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Abstract

We develop a concept of fabrication of the multilayer network films on electrodes by exploring the ability of a Keggin-type
polyoxometallate, phosphododecamolybdate (PMo,03y), to form stable anionic monolayers (templates) on carbon and metals including
platinum. By repeated alternate treatments in the solution of PMo;,03o (or in the colloidal suspension of polyoxometallate-protected Pt-
nanoparticles) and in the solution of monomer (e.g. anilinium) cations, the amount of the material can be increased systematically (layer-by-
layer) to form stable three-dimensional assemblies on electrode (e.g. glassy carbon) surfaces. In the resulting hybrid (organic—inorganic)
films, the layers of negatively charged polyoxometallate, or polyoxometallate-protected (stabilized) Pt-nanoparticles, are linked or
electrostatically attracted by ultra-thin layers of such positively charged conducting polymers as polyaniline (PANI), polypyrrole (PPy) or
poly(3.,4-ethylenedioxythiophene), PEDOT. Consequently, the attractive physicochemical properties of polymers and reactivity of
polyoxometallate or noble metal particles are combined. The films are functionalized and show electrocatalytic properties towards reduction
of nitrite, bromate, hydrogen peroxide or oxygen. They are of importance to the chemical and biochemical sensing as well as to the

biochemical and medical applications.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Phosphomolybdate; Self-assembled monolayer; Ultra-thin conducting polymers; Stabilized platinum nanoparticles; Layer-by-layer films; Oxygen

reduction; Nitrite and bromate reduction

1. Introduction

During recent years, there has been growing activity in
the area of fabrication and characterization of monomolec-
ular (monolayer) and multilayered organized assemblies at
solid surfaces that produce functionalized interfaces with
well-defined composition, structure, thickness and catalytic
reactivity [1]. In this context, a substantial impetus is given
to investigations of alkanothiols and their derivatives, which
can be successfully employed to obtain dense robust
monolayer coverages on gold [1-4]. The self-assembly of
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ordered organic molecular arrays formed spontaneously as
monolayers on solid surfaces or the sequential adsorption of
oppositely charged polyelectrolytes are of particular interest
to the advanced materials preparation [2—4]. Attractiveness
of the self-assembly includes the possibility of controlled
formation of any number of layers of different composition
on a large variety of substrates. For example, the formation
of ultra-thin films and ordered or derivatized assemblies of
conjugated polymers [3-9] shall be mentioned. Also,
synthesis of nanoparticles and their organization into two-
dimensional arrays and three-dimensional networks have
prompted the increased interest due to potential applications
in many areas including molecular and nanoelectronics [1],
sensors [1,10], catalysis and electrocatalysis [11-16]. The
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important issues are means of fabrication, assembly, average
size diameter and distribution, as well as electronic proper-
ties and reactivity of such nanosized materials [17-20].
Monolayers of alkanothiolates are capable of passivating
gold nanoparticles and producing alkanothiolate monolayer
protected clusters of gold. An important function of
alkanothiolates is to separate the metal (Au) clusters to
prevent their agglomeration (i.e. degradation or aging). Self-
organization of such clusters into the network films of metal
nanoparticles [16-25] is feasible. Such films combine bulk
and molecular properties within a nanometer scale material
that is expected to yield novel and promising size-dependent
electronic, optical and chemical properties.

An important possibility arises from the adsorption or
chemisorption of inorganic monolayers (templates) that
permits formation of two-dimensional arrays and three-
dimensional (layer-by-layer) domains on electrodes [26—
41]. Among rigid inorganic templates, polyoxometallates
[31-34,36-40] are particularly attractive because of their
ability to adsorb irreversibly on solid surfaces. In particular,
heteropolyacids of molybdenum and tungsten are charac-
terized by reversible stepwise multi-electron-transfer reac-
tions of importance to electrocatalysis, electrochromism,
molecular electronics and sensing. We address here the
formation of bilayer and multilayer films composed alter-
natively from monolayers of phosphododecamolybdate
(PMo;,) Keggin type anions and conducting polymer,
mostly polyaniline (PANI) but also polypyrrole (PPy) and
poly(3,4-ethylenedioxythiophene) (PEDOT). PANI is com-
monly studied due to its well-defined redox properties, good
protonic conductivity, in addition to high electronic con-
ductivity, and chemical stability in acid media [42—46]. PPy
is often considered for many applications because it is stable
and conductive in the broad range of media that include
neutral and acid solutions [47]. PEDOT has recently been
recognized as exceptionally stable and conductive (in its
doped state) organic polymer [48,49]. The layer-by-layer
procedure involves polymerization of surface confined
monomer ions that have been electrostatically attracted to
a negatively charged monolayer of heteropolymolybdate on
glassy carbon. The polymerization step is completed
electrochemically upon medium transfer to acid electrolyte.
By repeated and alternate treatments in the appropriate
solutions, the amount of material on the electrode surface
can be increased in a controlled manner. The fact that formal
potentials of PMo;, redox processes lie in the potential
range where polymer interlayers are conductive produces a
system capable of fast charge propagation.

We also explore here the ability of polyoxometallate
(phosphomolybdate) to undergo adsorption and form
monolayers on metal (Pt) nanoparticles (ca. 7 nm). Nano-
particles of platinum and its alloys are characterized by high
surface area to volume ratios and exhibit promising
electrocatalytic properties towards fuels, namely the reduc-
tion of oxygen and the oxidation of hydrogen or methanol.
However, catalytic reactivity of alkanothiol-protected Pt

[50], Au/Pt alloy [51], or alkyl isocyanide-derivatized [52]
and mercaptoaniline-functionalized [53] platinum nano-
particles is rather limited. Much more promising for
electrocatalysis are colloidal platinum nanoparticles pre-
pared within the environment of mixed metal oxide nano-
structures [54]. Introduction of polymer matrices [55,56]
tends to improve such physical properties as dispersion, size
and morphology of metal particles. Therefore, we fabricate
polyoxometallate covered (protected) particles and link
them together by ultra-thin conducting polymer (polyani-
line) bridges. The growth, surface morphology and electro-
chemical properties of our three-dimensional network films
are examined using cyclic voltammetry, potential step
techniques, FTIR spectroscopy and STM. The films produce
interfaces with specific electrocatalytic properties towards
reduction of nitrite, bromate, hydrogen peroxide, and
oxygen.

2. Experimental

Phosphododecamolybdic acid, H3;PMo0;,049, aniline,
pyrrole were obtained from Fluka. 3,4-Dioxyetylenethio-
phene (EDOT) monomer was kindly donated by Bayer.
Platinum black clusters (surface area, 20 m> g~ ') were
obtained from Johnson and Matthew. All other chemicals
were reagent grade purity, and they were used as
received. Solutions were prepared using doubly distilled
and subsequently deionized (Millipore Milli-Q) water.
Ultra high purity argon gas was used to deaerate
investigated solutions. Experiments were carried out at
room temperature (20+2 °C).

Electrochemical measurements were done with CH
Instruments (Austin, USA) Model 750 workstation. A
standard three-electrode cell was used for the preparation
of films and for other electrochemical measurements. The
working electrode was a glassy carbon disk (3 mm,
diameter) supplied by Bioanalytical Systems (West Lafay-
ette, IN, USA), and the counter electrode was made from Pt
wire. Before modification, glassy carbon was subjected to
polishing (on a cloth) with successively finer grade aqueous
alumina slurries (grain size, 5-0.5 pm). All potentials were
expressed versus the saturated (KCl) Ag/AgCl electrode.

Preparation of multilayer films of PMo;, and PANI was
achieved via the alternate immersion scheme described by
us earlier [9]. First, the glassy carbon surface was modified
with a self-assembled PMo;, monolayer (adsorbate) by
dipping it for 10 min in an aqueous solution of 2 mmol
dm™" H3zPMo0;,04. Anilinium (monomer) ions were
introduced into PMo;, monolayer by exposing the PMo,-
modified electrode to a 0.07 mol dm ™~ solution of aniline in
0.5 mol dm > H,SO, for 5 min. PANI was electropoly-
merized by potential cycling (at 50 mV s~ ') from —0.1 to
0.85 V in 0.5 mol dm > H,S0Oy. Ultra-thin PANI layers were
formed during positive potential cycles [9]. After each
treatment, the electrode was thoroughly rinsed with water.
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Fabrication of polypyrrole (PPy) and PEDOT containing
films was achieved in a similar manner except that the
monomer solution contained 0.1 mol dm™> pyrrole and 0.1
cm® EDOT in 10 c¢m® H,O. The potential range for
electropolymerization of PEDOT was from —0.1 to 1.0 V.

Film loadings, expressed as PMo,, surface coverages (in
mol ¢cm™?), were estimated (upon consideration of the
extrapolated baseline) from charges under the system’s
reduction voltammetric peak recorded at ca 0.2 V at a slow
scan rate, 5 mV s L

Polyoxometallate-protected platinum nanoparticles were
produced as follows. A suspension of a known amount (0.33
g) of Pt black was formed in 2 mmol dm > aqueous PMo,,
solution (10 cm®). The suspension was sonicated for 2 h, left
overnight and then centrifuged three to four times until color
remained indefinitely yellow (i.e. PMo;, was in the oxidized
form and did not interact with Pt any more). As a rule, each
supernatant solution was removed and replaced with a fresh
PMo;, solution. Finally, the centrifuging procedure was
done with water. It can be expected that, even following
centrifuging procedure, protons dissociating from the
adsorbed heterpolyacid molecules exist as counter-ions in
water (supernatant). The resulting Pt-PMo;, colloidal
suspension was stable for at least a month.

The network films containing Pt nanoparticles were
assembled as mentioned above for the layer-by-layer
generation of PMo, and ultra-thin PANI layers except that
instead of a simple PMo;, solution, the PMo;, colloidal
suspension of Pt nanoparticles was used. The glassy carbon
electrode was serially exposed to Pt-PMo;, solution, each
time for 30 min, and rinsed with water. By performing
additional alternate immersions in the respective solutions,
the thicker network film containing Pt nanoparticles can be
produced.

Scanning tunneling microscopy (STM) images were
obtained ex-situ (in air) using EasyScan Nanosurf (Switzer-
land) instrument. The tips of Pt/Ir (90/10) wires of 0.25 mm
diameter were formed mechanically, and they were used as
probes. The scanning was achieved in the constant-current
mode at positive sample bias of 50-100 mV and tunneling
current of 1-2 nA.

Infrared spectra were measured with Shimadzu 8400
FTIR spectrometer. The Infrared Reflectance Absorption
Spectra (IRRAS) were recorded using a Specular Reflec-
tance Accessory Model 500 produced by Spectra Tech. The
beam incidence angle was equal to 80° with respect to the
surface normal. Typically 500 scans were averaged for a
single reflectance spectrum.

3. Results and discussion

Fig. 1 illustrates the layer-by-layer growth of a multilayer
hybrid film consisting of PMo;, and PANI. An increase of
voltammetric peak currents occurs following alternate
treatments in PMo;, and monomer solutions (the latter step
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Fig. 1. Cyclic voltammetric responses of (a) glassy carbon electrode
modified with PMo;, monolayer, and (b—d) after processing through one to
four cycles of alternate treatments in 2 mmol dm ™ PMo, and 0.07 mol
dm™* aniline (0.5 mol dm—> H,SO,). Electrolyte, 0.5 mol dm™ H,SO,.
Scan rate, 50 mV s~ .

is coupled with interfacial electropolymerization of PANI)
as described in Experimental. The initial cyclic voltammo-
gram (Fig. 1, Curve a) shows a typical response (in an
anilinium-free H,SO,) of a glassy carbon electrode modified
with a monolayer of PMo;,. The charges under two
reduction peaks appearing at potentials ca. 0.32 and 0.18
V (Fig. 1, Curve a) are approximately equal. Also the
respective ratios of oxidation-to-reduction peak currents are
close to unity. The third set of peaks, though still well-
defined, is somewhat less reversible. In view of the literature
reports [31-34], the above redox reactions shall be
interpreted in terms of three consecutive two-electron
processes that can be described as follows:

PMo),03, + ne” + nH <= H,PMo' Mo}, , 03y (1)

where n is equal to 2, 4 or 6.

Judging from the charge under the second cathodic peak
at 0.18 V (Fig. 1, Curve a), the surface coverage of PMo, is
on the level 2x107'° mol cm™2 that is, as we discussed
earlier [9], equivalent to approximately a monolayer of
PMo;,. The detailed description of PMo;, monolayer
chemisorbed on glassy carbon was a subject of our separate
work [9]. Each additional voltammogram (Curve b, ¢ or d in
Fig. 1) corresponds to the film response upon formation of a
superadded PMo,,/PANI bilayer. It seems plausible to
attribute the most positive set of peaks appearing in the
multilayer film at about 0.43 V (Fig. 1, Curve d) to the
electroactivity of PANI, namely to the redox behavior of its
partially oxidized form emeraldine [42—44]. As in the case
of a PMo;, monolayer (Fig. 1, Curve a), the cathodic peak
that appears at about 0.32 V in Curves b—d (Fig. 1) must be
related to the first (most positive) two-electron reduction of
PMoy,. The fact that this peak is larger than the peak at ca.
0.18 V (Fig. 1, Curve d) originates from the overlapping of
the second two-electron reduction of PMo;, with the PANI
reaction, namely reduction of emeraldine to leucoemeral-
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dine [9]. It is likely that, due to good mediation capabilities
of PMoy,, the redox behavior of ultra-thin PANI interlayers
is more redox facile when compared to the typical behavior
of conventional PANI film [42-44]. The reversible behavior
of ultra-thin PANI film was also observed when it was
fabricated on the organic self-assembled alkanothiolate
monolayer [5].

The presence of PMo;, within the composite film is also
evident from the ex-situ FTIR (Fig. 2) examination (by
reflectance) of the glassy carbon electrode surface modified
with a thin hybrid film of PMo;,/PANI (Curve a). To
confirm the presence of PMo;,, comparison is made to the
spectrum characteristic of PMo;, in KBr (Curve b).
Although the IR transmittance and reflectance spectra are
different when it comes to the comparison of the band
intensities, the comparison of band positions (to describe the
interactions between PMo;, and PANI) is feasible. Despite
some overlap from PANI bands in the region from 800 to
1100 cmfl, it is reasonable to expect that bands at 1062,
959 and 887 and 813 cm ™' (Curve a) originate from PMo 5.
Since they are somewhat distorted and shifted in compar-
ison to the data of PMo,, in KBr (namely to bands in Fig.
2b at 1064, 961, 869 and 787 cm™ ' characteristic of PO,
Mo =0O(terminal), Mo—O(corner sh)-Mo and Mo—-O(edge
sh)-Mo stretching vibrations [39,57], respectively), strong
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Fig. 2. FTIR spectra of (A) multilayer PMo,,-PANI hybrid film on glassy
carbon (by reflectance) and (B) phosphododecamolybdic acid in KBr.
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Fig. 3. Double potential step chronoculometric plot for PMo;,-PANI film
deposited on glassy carbon. An initial potential step was from 0.6 to 0.25 V
(Fig. 1). Electrolyte, 0.5 mol dm > H,SO,.

interaction between heteropolyanion and polymer backbone
can be postulated. The spectrum (Curve a) shows also bands
in the region 1100-1600 cm ' corresponding to the
polymer (PANI) matrix in its emeraldine form [39].

To get some insight into dynamics of charge transport,
we also performed a series of chronoculometric (potential
step) experiments in which effective (apparent) diffusion
coefficients (D.g’s) were estimated by usual means, i.c.
from the slopes of dependencies of charge (Q) versus
square root of time (#'?) and using integrated Cottrell
equation [58,59]:

0/1'? = 2nFr' 2Dl C, )

where 7 stands for the electrode (disk) radius and other
parameters have usual significance. As it comes from the
chronoculometric plot (Fig. 3) for the hybrid PMo;,/PANI
film (as for Fig. 1d), the linear portion of the plot is well-
defined, and determination of the Q/t'"? slope is feasible.
The concentration of PMo;, redox (C,) centers was
estimated to be on the level 0.6-0.8 mol dm™> upon
consideration of such parameters as the PMo,, loadings of a
series of the hybrid films of different thicknesses (deter-
mined from profilometry). Despite some uncertainty in the
estimation of C, it is reasonable to expect D¢ to be on the
level 1-2 10°% ecm? s™' for the first most positive PMoj,
redox reaction in the hybrid film. Certainly, the fast
dynamics of charge transport in our composite system is
facilitated not only by the high self-exchange rate between
PMo;, redox centers but also by the fact that the PMo;,
redox process lies in the potential range where polyaniline is
conductive.

The concept of fabrication of hybrid films in a controlled
manner using the layer-by-layer approach is not only limited
to the PMo,,/PANI multilayer system. Fig. 4 illustrates the
growth of films by alternate immersions in the solutions of
PMo,, and (A) pyrrole or (B) EDOT monomers. Con-
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Fig. 4. Cyclic voltammograms of hybrid (A) PMo,,-PPy and (B) PMo,,-
PEDOT films recorded after processing through alternate treatments in
PMoy, and 0.5 mol dm > H,SOy solutions of (A) pyrrole or (B) EDOT (as
described in Experimental). Electrolyte, 0.5 mol dm > H,S0,. Scan rate, 50
mV s\

sequently, the following multilayer films, PMo,/PPy (Fig.
4A) and PMo;,/PEDOT (Fig. 4B), have been produced. The
cyclic voltammograms shown in Fig. 4 correspond to the
film responses (recorded in H,SO, supporting electrolyte)
during the growth of respective films, namely following
formation (superposition) of additional PMo;»/PPy (A) or
PMo»/PEDOT (B) bilayers. The electrochemical responses
of both PMo,,/PPy and PMo,/PEDOT multilayer films are
well-defined and reversible. In both cases, a conducting
polymer can serve as a robust, conductive, matrix for such
polynuclear mixed-valence inorganic system as PMoj,. The
composite materials have been stabilized due to the
existence of electrostatic attraction between anionic PMo,
units and positively charged conducting polymer (oxidized)
[60]. For PMo,,/PEDOT, the effective diffusion coefficients
were found on the level 4x10™% cm? s™'. The systems are
of potential importance to the fabrication of composite
(hybrid) films that are capable of effective accumulation and
propagation of charge in redox capacitors [61]. Further
research is along this line.

We also demonstrate that PMo;,/PANI hybrid films
exhibit electrocatalytic properties towards reduction of

such important analytes as nitrite and bromate (Fig. 5).
We explore here the ability of the partially reduced
polyoxometallates (heteropolyblues) and metal oxides
(bronzes) of molybdenum and tungsten to catalyze the
reduction of nitrite, bromate and related electrochemically
inert anions [34,62—-64]. Curves a in Fig. 5A and 5B
stand for the responses of a hybrid PMo;,/PANI film in
supporting electrolyte (H,SO,4) only. Curves b and ¢ have
been recorded in the presence of nitrite (Fig. SA) and
bromate (Fig. 5B) at two different concentrations. It is
noteworthy that the glassy carbon substrate barely shows
any electrocatalytic reactivity towards reduction of nitrite
(Inset to Fig. 5A) or bromate [62]. The data of Fig. 5 are
consistent with the increasing electrocatalytic reactivity of
PMo;, redox centers with the degree of their reduction.
Although the system is not optimum here, at least in
terms of the choice of conducting polymer matrix, the
research seems to be of importance to the development of
electrocatalytic (e.g. amperometric) sensors for inert
inorganic anions.

Recently, we have demonstrated that PMo;, undergoes
strong chemisorption on platinum electrodes as well
[65,66]. We have also found that PMo;, undergoes
similar adsorption at monolayer level on nanosized Pt
(platinum black). The procedure of stabilizing of Pt
nanoparticles by modification with monolayers of PMo;,
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Fig. 5. Electrocatalytic reduction of (A) nitrite and (B) bromate at the glassy
carbon electrode modified with PMo;,-PANI film. Curves (a) illustrate
voltammograms recorded in the electrolyte, 0.5 mol dm~ H,S0,, only.
Curves (b) and (c) stand for responses in the presence of 10 and 20 mmol
dm™ nitrite (A) or bromate (B), respectively. Inset illustrates (a) the
voltammetric resposne of the glassy carbon substrate in the supporting
electrolyte, and (b) the reduction of nitrite (10 mmol dm ) at bare glassy

carbon. Scan rate, 50 mV s~
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anions involves conditioning of the Pt clusters in PMo,
solution, centrifuging and rinsing aiming at the formation
of a colloidal suspension of nanosized platinum in water.
An important issue is the existence of electrostatic
repulsive interactions between the negatively charged
PMo,, monolayers on the Pt surfaces: they prevent
agglomeration and permit formation of stable colloidal
solutions of thus stabilized Pt nanoparticles. Fig. 6
(Curve a) shows a cyclic voltammetric response (recorded
in argon-saturated 0.5 mol dm™> H,SO,) of a glassy
carbon electrode modified with an ultra-thin of PMo,-
protected Pt nanoparticles. The spontaneous deposition of
such Pt particles on glassy carbon was achieved by
simple dipping of the electrode substrate in the PMo;-
stabilized suspension. The voltammetric pattern of Fig. 6,
Curve a exhibits both the peaks characteristic of PMo;,
(from 0.1 to 0.45 V) and the proton discharge current
that is due to the presence of catalytic Pt at potentials
more negative than —0.15 V. In order to get information
about dispersion of the platinum nanodeposits on glassy
carbon, we have examined the electrode surface by STM
(Fig. 7). The uniformly and densely dispersed light spots
shall be attributed to the nanostructured platinum. Careful
examination of the STM data implies that platinum
particles are typically on the level 7-10 nm. Finally, as
it comes from the cyclic voltammogram recorded in air
saturated H,SO, solution (Fig. 6, Curve b), the glassy
carbon electrode modified with PMo,-stabilized Pt
nanoparticles exhibited electrocatalytic activity towards
oxygen reduction. PMo;, may activate Pt in a manner
analogous to tungsten oxides [67].

The growth of the multilayer network film consisting of
Pt-PMo;, and PANI is evident from the increase of
voltammetric peak currents (Fig. 8) recorded in the
electrolyte following alternate immersions in Pt-PMo;,
colloidal suspension and the anilinium solution (the latter
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Fig. 6. Voltammetric behavior of glassy carbon electrode modified with a

monolayer of PMoj,-protected Pt nanoparticles in 0.5 mol dm™ H,S0,4

saturated with (a) argon, and (b) air. Scan rate, 50 mV s~ .
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Fig. 7. STM examination of PMo,,-protected Pt nanoparticles self-

assembled on glassy carbon. The images are taken at two different scales,
larger (A) and smaller (B).
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Fig. 8. Cyclic voltammetric responses of a network hybrid PMo,,-Pt/PANI
film (on glassy carbon) recorded after processing through (a) one, (b) two,
(c) three, and (d) four cycles of alternate treatments in the solutions of
PMo,»-protected Pt and 0.07 mol dm™> aniline in 0.5 mol dm > H,SO,.

Electrolyte, 0.5 mol dm~> H,S0,. Scan rate, 50 mV s~ .
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step was combined with the interfacial electropolymeriza-
tion of PANI [9]). Apparently PMo,, (that is chemisorbed
on Pt particles) is rigid and retains its anionic character
that permits electrostatic attraction of positively charged
PANI.

We monitored the reactivity of platinum nanocenters
dispersed within network film towards reduction of
dioxygen by recording voltammetric responses (Fig. 9) in
0.5 mol dm > H,SO, solutions saturated with air (Curve
b) and oxygen (Curve c). The results are consistent with
the view that the PANI-linked PMo;,-protected Pt nano-
particles catalyzed reduction of oxygen in a manner
analogous to metallic Pt. On the other hand, the
voltammetric peaks for oxygen reduction appeared in
Fig. 9 (Curves b and c) at somewhat less positive
potentials in comparison to the data of Fig. 6 (Curve b)
describing the reduction of oxygen at the glassy carbon
electrode modified with a monolayer of PMo,-stabilized
Pt nanoparticles. Our preliminary rotating disk measure-
ments indicate that, while the oxygen reduction was a
diffusion-controlled process (at least up to 4900 rpm) in
case of the system of Fig. 6 (Curve b), the interfacial
electron-transfer kinetic control became apparent upon
introduction of polymer layers. Further research is in
progress along this line.

Although conducting polymers are known to be
attractive matrices for dispersed platinum [68—70], the
voltammetric peak potential at which oxygen was reduced
in Fig. 9 (Curves b and c) is less positive when
compared to the system’s behavior under the analogous
conditions but at platinized tungsten oxide [62]. It is
reasonable to expect that this unfavorable potential shift,
that is mentioned above, has resulted from the interfacial
electropolymerization of inhibiting aniline monomer on
the surface of PMoj,-stabilized Pt nanoparticles. No
inhibition (negative potential shift for oxygen reduction)
is observed [66] when nanoparticles are immobilized into
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Fig. 9. Electrocatalytic reduction of oxygen at the network hybrid network
hybrid PMo;,-Pt/PANI film of Fig. 8. Voltammetric responses were
recorded in 0.5 mol dm > H,SO, saturated with (a) argon, (b) air, and
(c) dioxygen. Other parameters as for Fig. 6.

the PANI film that has already been assembled in the
polymerized form.

4. Conclusions

PMo;, undergoes strong spontaneous chemisorption on
solid surfaces (e.g. glassy carbon, Pt). As yet we do not have
direct proof for the true self-assembly process but our
microgravimetric data, and the preliminary STM results of
others [76], are consistent with the formation of a dense,
robust, monolayer-type ultra-thin film of ordered hetero-
polymolybdate nanostructures. We also demonstrate the
usefulness of the layer-by-layer approach to the fabrication
of hybrid films composed of the heteropolyanion (e.g.
PMo;,) monolayers and ultra-thin layers of conducting
polymers (e.g. PANI). Although a concept of the preparation
of composite films of polyoxometallates and conducting
polymers is not new [71-75], our approach is based on
electropolymerization of surface-confined monomer ions that
are electrostatically attached and chemically attracted to a
negatively charged self-assembled polyoxometallate
(PMo;,) monolayer. The fact that PANI interlayers are
electronically/ionically conducting in the potential range
where the PMo;, layers are electroactive implies good
electrical contact in the vertical dimension in the case of
multilayer films. The latter property combined with reactivity
of polyoxometallate redox centers could be of importance to
the development of effective electrocatalytic systems.

An important issue is the feasibility of stabilization of
platinum nanoparticles by protecting them through chem-
isorption of polyoxometallate (PMo;,) monolayers on their
surfaces. The particles produce self-assembled layers on
electrode surfaces, and they can be linked by via ultra-thin
polymer (PANI) layers to form network films with highly
reactive platinum centers (e.g. towards reduction of oxygen).
The approach seems to provide a novel concept of assembling
conducting polymers, polyoxometallates and metal nano-
particles into the network electrocatalytic structures.

Following examination of the literature and having in
mind potential biochemical and medical applications, the
highly functionalized nanostructured architectures entrap-
ping Keggin-type polyoxometallates can effectively be used
as constrained environments for the encapsulation of guest
molecules (e.g. using the protein coats of viruses as hosts)
[77] with potential applications in drug delivery and catalysis,
for the assembling of biosensors (e.g. for glucose [78]),
specific interaction with nucleic acids [79] or bilayer lipid
membranes [80], polyoxometallate-mediated inactivation of
DNA polymerases [81], catalytic oxidation of NADH [82], as
well as anticancer and antiviral systems [83,84].
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