obtain
photonic band gap crystals with enhanced interaction with  Materials. Aniline (99%), poly(styrene sulfonate) (PSS, Mw ca.
light. The ease of tuning the refractive index of the 70000 g mot?), poly(acrylic acid) (PAA, sodium salt, 45 wt %
conjugated polyme?%3° suggested they be used as model solution in water, Mw ca. 8000 g mi), 2.-am|.nobenz.0|c acid (2-
systems to investigate how the periodic structure of the ABA), and 3-mercapto-1-propanesuilfonic acid (sodium salt, MPS)
crystal enhances the optoelectronic properties of the polymerwere obtained from AIdrlgrﬂ-Nlcotlnamlde adeplne dinucleotide
and how the polymer enhances the properties of the photonic(NAPH. reduced form, disodium salt, approximately 98%) was
crystal. Recently, considerable research interest also focusegPtained fro_m Sigma. All these maFerlaIs were gs_ed as received.
on their potential applications for biosensing purposes, by Other materials used were of analytical grade. Millipore water (18

. . . ' MQ th h h i .

exploiting the advantages provided by the highly ordered cm) was used throughout the experiments
porous structure and the huge surface area they pésses.

Until now, inverse opals based on different conjugate
polymers, such as polypyrrofé?%43 polythiophene+3
polyphenylenevinylen&® and polyaniliné? have been  (45) Diﬁlz. kA- s LOEanl,(_J. AJ. Electroanal. Chem198Q 111, _11t.
prepared by polymerizing the corresponding monomers in (46) geiﬁo‘;’n;j 8hé'#]1'§,8\(4’1%{a£%{ N.; Katagiri, K.; Kamisako, K.
the interstitial voids of the colloidal crystal template, either (47) Karyakin, A. A.; Strakhova, A. K.; Yatsimirsky, A. K. Electroanal.

; ; ; Chem 1994 371, 259-265.

chem|ce}lly or electroch'emlcally. Cqmp'ared to the chemical (48) Bartlett, P. N.- Birkin, P. R - Wallace, E. N. K. Chem. Soc., Faraday
synthesis, electrochemical polymerization allows for a much Trans.1997 93, 1951-1960.
better control of the structural quality of the inverse opal (49) §§It§‘i“' P. N.; Wallace, E. N. K. Electroanal. Chem2000 486,
(e.g., uniformity of the film thickness and size of intercon- (50) Raitman, O. A.; Katz, E.: Bikmann, A. F.: Willner, 1J. Am. Chem.

nected pores) by either controlling the polymerization time S0c.2002 124, 6487-6496.
i i —35,38-44 (51) Tian, S. J.; Baba, A,; Liu, J. Y.; Wang, Z. H.; Knoll, W.; Park, M.-
or the applied potential or bof. =" K.; Advincula, R.Adv. Funct. Mater 2003 13, 473-479.

Here, we apply electropolymerization methods to prepare (s2) Tian, S. J.; Armstrong, N. R.; Knoll, W.angmuir 2005 21, 4656.
polyaniline (PANI) inverse opals by using polystyrene (PS) (53) ;%%_27%9 Liu, 3. Y.; Zhu, T.; Knoll, WChem. Commur2003 21,
(54) Tian, S. J.;. Liu, J. Y.; Zhu, T.; Knoll, WChem. Mater.2004 16,
(43) Cassagneau, T.; Caruso,Atlv. Mater. 2002 14, 34. 4103-4108.
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Fabrication of PS Colloidal Templates.Negatively charged
d colloidal PS particles were synthesized by surfactant-free emulsion
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Figure 4. Voltage changes during the electropolymerization process for preparing PANI inverse opals by a galvanostatic method at a current density of 0.05
mA cm~2. The inset sketches show the stage of the formed PANI inside the PS template at each point as indicated by the arrows. SEM images of the
corresponding PANI inverse films obtained by stopping the polymerization at these points are also shown.

polymerizatior?® In brief, an aqueous styrene emulsion was as the reference electrode. All potentials reported here are with
polymerized with potassium peroxodisulfate for 24 h atC5under respect to this reference electrode. The morphologies of the colloidal
a nitrogen atmosphere. Then sodium chloride, styrene sulfonic acidcrystals and inverse opals were imaged with a low-voltage scanning
sodium salt, and acrylic acid were added in appropriate amountselectron microscope (LVSEM, LEO 1530 Gemini), operated
to adjust the particle size and to obtain carboxylated polystyrene normally at 1 kV.

particles. After completion of the polymerization the latex particles

were purified by filtration and centrifugation. The colloidal crystal Results and Discussion
templates were fabricated on Au substrates (50 nm Au evaporated ) ) . )
onto LaSFN9 glass slides wiia 2 nm Cradhesion layer between) PS Colloidal Templates.With use of the vertical deposi-

by a vertical lifting deposition from the colloidal suspension (0.5  tion method at the proper conditions (e.g., solvent evapora-
2.5 wt %) on a homemade dipping devié8 The \_/vithdrawing tion rate, substrate withdrawal rate, and colloidal concen-
speed ranges from Am s™* to several cm st To increase the  tration), well-ordered 2D or 3D PS colloidal assemblies can
wettability of the Au substrate, it was pre-functionalized with a pe formed on the modified Au substrate. Figure 2 shows
layer of hydrophilic thiol (normally MPS). o one example of the prepared 3D colloidal PS latex arrays

Fabrication of the PANI Inverse Opals. The fabrication  (pg gpals). It can be seen that the colloidal crystals display
procedure of the PANI inverse opals by electropolymerization using a highly ordered fcc (face-centered cubic) packing, with the
the PS colloidal templates is shown in Figure 1. After infiltration [111] plane being parallel to the substrate surface. The

f anili luti 0.02 M anilinein 0.5 M , inth f . N .

of aniline solution ( anine in $50, In the case for average particle size is around 839 nm. After the PS colloidal

PANI composite inverse opals, 0.02 M dopants were also added) i
into the interstices of the PS colloidal template, electropolymer- assembly was dried, the PS spheres adhered well enough to

ization was carried out either by a galvanostatic method or by cyclic €ach other and to the Au substrate without detaching or
voltammetry. After polymerization, the resulting polymer film was ~ disintegrating, even upon re-immersing the sample into the
thoroughly rinsed with 0.5 M kB8O, and then exposed to a aqueous aniline solution and applying a potential. This good
tetrahydrofuran (THF) solution for10 h in order to remove the  adhesion allows for their direct use as templates for the
PS template and to obtain the well-structured PANI inverse opals. preparation of PANI inverse opals by electropolymerization
The above whole preparation process was carried out in anwithout any further modifications, as shown below.
electrochemical cell. Fabrication of PANI Inverse Opals. Shown in Figure 3

Apparatus and Measurements.The electropolymerizationand 5,6 SEM images of one sample of the PANI inverse opals
electrochemical measurements were performed with an EG&G fabricated by cyclic voltammetry at a scan rate of 20 mV
273A potentiostat, with the PS colloidal assembly loaded Au s Lfor 10 cycles. A well-ordered 3D network of PANI was
substrate as the working electrode, a coiled platinum wire being . o .
used as the counter electrode, and an Ag/AgCI (3 M NaCl) electrodeObtalnecj covermg a very Ie}rge areg(I.? e, I|m|ted by

the electrochemical cell). This PANI inverse opaline structure

was believed to be held together by physical cross-linking

(56) Shouldice, G. T. D.; Vandezande, G. A.; Rudin,Bur. Polym. J.

1994 30, 179. and weak interactions such as hydrogen bonding and van
(57) fgﬁig,zg. A Glasser, G.; Spiess, H. W.; Jonashtil. Mater.2003 der Waals forces between PANI chafi§he enlarged image

(58) Fustin, C. A,; Glasser, G.; Spiess, H. W.; Jonasl.&hgmuir2004 in Figure 3B shows that the pores are assem_ble(_j '_n a
20, 9114. hexagonal array and are connected to each other via similarly
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symmetrical smaller pores, indicating a continuous macroporous
3D structure typical for an inverse fcc lattice. Compared with
the chemical polymerization methdtithe quality of the
PANI inverse opals prepared by this electropolymerization s
method was greatly enhanced in terms of defect density and g (
structural fidelity of the walls and holes. Furthermore, the
shrinkage in our case<6%) is reduced to only one-third of
that in the former case{15%), retaining almost the original
geometry of the used PS template, which may also explain
the low defect density over a very large area in the prepared
inverse opaline films. The improved quality in our case may
arise from the well-controlled polymerization process by
using a slow potential scan rate, which allows the in situ
formation of PANI chains starting from the gold electrode
at the base of the colloid crystal template to fill the interstices
by a layer-type growth mechanism in a highly ordered way
and leading to a much more compact structure without
blocking the pores above the PANI growth front. In contrast,
the polymerization rate in the chemical polymerization Figure 5. SEM images of PANI composite inverse opaline films by
approach via infiltration is more difficult to control, and copolymerizing aniline with PAA (A), 2-ABA (B), or PSS (C) and (D).
isotropic polymerization and precipitation may result in the E{?\), g?l)’fﬁr %CC) Wlere prﬁ-?ared via cyelo votammetry al a scan rate of 20

ycles, while (D) was obtained by a galvanostatic method
aggregation of the formed PANI chains within all pores and at a current density of 0.05 mA for 10 min. The concentration of PAA,
packing into a relatively loose and disordered structure. Thus,PSS, and 2-ABA is 0.02 M each, based on the molecular weight of the
further infiltration of monomer and oxidizer to increase the C°eSPonding monomers.

PANI loading is imp_eded. Actually, in our exp'eriments, We The image (c) corresponded to the termination of the
found that the quality of the obtained PANI inverse opals polymerization process near the TP. It is clear that, right at

decreased with incr_easing potenFiaI scan rate, possibl_y duethe TP, some of the pores at the top layer begin to close. If
to a very loose packing of the rapidly forming PANI chains. the polymerization process is continued further, then all the

If the scan rate was too high, this could even lead to the : -
collapse of the 3D structurgs after the removal of the PS pores of the topmost_layer are closed. Beyond this point,
; hyperbranched PANI fibrils start to form on top of the closed
colloidal template. ) pores ((d)). For practical purposes, an opened 3D structure
In a second route, the PANI inverse opals were prepared|ixe (b) is preferred to allow access of dissolved species to
by & galvanostatic method. By adjusting the polymerization e interior of the macroporous PANI inverse opal, so care

time and applied current, this method allows for the exact st pe taken to stop the polymerization process before the
control over the structure formation and film thickness of tp

tne ot:talnethANI |gv¢rse r?pallme f|Im|s. Flg_ure_ 4 shows Preparation of PANI Composite Inverse Opals.To
the voltage changes during the electropolymerization process,, e their applications for biosensing purposes, we also

alor}g. with the ,r_esu'“”g film morphologi.es. The cuve a4 to fabricate PANI composite inverse opals either by
_exh|b|ts a transition pom'; (_TP), after which the voltage doping with negatively charged polyelectroly&&2 or by

increases very sharply. A similar phenomenon was also found e,y merizing aniline monomers with aniline derivatives
in the current changes seen during a potentiostatic Preparazqtaining acidic groups, like 2-aminobenzoic acid (2-ABA).

i 40’59 i i i i . . . . . .
tion. Th's_ TP was_ascrlbed to a rapid increase of the In this way, an inverse opaline film that remains electroactive
electrochemical reaction area once the growth front of the at neutral pH is expected to be formed. Shown in Figures

deposited material reached the template/bulk solution inter- 5A and 5B are the SEM images of PANI composite inverse
face. This was _conflrmed In-our experiments by S,tOF_’p'”g opaline films prepared by copolymerization of aniline with

the polymerization process at'dlfferent stages as 'nd'catedeither PAA or 2-ABA, respectively, using the same growth
by the arrows and taking SEM images of the obtained PANI conditions as those for pure PANL. It is clear that, in both

inverse opaline films at each stage (also shown in Figure .,qoq the obtained structures collapsed to some extent,
4). If the polymerization process was stopped at a very early especially the one of the copolymer with 2-ABA. The main

stage ((a), after 10 s), a bowl-shaped PANI array was o550 may be the poor mechanical properties of the used
obtained. At this stage, the thickness of the formed PANI dopants or some phase separation occurring during the
layer is thinner than that of a monolayer of PS particles (cf. polymerization process.

inset sketches for references). If the polymerization process However, if we use a dopant with a higher internal

was stopped at a later stage ((b), after 200 s, but before the hanical h. like P hiah-auality 3D
TP), an open 3D macroporous structure was obtained, with mechanical strength, like PSS, high-quality 3D structures can

ller ch | i h ity with it iahb be obtained by either cyclic voltammetry or by galvanostatic
smaller channels connecting each cavity with Its neignbors. preparation, as shown in Figures 5C and 5D, respectively.

(59 Schioend G Van dor Zande. B M1 Forkink L G. 01 Very nice interconnected hexagonal arrays were obtained in

chimenberger, C.; Van der Zande, B. M. |.; Fokkink, L. G. J.; Henny, . . - .

M.; Schmid, C.; Kfger, M.; Bachtold, A.; Huber, R.; Birk, H.; Staufer, k?Oth cases, JL_jSt like tho_se _Of the pure PANI mversef opaline
U. J. Phys. Chem. B997, 101, 5497. films. A most important finding is that the PANI/PSS inverse
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021 (A) (B) as electrocatalytic supports for the oxidation of NADH
showed that the electrocatalytic ability of these inverse
opaline films is more than 1 order of magnitude higher than
that for unpatterned PANI/PSS film (Figure 6B). With
optimization of the fabrication procedures used above and
with selection of a more suitable system, the sensitivity of
T T e a0 —— —— unpa_nernedfitm the PANI composite inverse opal films may be further
EIV enhanced and extended to other biological systems. Further

Figurhe 6. (A) Cyclic voltz’almmogrz’am:j of PANI/PSS invErSﬁe opaline film(s ) efforts to implement these structures in biosensors are
as shown in Figure 5C, measured in 0.1 M PBS buffer, pH 7.1. (B

Comparison of the electrocatalytic activity of a PANI/PSS inverse opaline Currently underway‘
film toward the oxidation of NADH and that of the unpatterned PANI/PSS
film with the same film thickness. NADH concentration was 10 mM, CV Conclusion
scan rate was 5 mv-3.

01

0.0
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¥ 8 38 8

0.2
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opaline films still retain a good redox activity at neutral pH, ~ High-quality inverse opals of pure PANI and its copoly-
after removal of the PS template by THF, as shown in Figure Mers (like PANI/PSS) were fabricated via electrochemical

6A. A broad redox peak is observed betweeh 15 ancH-0.4 methods based on PS colloidal crystal templates. The
V, with the redox potential at around0.083 V, similar to incorporated dopants had a significant effect on the structure
that found for the unpatterned PANI/PSS syéféﬁ%.Con- and the mechanical stabilities of the prepared opaline films.

sidering the huge surface area of the obtained PANI/PSs The obtained PANI composite films remained electroactive
films and their capability of being redox-active at neutral &t neutral pH. Together with their huge surface area, they

pH, they should be very promising candidates either for would be ideal candidat_es for biosensing applications, e.g.,
electrocatalysis or as a support for biomolecules, like as electrocatalysts or bioreactors.

enzymes or other proteins. It has been reported previSuzly .

that the doped PANI can electrocatalyze the oxidation of _ Acknowledgment. This work was partly supported by
reduced3-nicotinamide adenine dinucleotide (NADH). Our BMBF (FKZ03120158).

preliminary efforts to use PANI/PSS inverse opaline films CM051578G



