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Preface

Currently, the term nanotechnology is used to refer to the realized structures
whose characteristic sizes are less than 100 nm. Nanotechnology has found
special applications in most fields of modern science and technology. Real-
ization of objects with decreased dimensionality (up to zero-dimensional
quantum dots) provides new possibilities for fundamental researches con-
nected to quantum phenomena, which cannot be observed on bulk materials.
The applied aspects of nanotechnology are also very important. The method
of modification of material surfaces with molecular layers has diverse
applications such as corrosion inhibition, anti-friction, smart surface real-
ization, etc. In electronics and communication systems, nanotechnology
offers to increase the speed of information processing and integration. With
respect to biomedical applications, new effective and reliable sensoristic
systems have been developed based on the utilization of specific bioorganic
molecular layers and conjugates of biomolecules with polymers and/or
nanoparticles. Presently, new smart systems for directed drug release are
under development.

The aim of this book is to review the current status and future perspec-
tives of researches in different branches of nanotechnology, with the key
focus on organic and composite systems. Organic materials attract increas-
ing attention due to their unique properties, which allow the realization
of a wide variety of working systems. Many of these properties, espe-
cially those connected to the functioning of biological molecules, cannot
be reproduced with inorganic materials. In addition, organic materials are
lightweight and have high flexibility. However, one serious drawback in
them is decreased stability with respect to inorganic materials. Therefore,
the current activities in this field are directed to the search of new com-
pounds (mainly polymers), which are expected to significantly improve the
stability, allowing, therefore, to widen the applications of organic materials.
In parallel, organic–inorganic composites can produce hybrid structures,
which combine the sound features of both types of compounds.

Each chapter of this book is connected to a unique aspect of nanotech-
nology. We begin with the description of layer-by-layer self-assembling,



xii Preface

which currently finds a lot of applications due to its simple realization
process and the potential to develop a wide variety of functional molec-
ular systems. Nanoengineered polymeric capsules have attracted a lot of
attention immediately after it was first reported in 1998. These objects are
very popular among researchers for several reasons. From a fundamental
point of view, these systems allow to study growth processes and pro-
perties of space-confined matter. One of the most interesting properties of
capsules is the possibility to open and close reversible pores in their shells.
In particular, this property can be very useful for the development of smart
drug-release systems. In the subsequent chapter, we describe the current
status of applications of advanced optical spectroscopies to nanotechnol-
ogy, including single-molecule spectroscopy and the latest achievements
in the possibility of signal-pronounced enhancement. A separate chapter
is dedicated to give an overview of compositions and properties of hybrid
conducting materials formed from different guest molecules incorporated
into the host matrix. One important feature of organic and composite mate-
rials is the possibility to vary their properties by redox reactions. Two
chapters are dedicated to the utilization of these properties. One chapter
demonstrates how it can be used in scanning probe microscopy, while the
other describes the electrochemical elements that can be used for adap-
tive network realization. Two successive chapters deal with the biomedical
applications of nanotechnology. In particular, the present developments
of enzymatic and immunosensors are reviewed. Finally, electromagnetic
applications are considered.

To my belief, each chapter of this book offers a critical approach to
the description of the available techniques and investigation methods to
provide a better understanding of their strong and weak points as well as
their limits and areas of applications.

Victor Erokhin
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Chapter 1

Layer-by-layer assembly

Feng Hua
Electrical and Computer Engineering Department, Clarkson University, NY, USA

Yuri M. Lvov
Institute for Micromanufacturing, Louisiana Tech University, LA, USA

Abstract. Layer-by-layer self-assembly has several merits including
low process temperature, molecular resolution of composition, thick-
ness control and a wide variety of appropriate building blocks. From the
time it was first demonstrated, it has been widely used by researchers
in different disciplines. The alternate adsorption of oppositely charged
macromolecules is able to produce complex heterogenuous architec-
tures for optical devices, synthetic catalysts and especially man-made
biological components. The principle, operation and characterization
of this unique technique are discussed in the first part of this chapter.
In the later part, the fabrication conditions and the current and future
applications are addressed.

Keywords: layer-by-layer self-assembly, electrostatic interaction,
nanostructured materials, nanocomposites, macromolecules

1.1. Introduction

It is always exciting to observe the miracles in living organisms through
their unceasing, precise self-assembly of proteins, DNA and bones. In spite
of its complexity, self-assembly is commonly recognized as one of the
ultimate goals of nanoscience and nanotechnology. In the recent past, the
semiconductor-based microfabricating technology helped people to produce
structures at a length scale that has never been achieved before. Thin
films could be made via molecular beam epitaxy, spin coating, thermal
evaporation, sputtering and chemical vapor deposition. Micron-meter scale
patterns can be reliably generated. However, with the constant reduction of
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the feature size, self-assembly gradually reveals itself one of the ultimate
means to manipulate the building blocks in a much smaller world.

So far, the existing self-assembly approaches are classified according to
different processes and inter-molecular interactions. The Langmuir–Blodgett
(LB) approach was mainly based on van der Waals interactions [1]. It allows
to deposit multilayers by transferring a set of monolayers preformed on
water surface onto solid substrate surfaces. Another approach, namely the
self-assembled monolayer (SAM), was based on the attachment of thiol
monolayers to the gold surface, which is due to strong bonds between the
sulfur atoms of the thiol group and gold surface [1]. Even if both the above
mentioned methods can control the molecular order in the film, they are
limited by the thickness of the film, availability of building blocks, and sub-
strates and versatility of the process. Layer-by-layer (LbL) self-assembly
is an alternative approach to overcome the above drawbacks. It makes use
of alternate adsorption of oppositely charged macromolecules resulting in
the self-organization of films and new composites. It controls the precise
order of deposition of molecular layers as well as thickness up to 1∼2 nm
resolution. It significantly broadens the availability of building blocks and
substrates because all charged macromolecules can be assembled onto the
surfaces of charged substrates. The advantages enable the engineering of the
macroscopic electrical, optical, magnetic, thermal and mechanical proper-
ties of the composites, which is important for many engineering devices and
applications. There is no difficulty in constructing a c. 500 nm thick mul-
tilayer with a predesigned sequence of depositing different molecules. Its
capability to self-organize a large number of biological substances such as
proteins, including enzymes, and DNA allows a wide range of applications
in the area of nanobiology. The regular dipping motion of the LbL assembly
can be readily converted into the automatic manner for mass production.

The first report on electrostatically driven LbL self-assembly of inor-
ganic colloidal particles can be traced to the work of Iler [2]. Iler showed
that oppositely charged silica and alumina particles could be electro-
statically self-assembled in multilayer structures by alternate successive
immersing of the substrate into two colloidal solutions. In 1990s, Decher
et al. had demonstrated the LbL self-assembly of cationic and anionic poly-
electrolytes. Subsequently, they showed the possibility of the formation of
similar multilayer structures consisting of combinations of charged colloidal
particles and biomacromolecules such as DNA [3–5]. Soon, the method
become very popular as different research groups had used this technique
to realize assemblies containing charged polymers [4–8], proteins [6,7],
nanoparticles [9–11], dyes [12–14] and clay nanoplates [15–17].
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1.2. Layer-by-layer Self-assembly

1.2.1. Basic Principles

The alternate adsorption of molecular monolayers is mainly based on elec-
trostatic interactions between the neighboring layers. Therefore, it is often
referred to as electrostatic self-assembly (ESA). When the polyanion, such
as poly(styrenesulfonate), is dissolved in water, the sodium cations are dis-
sociated from the molecule backbone at appropriate pH that is away from
the isoelectric point, leaving the long molecule chain negatively charged
(Fig. 1.2). For the same reason, the ionized polycation chain is positively
charged. Of course, the entire solution appears electrically neutral. The
LbL self-assembly involves the alternate successive dipping of a solid sub-
strate into solutions containing anionic and cationic molecules. When the
polycationic molecules approach a negatively charged substrate within a
sufficiently small distance (Debye length), the local electric field is so
strong that it attracts molecules to the surface. The diffusion mechanism
in the solution constantly provides the availability of molecules near the
substrate surface. The surface is, therefore, completely covered by a layer
of cationic molecules that compensate the charge of the previous layer and
make the substrate surface positive with respect to the solution. The surface
electrical polarity is completely reversed, and the sample can then be used
as a template to attract negatively charged molecules during subsequent
dipping.

The procedure of LbL self-assembly is illustrated in Fig. 1.1. In Fig. 1.1a,
the negatively charged substrate is immersed into the polycation solution.
The polycations are adsorbed on the substrate surface within an optimized
duration depending on the type of molecules. Later, the substrate is taken
out of the solution, rinsed in deionized water (DI water) for several minutes
and then dried by a nitrogen jet. Subsequently, the substrate is immersed in
a polyanion solution, rinsed and dried in the same way as above. Alternate
dipping enables the formation of predefined polycation/polyanion multi-
layers. Fig. 1.1b illustrates the application of LbL self-assembly for the
formation of composite films consisting not only polyions but also proteins,
dyes and nanoparticles in a designed sequence.

Rinsing is quite important as it removes weakly attached, physi-
cally adsorbed components, thus preparing the surface for subsequent
adsorption [18]. It also guarantees precise steps in the thickness growth of
LbL self-assembled films, because only those attached with electrostatic
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Figure 1.1: Schematic of the LbL self-assembly. (a) Alternate adsorption of
polycations and polyanions on the solid substrate. (b) Alternate adsorption of

polyions, proteins and nanoparticles on the substrate.

interactions of LbL self-assembly are likely to anchor on the support surface
while those precipitated on the support are removed by rinsing.

It is interesting to note that the substrate surface need not necessarily be
uniformly charged prior to LbL assembling. A uniformly charged substrate
is critical for the successive steps which, in practice, can be achieved with
strong oxidants or oxygen-containing plasma treatment, followed by the
deposition of a few layers of polyion served as the precursor in order to
increase the charge density over the substrate before the assembly begins.

1.2.2. Building Blocks for Layer-by-layer Self-assembly

A broad range of charged species are suitable for LbL self-assembly. The
building blocks include:

(a) Polycations – poly(ethylenimin) (PEI), poly(dimethyldiallylammonium
chloride) (PDDA) and poly(allylamine) (PAH).

(b) Polyanions – poly(styrenesulfonate) (PSS), poly(vinylsulfate) (PVS)
and polyacrylic acid (PAA) (Fig. 1.2).

(c) Nanoparticles – Nanoparticles (NPs) must be functionalized with chem-
ical groups to provide surface charging of particles. For example,
nanoparticles may be carboxylate-modified or sulfonate-modified by
coupling carboxylate or sulfonate groups on their surfaces (Fig. 1.3).
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Figure 1.3: Schematic of carboxylate and sulfonate-modified nanoparticles.

(d) Proteins – Proteins can be self-assembled alternately with polycation
or polyanion depending on their isoelectric point. This approach was
successfully applied for the deposition of films with different proteins,
such as pepsin, myoglobin and immunoglobulin [6,19,20].

(e) DNA, dyes, polyoxometalates, zeolite crystal and carbon nanotubes
may also be used as building blocks.

The components used as building blocks can be adsorbed virtually on
all types of substrates.

1.2.3. Kinetics of Multilayer Adsorption

The growth of the composite thin film can be monitored in situ by quartz
crystal microbalance (QCM), which can detect a tiny mass adsorption on
the surface. A QCM consists of a thin quartz disc sandwiched between a
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Figure 1.4: (a) QCM frequency shift and cycles of polyion-nanoparticle
assembly. The left region is the alternate adsorption of PDDA/PSS. The middle is
the alternate adsorption of PDDA/SnO2 nanoparticles. The right is PDDA/SiO2

nanoparticles. (b) Picture of a QCM.

pair of parallel electrodes (Fig. 1.4b). When the quartz crystal is excited
by an AC voltage, it begins to oscillate due to the piezoelectric property of
quartz. The resonant frequency is a function of the total oscillating mass,
which decreases with the adsorption of mass on the crystal. The shift of
resonant frequency is proportional to the mass of the film. As a result,
QCM is sensitive to the adhering layer with a mass change. The mass is
calculated according to the Sauerbrey equation [21]:

�m = −K ·�f

where �m is variation of mass; �f is variation of frequency; K is a constant
depending on the geometry and property of the quartz.

Cumulative thickness can be calculated from the adhering mass by:

D = �m/�

where D is thickness of the film; � is density of the adhering film.
Fig. 1.4a illustrates a typical frequency shift with the growth of the film.

Beginning with the X-axis, the first five steps correspond to the coating with
polyion precursor films necessary for successive adsorption. In the middle,
there are six cycles of alternate PDDA/SnO2 nanoparticle (about 15 nm
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in diameter) adsorption. Note that the frequency shift corresponding to
SnO2 adsorption is significantly more than that of PDDA, because the
SnO2 film is thicker than PDDA. According to the curve, the thickness of
a single layer of SnO2 nanoparticles is about 25 nm, while that of PDDA
is about 2 nm. On the right half of the figure, alternating deposition of
PDDA and SiO2 nanoparticles (45 nm in diameter) is reported. The curve
indicates that, in general, the deposition of the polymer and nanoparticles
is highly reproducible. Although most experiments show the linear growth
of films made of polyions, proteins and nanoparticles, nonlinear growth
may be observed in some situations.

It is believed that polyion adsorption occurs in two stages: quick anchor-
ing to a surface and slow relaxation [22]. Adsorption in a single dipping is
not a linear process. A large fraction of the mass is assembled shortly in a
cycle and adsorption enters the saturation region [4,18]. In the saturation
region, the growth of film significantly slows down until the surface charge
is completely reversed, and no more molecules can be attracted. Figure 1.5
depicts a typical kinetic profile for two single steps of the assembly of
polyanions (PSS) and polycations (PEI) in the range of concentrations of
1–3 mg/mL [4,18]. During the first 5 min, c. 87% of the surface is covered,
and after 8 min, c. 95% is covered. Typically, in most of the reports, an
adsorption time between 5 and 20 min for each polyion is used. It is not nec-
essary to keep the dipping time to a high precision because the last one or
two minutes are not so important. When the surface is completely covered,
there is no purpose in immersing the substrate in the solution any longer.
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Figure 1.5: QCM frequency shift shows kinetics of two single adsorptions of
PSS and PEI with 5-min intermediated rinsing in water, pH 6.5, 22 �C

(Reprinted from Colloids Surf. A., with permission from Elsevier.)
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The dependence of polyion layer thickness on the concentration is not
so important [22]; thus, the concentration range of 0.1–5 mg/mL yields
similar bilayer thickness for the same incubation time. A further decrease
in polyion concentration (about 0.01 mg/mL) decreases the layer thickness
of the adsorbed polyion. An increase in the concentration to 20–30 mg/mL
may result in nonlinear (exponential) enlargement of the growth rate with
adsorption steps, especially if an intermediate sample rinsing is not long
enough.

Unlike the later assemblies when the film mass and thickness increase
linearly with the number of adsorption cycles, at the very beginning of
the alternate assembly process, the film growth is always uneven [18,23].
In particular, at the first two or three layers, smaller amounts of polyion
molecules are adsorbed. Tsukruk et al. have proposed that the very first
polyion layer is adsorbed on a weakly charged solid support in an isolated
manner, i.e., island-type [24]. In the following two to three adsorption
cycles, these islands spread and cover the entire surface, and further
multilayer growth occurs linearly. If the surface is well charged, then
a linear growth with repeatable steps would occur. The precursor film
approach [4,23] is usually employed to cover the substrate with a uniformly
charged layer. Prior to the assembly, two to three layers of polyions are
adsorbed on the substrate, forming a ‘polyion blanket’ with a well charged
outermost layer. Then, the assemblies of proteins, nanoparticles or other
components can be carried out in an improved way. In a typical proce-
dure, precursor films are assembled by repeating two or three alternate
adsorptions of PEI and PSS. The outermost layer becomes ‘negative’ or
‘positive’, respectively.

A detailed study of a multilayer structure derived from the neutron
reflectivity analysis of films composed of deuterated PSS and hydrogen-
containing PAH has revealed that the polyanion–polycation films possess
a highly uniform thickness as well as a well-ordered multilayer struc-
ture. X-ray analysis, combined with neutron reflectivity analysis of polyion
films, further proves the conclusion. The observed intensity oscillations,
which are called Kiessig fringes due to the interference of radiation
beams reflected from solid-support film and air-film interfaces, confirm
the well-ordered internal structure [22]. The film thickness can be fig-
ured out from the periodicity of oscillations with the Bragg-like equation.
In polyion/nanoparticle bilayer, the growth step of polyion is usually
about 1–2 nm after one cycle of excess adsorption, and the thickness of
nanoparticle–polyion bilayers is determined by the diameter of the particle.
The values in Fig. 1.6 correspond to the curves of intensity of X-ray and
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PSS-d/myoglobin)8 film. (Reprinted from Handbook of Surfaces and

Interfaces of Materials with permission from Elsevier.)

neutron reflection for (PSS-h/myoglobin/PSS-d/myoglobin)8 films. Bragg
reflection is not observed in X-ray reflectivity due to the small scattering
contrast of polyanion and polycation layers. The concentration of polyion
solutions is 3 mg/mL; the adsorption time is 15 min at pH 4.5. In order
to achieve a distinct spatial separation of components, the intermediate
polyion layer needs to be thicker.

Another simple analysis of a layered structure can be performed with
UV-Vis absorbance spectroscopy. The amount of adsorbed layer can be
estimated according to the Beer’s law, provided that absorbance is propor-
tional to the available material mass. The dependence of absorbance on
the number of deposited bilayers (Fig. 1.7) reveals linear tendency. The
four curves (from bottom to top) represent absorption spectra of 8, 12,
20 and 28 bilayers of PAH/PSS thin film, respectively. Inset shows the
linear relationship between absorption of PSS at 230 nm and the number
of deposited bilayers. The absorbance of UV light increases linearly with
the growth of the film [25].

1.2.4. Tuning of Layer-by-layer Self-assembly

Although LbL self-assembly is a stable process, factors such as pH, ionic
strength and temperature may influence self-assembly to a large extent.
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Figure 1.7: UV-Vis absorption spectra of an 8-, 12-, 20- and 28-bilayer
PAH/PSS thin film. Inset shows the linear relationship between absorption of PSS
at 230 nm and the number of bilayers deposited. (Reprinted from Thin Solid Films

with permission from Elsevier.)

Taking nanoparticle–polyion self-assembly for instance, the packing den-
sity and adhesion of colloids to the polyion film can vary seriously,
depending on specific interactions between colloids and surface of the film
adjusted by process parameters.

In general, by adjusting the pH, we can control the deviation from iso-
electric point as well as the variation of charge density on polyion chain and
nanoparticle surface. By simply adjusting the pH, thin films with different
thickness can be easily produced, but sometimes a sub-monolayer or no
deposition is produced at all [26–30]. The packing density of nanoparticles
adsorbed onto the polyion thin film may be dramatically influenced by
pH. The pH determines the ionization degree of the incoming polyion or
nanoparticle as well as the ionization of the uppermost surface of the exist-
ing polyion or nanoparticle multilayer. As a typical example, let us consider
the adsorption behavior of 700 nm silica spheres on PAA/linear PEI (LPEI)
polyion films at different pH [28]. At pH lower than the isoelectric point
of LPEI �6�0∼7�0�, LPEI is highly ionized so that the electrostatic force
penetrates over one layer of the silica sphere, and a densely packed and
clumped multilayer is formed above the polyion film. At pH 8.1, the ion-
ization degree becomes lower, resulting in weak adsorption as seen from
the weakly packed submonolayer of colloids. In the most extreme cases,
at pH 9.0, LPEI ionization is practically stopped and the attraction force
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between the LPEI film and colloids diminishes; therefore, adsorption is
prohibited on the polyion film.

The addition of salt to change the ionic strength of incoming component
solution is another effective way to adjust adsorption behavior [27–29,31].
In general, the electrolyte ions are attracted around the surface of the float-
ing components, forming a double layer that screens surface charges. The
effect of double-layer screening is multifold. It may reduce intermolecular
repulsion, thus enhancing the aggregation of colloids. Moreover, it weakens
the electrostatic attraction among self-assembled components. Furthermore,
small charges in the adsorption solution break the ion-ion pairs between
the polyelectrolytes in the existing multilayer, swell the film, and allow
better penetration and incorporation of the incoming polyelectrolyte, thus
increasing the amount of adsorbed material and multilayer thickness.

The effect of surfactant molecules on colloids during self-assembly is
also observed [28,32–33]. At certain concentration, the surfactant molecules
surround the particle, resulting in a shield layer that reduces the over-
all surface charge density. As a result, the addition of surfactant into the
solution may weaken the attracting strength between the particle and poly-
electrolyte. On the other hand, the interaction between the tails of the
surfactant molecules may increase the degree of order of packed particles.

Temperature is another means of tuning self-assembly [34,35]. It has
been observed that alternate adsorption of silica nanoparticles (45 nm) and
PDDA is significantly influenced by the temperature of the solution in
which the template is dipped. In particular, the growth rate of the poly-
mer/nanoparticle bilayer is increased linearly with increasing temperature.
The rate at 90 �C is nearly twice higher than at room temperature. It
indicates a large potential upon the feasibility of mass production of self-
assembly whose drawback is low throughput. For example, a 600-nm thick
PDDA/silica film can be produced 2 h faster at 90 �C than at room tem-
perature. The mechanism of rate improvement is still not clear, but it has
been speculated that the increased mobility of self-assembly components
and the expansion of the polyelectrolyte layer may contribute to it.

1.3. Fabrication of Nanocomposite Thin Films

Synthesis of nanostructures and hybrid organic–inorganic materials accord-
ing to application requirements is one of the biggest achievements of
modern chemistry. Recently, a number of nanoscale materials, exhibiting
unique effects previously unidentified in the parent bulk materials owing
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to confined quantum effects and large surface area, have been discovered.
Appropriate techniques must be developed to organize various molecular-
and nanometer-scale materials into ordered and functional nanostructures
for the purpose of fully utilizing the new qualities as well as investigating
their fundamental properties.

LbL self-assembly also helps to fabricate nanomaterials, incorporating
different objects such as nanoparticles, dyes and virus into multilayer
structures with a controlled sequence, which exhibit a number of inter-
esting fundamentally new properties. Since the 1990s, the unique optical,
magnetic, catalytic and mechanical characteristics of films made of nano-
materials have been widely reported by many research groups. Practically,
a majority of these materials may have been incorporated into the multi-
layer by alternate adsorption with soft polyions, as shown in Fig. 1.1. The
intermediate soft polyions act as ‘chemical glue’ that holds the multilayers
more firmly because they make the interface smooth and surface charge
uniform. In the following, the assembly of polyions/nanocomponents
will be discussed. The alternate assembly of oppositely charged
nanocomponents without using polyions is similar to the former one.

With fast developments in material sciences, many new materials have
been continuously invented for thin-film fabrication, and large fractions of
which have already become commercially available. In studying the fea-
sibility of integrating new elements in the assembly, a standard procedure
needs to be established in selecting the appropriate assembly substances
and optimizing the assembly conditions. Many oxide nanoparticles have an
isoelectric point at pH 4–5. They are negatively charged at pH 7–8. They
must be assembled by means of alternate adsorption with polycations, such
as PEI or PDDA, at a proper pH value, which should be known prior to
the assembly. In general, the zeta potential analyzer, QCM and SEM can
be used to analyse the surface charge, growth rate and film quality of the
polyion/nanocomponent thin film, respectively.

The physical properties of colloids and suspensions are strongly depen-
dent on the nature and extent of the particle–liquid interface. Almost all
particulate materials, such as nanoparticles or proteins, in contact with a
liquid acquire an electronic charge on their surfaces to prevent aggrega-
tion, thus improving the stability of dispersion [36,37]. Zeta potential is an
important and useful indicator of this charge. The higher the zeta potential,
the more the surface charges the colloids have. Therefore, the suspension
is very likely to be stable due to the repulsion of charged particles helping
to overcome the natural tendency to aggregate. Because of the electrostatic
nature of LbL self-assembly, the measurement of zeta potential is always
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Figure 1.8: Typical Z-potential curve in dependence of pH.

the key parameter for understanding and designing process conditions. The
polarity and value of charged groups on the surface of nanomaterials, as
revealed by their zeta potential measurements, can directly affect their
performance and processing characteristics.

A typical plot of zeta potential versus pH is shown in Fig. 1.8. In this
example, the isoelectric point of the sample was at approximately pH 5.5.
A plot can be used to predict that the sample should be stable at pH
values less than 4 (sufficient positive charge is present) or higher than 7.5
(sufficient negative charge is present). The isoelectric point where the curve
passes through zero zeta potential is normally the point where the colloidal
particle has zero charge and colloidal system is not stable. Of course, the
LbL self-assembly should be far away from this point because it represents
the weakest electrostatic interaction.

A zeta potential analyzer usually supports the measurements of nanopar-
ticle size, polarity and amount of surface charge. Once the materials and
conditions for assembly are determined, the growth of the multilayer can
be monitored by either QCM or UV-Vis spectra. Before we integrate the
thin film into a device, its quality should be carefully checked. Films
used in electronic or sensing devices must be closely packed, providing
defectless structures and, therefore, preventing leaking currents or extra
resistivity. SEM can be used to directly visualize the detailed structure of
a self-assembled multilayer.
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1.3.1. Silica/Polyion Multilayer

Silica assembly can be considered as a representative example of
polyion/nanoparticle architecture. The negative surface charge of the silica
nanoparticle demands alternate adsorbtion of polycations such as PDDA
(3 mg/mL). Figure 1.9a shows the cross-sectional SEM image of three
bilayers of PDDA/silica nanoparticle (45 nm in size and 8 mg/mL in con-
centration) adsorbed on silver electrode. Figure 1.9b illustrates six cycles
of alternate adsorption of PDDA/silica as monitored by QCM. The film
has a permanent thickness of 270 nm, corresponding to 45 nm for every
bilayer close to the silica particle diameter. A film mass from QCM and
film thickness from SEM gives the density of SiO2/PDDA multilayers as
� = 1�43 ± 0�05 g cm−3. To calculate the silica packing coefficient in the
films, it is reasonable to assume that the dry film consists of SiO2 nanopar-
ticles, PDDA and air-filled pores. The total adsorbed mass equals to the
sum of the mass of the three components, giving the equation

��PDDA�V�PDDA�+��SiO2�V�SiO2�+��air�V�air� = �V

Given the component densities (� = 1�43� ��SiO2� = 2�2 and
��PDDA� = 1�1 g cm−3) and assume that the air term is very small,
V�SiO2�/V works out to be 0.7. This is very close to the theoretical dense-
packing coefficient for spheres (0.63), and consistent with details in the
SEM micrographs. The PDDA/SiO2 film’s volume composition is 70%
SiO2 +10% polycation +20% air-filled pores. These pores are formed by
closely packed 45 nm SiO2 with a typical dimension of 15 nm [38,39].

Saturation of adsorption can be attained very quickly. The growth of
SiO2 film remained nearly the same, as the adsorption time was changed
from 20 min to 15 s. The assembly of SiO2 particles with another polyca-
tion, PEI, gave similar kinetic parameters. The growth step for a PEI/SiO2

multilayer was slightly less than that for PDDA/SiO2 films. Height pro-
filing of the image shows a height difference of 10–20 nm, in reasonable
agreement with the actual particle radius of 23 nm.

1.3.2. Semiconductor Nanoparticle/Polyion Multilayers

The formation of polyion/semiconductor nanoparticle film is of great inter-
est for exploiting the unique optical and electronic properties of such
materials. A large variety of commercially available metal oxide semicon-
ductor nanoparticles are functionalized so that they carry surface charges
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to prevent aggregation. As a result, they can be assembled in combination
with linear polyions [39–41]. Figure 1.10 illustrates the steady growth of
PDDA/In2O3 nanoparticle (45 nm) thin film. The concentration of nanopar-
ticle dispersion ranges from 5 to 8 mg/mL. A precursor film consisting of
PDDA/PSS layers on the solid substrate is still used to assist successive
adsorption. The closely packed structure is readily obtained.

Growth of other nanoparticle films is possible if being alternately
assembled with oppositely charged polyions. Multilayers of cationic CeO2

nanoparticles, for example, at pH 3.5 were produced by sequential adsorp-
tion with anionic PSS. The growth step increased from 4 to 9.6 nm when
the CeO2 concentration is increased from 2 to 150 mg/mL.

Another type of semiconductor nanoparticles, the II-VI composites, can
be integrated into the multilayer with polycations. For example, CdS and
PbS nanoparticles can be alternately adsorbed on substrate with PDDA [41].

1.3.3. Au Nanoparticle/Polycation Multilayer

Alternate adsorption of Au nanoparticle with polycation such as PAH,
is possible because of negative nanoparticle charge (surface potential c.
−35 mV) due to the synthesis procedure. The saturation time necessary
for the formation of closely packed gold nanoparticle monolayer ranges
from a few to tens of hours, which is much longer than for other types
of nanoparticles, because of the low particle concentration in solution. In
order to obtain an ordered architecture, a vertical spatial separation of
nanoparticle layers in such sandwich-like films was elaborated: three to
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five polycation/polyanion interlayers were assembled between gold layers
(e.g., Au/�PAH+ �PSS/PAH�3–5	/Au). The gold surface (with roughness
of the order of the radius of nanoparticles) was covered and smoothened by
6–10 nm polyion layers. Further ‘sandwiching’ of gold nanoparticles with
thick polyion interlayers resulted in ordered gold/polymer heterostructure.
The low-angle X-ray reflectivity of these samples gave two to three orders
of Bragg reflections with spacing corresponding to such complex unit
cell [6,42].

1.3.4. Layered Ceramic Plates

The mica-type layered silicates can bear a natural negative charge because
of the isomorphous substitution of silicon in octahedral sheets by alu-
minum or magnesium [22]. The charge is generally balanced by potassium
cations that reside in the galleries between layers. The high lateral aspect
ratios have rendered it suitable for the construction of ultrathin ceramic
films. Alternating layers of polyion/ceramic sheet sandwich films can be
constructed in a similar way as described above. Multilayers of anionic
synthetic silicate-hectorite and cationic PDDA were produced by apply-
ing LbL adsorption [41,43]. In an experiment to build multilayers with
alternating 1-nm thick montmorillonite sheets and cationic PEI, the film
thickness increase was 1.1 nm for montmorillonite adsorption cycle and
2 nm for PEI. After 20 cycles, the resultant film had a permanent thickness
of 63 nm (Fig. 1.11).

1.3.5. Conductive Polymers/Polyion Multilayer

LbL processing makes it possible to manipulate conducting polymers within
multilayer thin films. Rubner et al. presented an approach to incorporate
controllably highly conductive, p-type doped conjugated polymers into
multilayer heterostructure films. In this case, the self-assembly process was
based on induced electrostatic interactions between the negatively charged
PSS and the positively charged p-type doped and electrically conductive
chains of polypyrrole (PPY). The delocalized positive charges (polarons
and bipolarons) of the doped conjugated polymer backbone provide the
secondary forces required for LbL deposition with PSS. The p-doped con-
ductive polymer dipping solution typically contains 0.006 M FeC13, 0.02 M
pyrrole monomer and 0.026 M p-toluenesulfonic acid (PTS). The solutions
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25 KV5 X50.0 K 600 nm

Figure 1.11: PEI/montmorillonite sheets multilayer (Reprinted from Langmuir
with permission from American Chemistry Association.)

were stirred to assist the PPY-PTS reaction, continuously producing PPY
by polymerization reaction to the solution during dipping. Therefore, in situ
polymerized PPY can be self-assembled with suitable polyanions (PSS)
into multilayer thin films [44].

Ozin demonstrated the synthesis of water-soluble organometallic poly-
electrolyte, polyferrocenylsilanes (PFS). As a result, the organic polymer
superlattice is fabricated based on the multilayer of organometallic PFS and
polyanionic PSS, which offers interesting redox, conductive or preceramic
properties [45].

1.3.6. Carbon Nanotube/Polyion Multilayer

Normally, carbon nanotubes are electrically neutral. In order to make them
applicable for LbL fabrication, the nanotube must be chemically modified
to carry some net surface charge [46–49]. Ionic groups can be covalently
attached to either open tube ends or defect sites of oxidatively short-
ened or cut nanotubes. However, the covalent addition of the ionic group
may destroy the unique electronic properties of the tube. Lukkari et al.
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developed a technique to fabricate full-length, single-wall carbon nan-
otubes (SWNTs) that possess sufficient surface charge density based on
the noncovalent modification of nanotubes by coupling several polyaro-
matic ionic molecules. These nanotube polyelectrolytes have a linear ionic
charge density when electronic properties and high aspect ratio are retained.
They are similar to that of highly charged polyelectrolytes and can form
aqueous solutions with sufficiently high concentration and stability good
enough to be used in LbL assembly. Depending on the ionic modifier, the
neutral nanotube can be freely converted either to a highly charged polyan-
ion or a polycation. Therefore, homogeneous tube/polyelectrolyte can be
manufactured. Moreover, an extremely important finding is that tube/tube
multilayers can be electrostatically assembled in multilayers without any
polyion components.

SWNTs could be introduced into polyionic, water-soluble species via
noncovalent adsorption of naphthalene and pyrene derivatives. To prepare
tube/polyelectrolyte multilayers, anionic nanotubes were alternately assem-
bled with poly(diallyldimethylammonium chloride) (PDADMA), MW
100 000–200 000, or PAH. The immersion time in tube water solution was
about 30 min. For cationic SWNTs, PSS was used as the counter polyelec-
trolyte. SWNT/SWNT multilayers were prepared by alternately assembling
anionic and cationic SWNTs [46]. The concentration of PDADMA, PAH
and PSS solutions was 10 mM with respect to the monomer, and the ionic
strength was adjusted with NaBr (PDADMA and PSS) or NaCl (PAH) to
0.1 M. Similarly to other polymer/nanoparticle multilayers, the adsorption
of the tube is increased slowly during the first 5–10 bilayers, after which
the growth process was accelerated and became linear.

1.3.7. Protein/Polyion Multilayer

Most of the protein species are suitable for LbL assembly. Ordered multi-
layers have been produced in a similar way as other polyion/nanocompenent
structures. Protein multilayers were assembled with either positively
charged PEI, PAH, PDDA, chitosan or negatively charged PSS, DNA and
heparin [6,50–54]. Specific process conditions were developed to set the
pH of the protein solutions apart from the isoelectric point so that proteins
are sufficiently charged. So far, the assembly of different proteins was suc-
cessfully achieved, including cytochrome [6,53], carbonic anhydrase [22],
myoglobin [6], hemoglobin [6], bacteriorhodopsin [55], pepsin [6], per-
oxidase [56,57], alcohol dehydrogenase [57], glucoamylase [6], glucose
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oxidase [6], immunoglobulin [19], catalase [53] and urease [58]. Homo-
geneous layers with proteins and strong polyions, such as PSS, PEI and
PDDA, were insoluble in buffer for a pH range between 3 and 10 [6]. More
importantly, assembled proteins are, in most cases, not denaturated [19,59].
The LbL immobilized enzyme in multilayers may both enhance its enzy-
matic stability and bioactivity linearly with the number of layers up to c.
10–15 protein layers, when the saturation of film bioactivity is reached.
Bioactivity can be regulated by the compactness of protein multilayers. As
it was shown, glucose oxidase, myoglobin and albumin multilayer films
were compact, but immunoglobulin IgG/PSS multilayers had porous struc-
ture with areas as large as 100 nm in diameter unfilled in the upper layers
of the film [19,20]. Figure 1.12 shows the SEM image of cross-section of
(PEI/glucose oxidase)8 multilayer on quartz [6].

Protein film

Silver electrode

Bulk quartz

121711 25 KV X 30.0 K 1.00 µm

Figure 1.12: SEM image of (PEI/glucose oxidase)8 film deposited onto the
silver-coated resonator. (Reprinted from J.A.C.S. with permission from

American Chemical Society.)
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1.3.8. DNA Multilayer

LbL self-assembly has been extended to another important biological
macromolecule – i.e., DNA. As an anionic polyelectrolyte with a unique
double helix structure, DNA can be readily used to produce ultrathin
films with cationic materials by the LbL technique. A lot of works has
been successfully done to construct highly ordered structures of DNA
films with different kinds of molecules, such as polycations, proteins,
organic dyes, metal complexes and rare earth metals, through the LbL
technique. For example, Jansen et al. fabricated and characterized the
poly-D-lysine (PDL)/DNA multilayer coated on titanium with PDL as a
polycation [60,61]. DNA immobilization into the coating was linear and
approximated 3 
g/cm2 for each double layer. Yinglin et al. produced thin
films of alternating DNA and rare earth ion Eu�3+� layers from dilute
aqueous solutions [62]. UV-Vis spectroscopy shows that a uniform layer
of DNA can be fully adsorbed onto each alternate Eu�3+� layer.

1.4. Modified Procedures

1.4.1. Spin Layer-by-layer Self-assembly

Several procedures in LbL self-assembly may vary in view of either improv-
ing the property of thin film or satisfying specific design requirements.

One such modified procedure to mention is the spin LbL self-
assembly [63–66]. Unlike the conventional dip self-assembly, the poly-
cation, polyanion or nanoparticle solutions are spun cast on the template
by a spin-coater with intermediate rinsing by spinning DI water on the
template. Interestingly, the growth rate is at least one order of magnitude
higher than that of the dipping process; the surface roughness of the multi-
layer is significantly decreased and the internal structure is highly ordered.
These improvements may be attributed to the shearing effect. The dip self-
assembly consists of slow diffusion of the components toward the surface
with successive migration and conformation over the surface under electro-
static interaction. The weakly attached molecules are removed only during
discrete rinsing. All the above steps are completed nearly simultaneously
at a high rotating speed. In addition, water molecules are considered to
somewhat hinder adsorption because it screens the electrostatic attraction
when it stays between two oppositely charged components. In the spin
self-assembly process, the water molecules are spun off the multilayer
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surface at the same pace as adsorption so that adsorption is dramatically
enhanced due to increasing electrostatic attraction. The spinning process
also provides a well-ordered internal structure and consequently a smoother
surface because the shearing effect assists the line-up of molecules among
multilayer.

1.4.2. Spray Layer-by-layer Self-assembly

Another variation of spin LbL self-assembly is the spray self-assembly
in which oppositely charged polyions and nanoparticles are sequentially
sprayed onto the substrate within only a few seconds after each step [67,68].
Between every two depositions, the surface is washed by spraying DI
water. Several measurements made by QCM, UV-Vis light absorbance,
ellipsometry and X-ray diffraction (XRD) suggest that a highly uniform
multilayer is produced in a large area within a short time interval while mor-
phology, uniformity and chemical composition of the sprayed multilayer
are nearly identical to the conventional ones.

1.4.3. Covalent Layer-by-layer Self-assembly

LbL composite materials constructed so far were mainly based on elec-
trostatic interaction, hydrogen bonding, charge-transfer interactions and
coordination bonding. However, these types of interactions may be insuffi-
cient to stabilize the composites for some applications such as high-speed
spin coating of photoresist and etching by strong chemicals in lithographic
process. The LbL composites can be strengthened by covalent cross-linking.

Sun et al. have reported the new type of LbL composite that is cova-
lently bound [69,70]. The LbL multilayer was fabricated by depositing
photoreactive films containing diazo-resins (DAR) as polycations and PSS
as polyanions, which were held together by electrostatic interactions. The
fabrication of the multilayer containing DAR and PSS was performed in the
dark. The assembled films containing bilayers of DAR/PSS were irradiated
with a medium-power mercury lamp. Upon UV irradiation, the adjacent
interfaces of multilayer films reacted to form a crosslinking structure based
on the photoreaction of diazonium and sulfonate groups in multilayer films.
The infrared (IR) spectroscopy observed two adsorption peaks at 2166 and
1178 cm of 12 bilayers of DAR/PSS assembled on a CaF2 substrate before
UV irradiation, originated from the asymmetric stretching of CN2 and sym-
metric stretching of SO3, respectively. After UV irradiation, the adsorption
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at 2166 cm disappeared completely, indicating the decomposition of dia-
zonium group. Meanwhile, a new adsorption at 1162 cm appeared, which
corresponds to the symmetric stretching of sulfonate coupled with phenyl
group [69,70]. Owing to the formation of three-dimensional crosslinked
structure based on covalent bonding, the resulting multilayer films are
much more stable than those based on ionic interactions.

This technique of converting ionic LbL multilayer to covalently bonded
multilayer has been extended to the fabrication of other robust LbL self-
assembled thin films. Kotov et al. reported the fabrication of a LbL film
constructed by cationic DAR and PSS-functionalized SWNTs [71]. The
covalent linkages between SWNTs and PSS were formed by in situ free
radical polymerization of sodium 4-styrenesulfonate (NaSS) in the pres-
ence of pristine HiPco SWNT. Multilayer films of DAR/SWNT-PSS were
constructed using aqueous solutions. Multilayer films of DAR and anionic
polyelectrolytes reacted to form covalent linkage upon UV irradiation.
Moreover, diazonium groups can also react with SWNT thermally at room
temperature in aqueous solution to form chemically functionalized SWNT.
Therefore, LbL films from anionic polyelectrolyte-functionalized SWNT
and DAR, having chemical crosslinking both between SWNT and DR and
between polyelectrolytes and DAR, have excellent stability and strength.

1.5. Surface Patterning

LbL self-assembled multilayers have been used in various applications
including light-emitting devices, biochemical sensors, multilayer actuator,
etc. The capability of patterning the multilayer is the prerequisite of device
fabrication. Since even the simplest device is made of more than one type
of building block, the spatial separation of different building blocks both
vertically and laterally must be achieved before thin films can be integrated
into the device.

The patterning methods reported so far can be divided into three
categories: selective adsorption, selective etching and photolithography
method. Selective adsorption requires the fabrication of two types of func-
tional regions on the surface before adsorption. The alternate functional
regions either improve adsorption or resist it. The substances are prefer-
entially attracted onto the adsorption-enhancing region while repulsed by
adsorption-resisting regions. The adsorbates are self-assembled layer by
layer only on adsorption-enhancing regions.
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The formation of functional regions can be achieved by many ways.
The microcontact printing method uses a surface patterned polydimethyl
siloxane (PDMS) stamp to print chemicals onto the substrate [72,73]. At
first, an adsorption-enhancing substance, such as acid (COOH) terminated
self-assembled monolayer (SAM), is applied all over the surface. Then,
an adsorption-resisting substance, such as oligoethylene glycol (EG) in the
form of ink, is attached on the surface of PDMS and then printed onto
the substrate, forming alternate adsorption-enhancing and resisting regions.
The ink transfer makes use of low surface energy of PDMS �19�8 mJ/m2�.
Once the template is immersed in the solution, the adsorbates are directed
onto the COOH region, whereas they stay off the EG region. This method
is simple and, at the same time, satisfies selectivity and biocompatibility
requirements. So far, resolutions of sub-micrometer and even down to
nanometer have been achieved [74].

Lateral separation of attractive and repulsive regions can be achieved by
the electric field directed layer-by-layer assembly (EFDLA) method [75].
Electric fields accelerate and decelerate the deposition of charged species on
an electrode, which is the basis of the electrophoretic deposition technique.
The key advantages in the EFDLA method are achieving spatially selective
deposition and controlling the start and stop points of ionic self-assembling
on different areas of a substrate in order to eventually prepare spatially
separated patterns. At first, an array of conductive electrodes must be
laterally defined on the substrate. During successive deposition, the bias of
different electrode regions is programmed in order to control the deposition
of charged species. By delicate control of deposition, multi-components
can be adsorbed onto the desired regions according to the design. If the
distinction between accelerating and decelerating effects is sufficient, the
control of growth or repulsion of thin film driven by electrostatic interaction
can be realized on electrodes. Moreover, if a series of electrodes are placed
on the same substrate and spatially separated, one can deposit different
types of films on different electrodes by programming the polarities on
each single electrode. Using successive depositions of different materials,
spatially separated patterns can eventually be formed.

Another method to form regions with different chemical functional-
ity is by way of microfluidic channels combined with the convective
self-assembly process employing both hydrogen bonding and electrostatic
intermolecular interactions. Microfluidic channels were formed by direct
contact between an elastomeric PDMS mold and a hydrophilic substrate.
PDMS stamp was obtained from a silicon master prepared by photolithogra-
phy. The chemically patterned template was prepared by attaching polyion
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bilayers within the confined space defined by microfluidic channels. In
one report, �PVP/PAA�5 multilayer films were sequentially deposited
inside the channel region [76]. The patterning was performed in two steps.
The polymer solution was first allowed to fill the microfluidic channels by
capillary action. Channel filling enabled the polymer to adsorb onto the
substrate. The removal of residual polymer solution was then carried out by
the spinning process. These two steps were repeated for a predetermined
number of bilayers. After the micropatterns of �PVP/PAA�5 multilayer
films were obtained, PDMS stamp was removed, leaving a chemically
alternating template with blank substrate and �PVP/PAA�5 multilayer. The
carboxylic acid groups of PAA, an outmost layer of the template, are par-
tially ionized and thus enable the adsorption of cationic polyelectrolytes.
For example, an alternate deposition of poly(diallyldimethyl ammonium
chloride) (PDAC) and PSS onto micropatterns was demonstrated by spin
self-assembly. These multilayer micropatterns with vertical heterostructure
reveal high line resolution and smooth surface. Perfect selectivity is given
by the physical confinement of microfluidic channel. Sub-micron patterning
is also possible using a mold with controlled geometric structure.

Selective etching makes use of different conditions under which LbL
self-assembled multilayers are constructed and deconstructed. It has been
found that, besides electrostatic interactions that have been utilized as the
main driving force of assembly process, hydrogen-bonding interactions
can be used for LbL processing. Hydrogen-bonded multilayers comprising
weak polyacids could be assembled at low pH and subsequently dissolved
at a higher pH as a consequence of increasing the degree of ionization of
weak polyacid. New patterning schemes are derived from this mechanism
by stabilizing hydrogen-bonded multilayers to high pH environments. Ther-
mal treatment can be used to render normally soluble hydrogen-bonded
multilayers insoluble at high pH. In one study [77], PAA and polyacry-
lamide (PAAm) �MW = 5 000 000� were alternately deposited at pH 3.0
for constructing multilayer films. Both dipping and rinsing solutions must
be maintained at low pH to avoid dissolution of the film. The hydrogen-
bonded PAA/PAAm multilayer films became completely soluble in water
at pH 5.0 or higher in attribution to the ionization of PAA acid groups
at high pH, which disrupts the hydrogen-bonded network and introduces
electrostatic repulsive forces However, heating the film at 175 �C for 3 h
(or at lower temperatures for longer time) introduces chemical cross-links
that stabilize the multilayer assembly even at pH 7 in a buffered solution.
The heated multilayer film remained unchanged on the substrate even after
24 h of immersion in the pH 7 buffer solution. In contrast, the as-prepared
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multilayer film dissolved immediately when immersed in this solution.
The ability to stabilize hydrogen-bonded multilayers via thermal reactions
makes it possible to readily form patterns from these films with water as a
developing agent. An ink-jet printer can be used to ‘print’ pH 7.0 water on a
multilayer film, followed by heat treatment �95 �C� for 8 h and rinsing with
water. The regions ‘printed’ with water are rendered noncross-linkable due
to the ionization of acid groups of PAA, whereas the nonprinted regions
become cross-linked by heat treatment.

As mentioned earlier, some diazo-resins (DARs) are photosensitive;
therefore, a multilayer of DARs and polyions may have different solu-
bility prior to and after UV irradiation. For example, covalently attached
DAR/PAA multilayer can be fabricated by the LbL self-assembly of DAR
and PAA in aqueous solutions, followed by UV irradiation. The reac-
tion between DAR and PAA under UV exposure changes the interaction
between films from ionic to covalent bonding, thus significantly improving
the stability of the multilayer as compared to the unexposed film. Once
the multilayer is fabricated, it is irradiated by UV light with a photomask
between the light source and multilayer. The cross-linked and noncross-
linked regions are generated after UV irradiation. The noncross-linked
regions can be selectively etched by an aqueous solution with appropriate
pH value [77].

Recently, a new technique, different from selective deposition and
etching, was developed by combining the traditional photolithographic pro-
cess with LbL assembly [74]. It allows a reliable patterning process on
account of its compatibility with the existing technologies used for the pro-
duction of traditional microelectronic devices. Figure 1.13 illustrates the
patterning of LbL self-assembled polyion/nanoparticle multilayer. At first,
a template with patterned photoresist is fabricated by photolithography.
Then, the polyion and nanoparticles are alternately deposited on the entire
surface. Finally, the template is immersed in acetone until the photoresist
dissolves. This lift-off process removes both the photoresist and substances
on top of it. However, during the lift-off process, sonification is necessary
in order to break the polyion network; otherwise, substances above the
photoresist settle down on the surface.

Reference [78] gives an example of the application of this kind of
patterning. A 1 
m thick photoresist layer was lithographically patterned
on silicon wafer. The feature that emerged consisted of alternate 5 
m-wide
lines separated by spaces of same width. Then, the �PDDA/PSS�4 +PDDA
precursor multilayer was adsorbed on the entire surface. Both PDDA and
PSS solutions had a concentration of 3 mg/mL, ionic strength of 0.5 M
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Figure 1.13: Schematic of lift-off to pattern layer-by-layer self-assembled
nanoparticle thin film.

NaCl and pH 7. At this point, the outermost layer was positively charged
PDDA. Silica colloids (300 nm diameter) in 0.02 M NaCl, 1 mg/mL, pH
9 whose surface was modified to be negatively charged, were adsorbed
in the sequence of �PDDA �10 min�/silica �2 5 min��3. For each step, the
substrate was rinsed in DI water for 1 min and dried by nitrogen flow
between immersions. Finally, the substrate was put into acetone solution
with ultrasonic treatment for 5 s to remove the photoresist. Figure 1.14
illustrates clear and distinct images of silica bead strips on the resulted
wafer observed by SEM. The 5-
m strips containing the polyion precursor
with nanoparticle multilayer are well shaped and have sharp borders. The
silica particles are closely packed with few vacancy defects. The average
roughness of the strip borders is less than one particle diameter (in this
case 300 nm, but it could be lesser if smaller particles were used). There
are no particles in the areas between strips.

This process has also been applied to fluorescent materials. In ref-
erence [78], negatively charged 45-nm diameter fluorescent nanoparti-
cles were assembled over a similar precursor: �PEI + �PSS/PDDA�3 +
Fluoresbright/PDDA�3	 following the same experimental procedure.
Another mask with wider strips was used to make the pattern well visible
through a fluorescent microscope (Fig. 1.15). One could see a sharp green
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Figure 1.14: SEM pictures of self-assembly patterns. All with SiO2 particles of
300 nm in diameter at the outermost layers. The line width is 5 
m. (Reprinted

from Langmuir with permission of American Chemical Society.)

Figure 1.15: Fluorescent images of 25 
m wide multilayer of
�PEI + �PSS/PDDA�3 + �fluoresbright/PDDA�3	 produced on silicon. (Reprinted

from Langmuir with permission from American Chemical Society.)

pattern indicating permanent coverage fluorescent multilayers with strips
25 
m wide and dark areas 12 
m wide.

In order to incorporate two or more different elements within a pattern
or array, the lift-off method may be extended with an addition of one more
step. The ‘two lift-off’ method shown in Fig. 1.16 can separate two types
of LbL self-assembled substances [79].

The desired geometry was lithographically defined on the photore-
sist layer [79]. After a coating with PDDA/PSS precursor multilayer, the
negatively charged 64-nm polystylene nanoparticles were adsorbed onto
the PDDA surface. Then, aluminum (90 nm thick) was coated on the
nanoparticle layer. At this moment, the first lift-off process was carried
out by immersing the sample into acetone. Another type of nanomaterial,
a 150-nm polystylene nanoparticle, was adsorbed onto the entire surface
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Figure 1.16: Schematic of ‘two lift-off’ method

alternately with polyions. The second lift-off process dissolved aluminum
and removed the 150-nm nanoparticles above it. Figure 1.17a illustrates
the photoresist template on silicon wafer with periodically arranged 5-
m
squares. Figure 1.17b shows that polystylene nanoparticles, 64 and 150 nm
in diameter, settle inside and outside the tiny square.

150 nm latex
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64 nm latex
nanoparticle 

(a)

905X 25.0 kV
10 µm
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(b)

Figure 1.17: SEM images of the spatial separation of two nanoparticles layers at
different magnification: (a) matrix comprised of 5 
m squares; (b) 64-nm

nanoparticles were filled in the square and 150-nm ones surrounding them.
(Reprinted from Thin Solid Films with permission of Elsevier.)
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1.6. Current and Potential Applications

Based on the numerous available charged species suitable for LbL self-
assembly and the capability of spatially manipulating these species, the
LbL self-assembly technique finds a wide range of applications, rang-
ing from anticorrosion coatings, body armor and biomedical implants, to
nanocoated microshells for drug delivery, fluorescence-based microsen-
sors, and scaffolds for tissue growth. Let us discuss several examples
of main applications of LbL technique. These include electronic devices,
optical coatings, biomedical applications and self-assembly on nonplanar
surface.

1.6.1. Current Applications

Electronic devices

LbL assembly has the capability to fabricate basic electronic devices
including light-emitting diode (LED), rectifying diode, metal-oxide-
semiconductor field effect transistor (MOSFET), MOS capacitor, MOSFET
structured sensor, solar cell, etc.

Alivisatos et al. fabricated a rectifying p–n junction from a p-type semi-
conducting polymer (SCP) layer, poly(p-phenylenevinylene) (PPV), and an
n-type semiconductor nanoparticle layer, CdSe [80]. These ultrathin films
were constructed by alternate adsorption of layers of CdSe nanoparticles,
1,6-hexanedithiol and PPV. Later, Fendler et al. further demonstrated both
rectifying behavior in the forward direction and Zener breakdown in the
reverse direction by controlling the degree of p-doping in the SCP without
affecting the properties of the n-type semiconductor nanoparticle layer [81].
Such Zener junction cannot be constructed exclusively from SCPs because
p- and n-types of doping cannot be separately introduced to the neighbor-
ing layers. Additionally, the doping effect of n-doped SCP (polypyrrole or
polythiophene, for example) tends to disappear upon exposure to air [81].
This problem can be overcome by coupling the p-type SCP to an n-type
semiconductor nanoparticle layer.

New electroluminescent devices have been fabricated by polymer and
inorganic semiconductor quantum dot layers. Chen et al. presented a
nanoparticle LED (NLED) that was fabricated by LbL assembly of PPV
and CdTe nanoparticles [82]. The turn-on voltage for electroluminescence
is 4.0 V. Electroluminescence is exclusively from CdTe nanoparticles,
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with a 30 nm red shift in the emission wavelength from photolumines-
cence and shifts to longer wavelengths at higher applied voltages. The
red shift of electroluminescence may be attributed to the reabsorption
of larger dots within the nanocrystal layer due to energy transfer from
small to large dots or local Joule heating from the large current flux and
poor thermal conductivity. Similarly, the voltage-tunable red shift may
be attributed to trap filling or detrapping of surface states/interface states
and the quantum confined Stark effect. LbL fabricated NLED may pro-
vide voltage-tunable multicolor emission with high contrast. The newly
assembled multilayer enhances the efficiency of LED and hole transport
performance [83].

One of the fundamental devices in modern integrated circuit (IC),
the metal-oxide-semiconductor capacitor, was also realized by the LbL
process [84]. In particular, capacitor arrays were constructed on both
p- �>1 
cm� and n-type �>1 
cm� silicon wafers. The geometry of
capacitor arrays was patterned on the photoresist. Then, six layers of 45-
nm silica nanoparticles were adsorbed onto the silicon wafer alternately
with PDDA. The sequence of alternate immersion was �PDDA +PSS�2 +
�PDDA+silica�6 with necessary intermediate rinsing and drying after each
immersion. Aluminum electrodes were evaporated in vacuum on the top.
Finally, the photoresist was dissolved, leaving the capacitor arrays on sil-
icon surface. The silicon wafer and vacuum-evaporated aluminum served
as electrodes with silica nanoparticle sandwiched inbetween as the insulat-
ing layer. This process combining lithography and LbL assembly resulted
in the high-resolution patterns of capacitor arrays with sharp borders. All
45-nm SiO2 spheres were closely packed to form a dense structure, leading
to a negligible leakage current. The surface roughness of the capacitor was
6.5 nm measured by a roughness step tester (RST). The fabricated device
demonstrates the C–V curve of a typical MOS capacitor with distinct accu-
mulation, depletion and inversion regions, as shown in Fig. 1.18. Since the
inversion of a p-type MOS capacitor happens at a positive voltage and an
n-type one at a negative voltage, the C–V curves move in opposite direc-
tions for p- and n-type MOS capacitors. For the given size of each square
device, the dielectric constant of self-assembled oxide layer is 6, which
is higher than that of the bulk silicon dioxide layer (3.9). The relatively
high dielectric constant may be attributed to the precursor and intermedi-
ate polyion multilayer because the dielectric constant of polyion films is
normally ten times higher than that of silica. The experimental results also
show that the capacitance of each device is strictly proportional to the area
of electrode, implying an extremely high reproducibility of the processes.
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Figure 1.18: Capacitance versus voltage curves of MOS p- and n-type capacitors.
(Reprinted from Nanotechnology with permission from Institute of Physics.)

MOSFET circuits are the most widely used active elements accounting
for more than 90% of the IC market. A MOSFET transistor typically needs
three functional layers, namely metal, oxide and semiconductor layers.
It was reported that the oxide and semiconductor layers of a MOSFET
were realized by LbL self-assembled nanoparticle layers instead of the con-
ventional techniques based on evaporation and/or epitaxy processes [85].
As illustrated in Fig. 1.19, the metallic source and drain electrodes were
initially formed on a silica layer. The second lithography step provided an
opening of photoresist area just above the channel region. Then, six layers
of 15-nm SnO2 and 45-nm SiO2 nanoparticles were LbL self-assembled on
the surface. Aluminum was vacuum evaporated on top of the structure as
the gate electrode. The final lift-off step generated the structure of MOSFET
by dissolving the photoresist. The SEM image, Id–Vd drain voltage-current
characteristics under different gate voltages and gate transfer characteris-
tics of the MOSFET are shown in Fig. 1.19. The Id–Vd curve indicates
that, when the gate voltage exceeds the threshold voltage and increase in
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Figure 1.19: (Left column) Schematic of the MOSFET fabrication; (right
column) from top to bottom: SEM image of the appearance of self-assembled

MOSFET; Id–Vd characterization of MOSFET. (Reprinted from IEEE
Transactions on Electron Devices with permission of Institute of

Electrical and Electronics Engineers.)

positive polarity, drain currents rise more steeply at small drain voltages
and show saturation tendency at high drain voltages. The threshold voltage
is 3 V, on-off current ratio 104, and mobility 2�1×10−2 cm2/V-s.

Note that the LbL fabricated electronic devices are inferior to the
conventional ones in terms of performance. However, they show a high
potential in special applications such as biological and chemical sensors
where silicon technology is not adequate.

Optical coating

Low-cost and high-performance antireflection (AR) coatings can be real-
ized by sequential deposition of polyelectrolytes and single-layer silica
particle (110 nm in average diameter) coatings onto the glass substrate [86].
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Reflectance of 0.07% can be achieved without scattering in the region of
visible light. The coating is designed in a way that the relative phase shift
between the beam reflected at the upper and lower boundaries of the thin
film is 180�. Destructive interference between the two reflected beams
occurs, canceling out both beams before they exit the surface. Optical
thickness of the coating must be an odd number of quarter wavelengths
(�/4, where � is the design wavelength). AR coating can also be achieved
by polyion/polymer particle sequential adsorption. In this case, tuning the
effective wavelength using deformation of the particles by heat treatment
above the glass transition temperature is possible. Deformation of the
particles seems to change both the refractive index and thickness of the
coating.

Efforts have been made by Rubner et al. to produce low-cost antifog
coating with layered composite films [87]. Glass fogs up when warm,
moist air comes into contact with it, forming tiny water droplets on the
hydrophobic glass surface. The droplets scatter light, causing the surface to
become translucent. As a solution to this problem, a nanoporous and super-
hydrophilic multilayer composing of alternating layers of PAH and silica
nanoparticles may be coated on the glass. It causes the water droplets to
flatten into a thin uniform sheet rather than form the usual light-scattering
beads. Finally, the coated glass substrate may be heated to 400 to 500 �C
to burn off the polymer and make the coating more durable by fusing the
silica nanoparticles.

Biomedical applications

LbL self-assembly has been widely used for the construction of biosen-
sors [88,89,90]. A sensitive enzyme-based FET biosensor for lactate has
been fabricated by the incorporation of MnO2 nanoparticles onto the
gate electrode surface by the LbL assembling method [88]. In particular,
(PDDA/MnO2/PDDA/lactate oxidase �LOD��3 multilayer films were con-
structed above the gate surface. Figure 1.20 shows the idealized structure
of multilayer films used in biosensor structures. LOD works as a catalyst
for transferring lactate to pyruvate by oxidation, with O2 being reduced
to hydrogen peroxide. MnO2 nanoparticles were introduced as an oxidant
to react with H2O2, which results in a pH sensitive change in the active
membrane of ion-sensitive field-effect transistor (ISFET) with the addition
of lactate. The pH variation induced by hydrogen ions consumed during
the reaction could be monitored by the ISFET. This biosensor is suitable
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Figure 1.20: Schematic of an ISFET biosensor for lactate. MnO2

nanoparticles are integrated into the multilayer structure.
(Reproduced by permission of Royal Society of Chemistry.)

for monitoring very small pH variations occurring during enzyme reactions
(such as LOD).

LbL-deposited thin film can provide additional functional elements,
thus increasing the biological efficiency. Antimicrobial agents, often
incorporated into the coatings, are important for sterility (e.g., hospital
trays) and to prevent infection. These may be LbL assembled in a poly-
meric film or coating to provide a sustained release of medicine into a
wound to prevent infection and thereby promote healing [91]. Polymeric
films are prepared by alternately dipping a poly(ethylene terephthalate)
(PET) substrate into dilute solutions of PEI and PAA. Prior to dipping,
the antimicrobial ingredients are dissolved into the positively charged PEI.
By using thin, more transparent coatings, it is possible to monitor wound
healing without removing the bandage. Creating a film with the antiseptic
already in its ionic form could produce greater effectiveness with lower
concentration, which may also help to prevent side effects from overdose.

LBL assemblies have also exhibited wide utility in other important
biomedical applications such as creation of biocompatible/bioactive sur-
faces. For example, LbL assembly was used to modify poly(L-lactic acid)
(PLLA) surface and improve its cytocompatibility to human endothelial
cells [92]. Chitosan and PSS were chosen as the polymer combination
because of their cytocompatibility and layer stability in culture medium.
At first, free amino groups were introduced onto polyester scaffolds via
aminolyzing the ester groups with diamine. Next, the positively charged
chitosan was deposited onto the aminolyzed PLLA membrane surface using
PSS as a negatively charged polyelectrolyte. Later, the culture of HUVECs
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in vitro showed that cytocompatibility of the modified PLLA was improved
obviously [92].

LbL self-assembly on nonplanar templates

Initially, LbL self-assembly was performed on planar supports. Later, other
supports such as fibers, carbon nanotubes and colloidals (with particles
sizes ranging from hundred nanometers to a few microns, e.g., latex spheres,
inorganic or protein microcrystals, and lipid microtubules) were introduced,
and the coating layers replicate the shape of the support. After removal of
the support by solvent extraction, chemical decomposition or calcination,
hollow objects are formed. The assembly process elaborated for planar
solid substrates can be adapted for micro- and nano-templates [93–95].
In the process of core-shell fabrication, c. 1010 core particles are added
to a centrifuge tube; a polyion solution is added to a suspension of col-
loidal particles. After adsorption saturation, the particles are separated from
free polyions in the solution by centrifugation or filtration, and the super-
natant containing the unadsorbed species is removed. Then, an oppositely
charged polyion solution is added to the suspension of particles, depositing
another polyion layer around the particles. In the same manner, one can
deposit any number of polyion layers on the template by repeating this
procedure (Fig. 1.21). Furthermore, any charged material can be deposited

Polyanion
(PSS)

Polycation
(PET)

300 nm

Anionic
particles

Figure 1.21: (Top) Schematic representation of core-shell synthesis and TEM
image (bottom) of 45-nm diameter silica shell on 300-nm diameter core and
SEM image of 400-nm diameter core coated with glucose oxidase multilayer

and 12-nm magnetite nanoparticles. (Reprinted from Langmuir with
permission of American Chemical Society.)
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using this approach. Usually, the shell architecture contains the following
sequence of layers: �polycation/polyanion�4–6. An example of a typical
shell composition is �PSS/PAH�4–6. The core can be dissolved in many
different ways to result in a hollow capsule. For example, MnCO3 micro-
crystal cores can be dissolved by using EDTA. A solution of 0.1 M HF
can dissolve silica core. Since nanoshell formation was first published in
1998–1999 by Möhwald and Sukhorukov et al., the structure of nanoshells
was characterized in detail and the procedure of polymer, nanoparti-
cle and enzyme incorporation into the capsule shell was significantly
developed.

The core-shell technique was applied to different micro- and
nano-encapsulated drugs, including furosemide, dexamethasone, insulin
and nifedipine, providing enhanced colloidal stability and controlled
release [96–101]. For example, furosemide microcrystals were encapsulated
with polyions and gelatin to control the release of drug in aqueous solu-
tions [96]. Sequential layers of PDDA and PSS were alternately deposited
on 4-
m drug microcrystals, which was followed by adsorption from two
to six (gelatin/PSS) bilayers with corresponding capsule wall thicknesses
ranging from 45 to 115 nm. At both pH of 1.4 and 6, the release rate of
furosemide from encapsulated particles was reduced by 50–300 times, as
compared to uncoated furosemide. The results provide a method of achiev-
ing prolonged drug release through self-assembly of polymeric shells on
drug microcrystals. Furthermore, if the capsules are coated with appropri-
ate antibody, they can be targeted to specific regions in the body, which
will reduce overall dosage requirements, increase drug concentrations in
the appropriate regions and reduce side effects.

The core-shell technique is very useful for developing new-type
nanoshell sensors. These sensors consist of the core with fluorescently
labeled indicators and engineered micro- and nanoshell where enzymat-
ically sensitive layers are embedded. Such composite bioparticles are
capable of semi-quantitative detection of glucose, lactose, urea and other
specific substances for the corresponding biocatalytical reactions. Embed-
ding functional materials such as enzymes and dyes in the shell multilayer
surrounding micro/nanoscale templates, sensors for chemical and bio-
chemical compounds can be developed as tools for biological research,
medical diagnostics and monitoring, and biodefense applications. One
example is the ratiometric nanoscale probes that have been developed for
intracellular and extracellular measurements of the presence of ions and
oxygen [102–103]. The concentration can be measured by recording the



38 The New Frontiers of Organic and Composite Nanotechnology

fluorescence intensity ratio, which is emitted by nanoparticles coated with
fluorescent materials that respond selectively to the presence of specific
species through binding with them or due to other interactions. These
nanosensors have significant advantages with respect to the standard liquid-
phase small molecule indicators as they provide a protective package for the
encapsulated chemical compounds, separating the dyes from the biological
environment, and therefore, reducing nonspecific responses, dye-protein
binding and toxic effects. In addition, the immobilization of indicators
within the nanofilms provides physical linkage with reference to fluo-
rophores, allowing constant ratiometric monitoring without large shifts in
calibrations otherwise seen.

LbL self-assembly also allows the deposition of nanostructures on other
types of substrates with different shapes and sizes. With the aim to use
carbon nanotube in practical devices, multilayer structures were coated
noncovalently around individual nanotube. Initially, the tube surface was
modified by a pyrene derivative to become charged. It was followed by LbL
deposition of polyelectrolyte macroions on the tube. Transmission elec-
tron microscopy and scanning confocal fluorescence microscopy images
confirm the formation of nanometer-thick amorphous polymer nanoshells
around the nanotubes (Fig. 1.22) [104].

In another example, LbL assembly was applied to construct a nano-
Fabry–Perot cavity at the end of an optic fiber pigtail that worked as
the sensing element for H2O2. The deposited multilayer consisted of pre-
mixed Prussian Blue, PAH and PAA [105]. Prussian Blue serves as the
redox indicator. When it is oxidized by H2O2, it causes a change in the
absorbance.

Recently, Lvov et al. have demonstrated polyion LbL assembling
onto the nonregular surface of lignocellulose pulp, leading to controlled
modification of individual fiber surface charge and roughness [106,107].
Polycations (PDDA) and polyanions (PSS) were deposited around the pulp
fibers, producing positively and negatively charged surfaces, respectively.
Mixing the two different pulps revealed significantly stronger interactions
between them. Handsheets made from mixing differently charged pulp
fibers have showed improved strength. Handsheets made from original
virgin fibers without any modification had an average tensile strength of
84�7 ± 0�2 Nm/g. Handsheets made by mixing positively and negatively
LbL treated fibers had a 120% increase in tensile strength, giving a value
of 184�6 ± 0�3 Nm/g. We can conclude that an attraction between oppo-
sitely charged pulp fibers would result in enhanced interaction and provide
increased paper tensile strength.
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Figure 1.22: (a) TEM images of carbon nanotubes; (b) nanotubes coated with
four alternating PSS/PDDA polyelectrolyte layers. (c) Schematic of the carbon

nanotube modification using layer-by-layer electrostatic self-assembly.
(Reprinted from Langmuir with permission of American Chemical Society.)

1.6.2. Potential Applications

LbL assembly will continuously find application in the following branches:

Surface modifications

Surface wetability, hardness, magnetic properties, lubrication and biocom-
patibility can be modified by the self-assembly of ultrathin nanostructured
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coating. In biomaterials, the assembly is applicable directly to the tissue
surfaces. The concept of ‘smart’ surface may be realized by including
functional proteins in biocompatible films. Filter layers can be improved
by coating with calibrated nano-pores. Chemical reactions can be assisted
by LbL nanoparticle catalytic multilayers. The present researches are as
follows: biocompatible coating of implants and eye lenses, biocompatible
coating for fruit preservation, cotton fiber coating and lignocellulose wood
microfiber for paper making [108–110].

Sensor layers and bioreactors

Protein films are able to contain precise number of monolayers, which
is important for biosensor elements. The deposition of enzyme/polyion
multilayers onto the carriers of biological reactors permits an increase in
their performance proportionally to the number of immobilized enzyme
layers. Sequential two- to three-step catalytic reactions can be realized in
multiprotein films (cascade bioreactions). The enzymes in polyion films are
stabilized and could work with nonaqueous substrate solutions. Polyions,
which keep enzyme layers in the films together, can be doped by vitamins
(cofactors), specific dyes or nanoparticles of metal catalysts to mediate
reaction activity.

Nanoreactors

1. Construction of tiny catalytic units with ordered multilayer shells
containing enzymes, nanoparticles and polymers.

2. Nanocoating of biological cells and microbes.

Pharmacy

Nanoencapsulation of drugs (including protein drugs such as insulin) for
targeted and sustained release.

Electronics

The development of conductive thin films with electrical conductivity
comparable to that of metallic thin film is under investigation. These
films can be used as electrodes for lithium storage batteries based on
graphite nanoplate/polycation multilayers. Magnetic nanoparticle mono-
and multilayers, including the formation of magnetic/dielectric superlattices
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and soft/hard magnet nanocomposites, may find applications in magnetic
actuator and recording media.

1.6.3. Difficulties and Solutions

Low speed

The film grows at relatively low speed, largely depending on the diffusion
of charged species. Typically, it takes about 1–5 min for every bilayer.
Optimization of the process may alleviate the problem. Moreover, the
automation of regular dipping procedures can aid mass production.

Stability

Anchoring the first monolayer to the substrate depends on the surface
charge and sometimes demands preliminary surface treatment (e.g., plasma,
thiol or silane compound treatment). Oxidized surfaces, such as SiO2 and
metal oxides, usually have good adhesion for polycations. Thermostability
is restricted by c. 280 �C. In many cases, LbL assembly can be used as
a nano-architectural method, which yields films with stability comparable
to that of a polymer. For practical devices, a final fixation of the resul-
tant assemblies with covalent cross-linking or thermal calcination may be
necessary.

1.7. Conclusions

LbL self-assembly is a versatile tool in nanomaterial synthesis, device
fabrication and biological research. An important aspect of this technique is
its universal application to almost all charged element assemblies. Much of
researches can benefit from its merits that ordered heterostructures can be
produced in a predetermined manner. New properties have been discovered
for LbL assembled thin films and devices.

Electrostatic LbL thin films are expected to continuously find new
applications in future. The modified process and capability of pattern-
ing self-assembled micro- and nano-structures significantly broaden the
prospective applications. The approaching challenges include the ability to
find new building blocks, control of the formation of dimensional struc-
tures, exploitation of the numerous possibilities in their functionalization
and use, and scaling up commercial production.
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Abstract. Small molecules (dyes, therapeutics, etc.) could be easily
handled, stored, delivered and released from polyelectrolyte capsules.
In order to make polyelectrolyte capsule a universe delivery plat-
form, its permeability needs to be controlled. On the one hand, for
efficient small-molecule encapsulation, the permeability of capsules
should be significantly decreased. On the other hand, once the cap-
sule reaches its target, the release of encapsulated materials needs
to be triggered. These two functions – reducing permeability of cap-
sules for encapsulation and subsequent release, collectively called
tuning capsule permeability – are the subject of this chapter. Here,
we demonstrate the possibility of entraping water-soluble molecu-
lar species into polyelectrolyte capsules modified by low-permeable
dense polymers, e.g. polypyrrole, and various schemes for subsequent
release of encapsulated materials. Future applications of polyelec-
trolyte capsules, such as carriers for gases, volatiles and biomedically
relevant molecules in pharmacy, food and gas industries, agriculture
and cosmetology, are also discussed.

Keywords: coatings, gases, microencapsulation, polyelectrolytes,
polypyrrole, release, volatiles.
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2.1. Introduction

Encapsulation of small molecules (gases), volatiles (fragrances, spice
components, anesthetic drugs) and water-soluble compounds has been
extensively developed during the recent years. Chemical, biomedical, and
food industries widely use oxygen �O2�, carbon dioxide �CO2�, nitrogen
�N2�, ammonium oxide �NH3�, chlorine �Cl2�, and ethylene �C2H4�. CO2

and nitrous oxide �N2O� are major greenhouse gases, and huge amounts
of CO2 are released into the air by burning fuels such as oil, coal, wood,
and natural gas [1,2]. Anesthetic gases and halogenated agents (vapors),
such as halothane, enflurane, methoxyflurane, trichloroethylene, and chlo-
roform [3], are released into the operating room during medical procedures
and can cause nausea, dizziness, headache, fatigue, irritability as well
as sterility, miscarriages, cancer, and liver and kidney diseases among
operating room staff [4–9].

Controlling chemical retention during product manufacture and its
release during consumption is of major interest to pharmaceutical, cos-
metic and food manufacturers. The use of encapsulation to achieve this
goal is well established. A few decades ago, a very convenient method of
layer-by-layer (LBL) adsorption of oppositely charged PE on the surface
of colloidal template particles of 0�1−20 �m diameter was developed [10].
This technique allows step-wise adsorption of various components, as the
layer growth is governed by their electrostatic attraction, to form mul-
tilayer shells with nanometer (thickness) precision. The modification of
capsule shells by tailoring different functionalities and impregnating inor-
ganic nanoparticles (fluorescent, magnetic, metal) provides multifunctional
capsule application [10].

The capsule properties depend strongly on the capsule core and shell
materials. The core materials can be used only as a template and, in this
case, should be dissolved to yield hollow containers [11–13]. The template
cores for fabrication of hollow capsules are desirable to be monodisperse
and completely dissoluble. Weakly cross-linked melamine formaldehyde
lattices (MF) [11,14], polystyrene lattices (PS) [15], silica particles [12],
red blood cells [16], and inorganic carbonate crystals (CaCO3, MnCO3, and
CdCO3� [17] are promising agents for carrier formation. Shell polymers
are classified in accordance to the type of external conditions causing
their structure to change (pH and ionic strength [18,19], temperature [13],
irradiation of light [20], etc.).

To entrap small molecules (e.g., gases, volatiles, fragrances) into PE
capsules, novel shell and core materials should be found or developed.
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We propose the following methods for small-molecule encapsulation into
defined hollow volume cages: (a) bubble stabilization (PE layers are sup-
posed to be formed on surfaces of surfactant-stabilized bubbles filled with
a particular gas); (b) solidified volatiles can be used as cores for LBL
(vanillin, naphthalene); (c) gases and volatiles might be trapped with molec-
ular sorbents (cyclodextrin, cucurbit[7]uril, amylose) and then covered with
polyelecrolytes.

Once encapsulated materials are delivered to a specific site, it is to be
released. In an ideal situation, the release is induced by remote controlling
in a way to have ‘switching functions’ in capsule contraction. Such perme-
ability change is irreversible because it leads to irreversible permeability
changes. It should be noted that remote permeability switching finds its
application in the drug delivery area, in an environment where changing
the biochemical characteristics of the sample is hindered. Several methods
for such remote activation are possible: magnetic, ultrasound, enzyme and
optical.

2.2. Novel Polymer Materials for Low Permeable
Capsule Walls and Encapsulation

At present, the most important and interesting trend in encapsulation tech-
nology is the control of capsule permeability. As we know, the PE capsules
are hydrophilic. The use of capsules, especially as drug carriers, occurs
mostly in aqueous media, which can result in the swelling of PE shells
or, sometimes, increase capsule permeability. Several attempts were made
to encapsulate low-molecular-weight compounds by manipulating the shell
polymer structure. Köhler et al. [21] have developed a method for sealing
the PE capsules by temperature treatment. In this method, the PE capsules
are saturated with encapsulated substance and subsequently temperature
treated, which leads to polymer conformation changes and capsule shrink-
age. However, the permeability of encapsulated macromolecules may slow
down due to increased thickness.

We have suggested an alternative method to control capsule permeabil-
ity. According to our method, the capsule surface should be coated by a
low-permeable polymer [22]. The idea of coating came from gas separation
membrane formation principles [23]. Highly selective polymers are usually
characterized by very low permeability. To increase membrane efficiency,
a nanometer gas selective working layer is formed on the surface of a
high-permeable polymer support providing proper mechanical properties.
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This type of membrane structure is known as a composite membrane. The
coating material should exhibit water-resistant properties or low perme-
ability. To obtain homogeneous and nonporous cover on PE capsules, the
coating polymer should have affinity to one of the shell components and
form dense and low permeable films.

Recently, conductive polymer coatings have been intensively developed
and studied [23]. One of the conducting polymers, polypyrrole (PPy), was
found to exhibit outstanding gas selectivity and low permeability [24].

Polypyrrole was widely studied mostly due to its electrochemical prop-
erties, easy synthesis and stability in air [25]. Furthermore, PPy films are
characterized by outstanding density due to �-electron delocalization along
the polymer chains and their high stiffness [26]. At the same time, PPy is
a very high brittle material and not able to form films [25]. To overcome
these drawbacks, in situ pyrrole polymerization on a supporting polymer
was developed. This method would result in a composite membrane struc-
ture formed by two layers: selective skin PPy layer and polymer support.
Andreeva et al. [27] have developed and characterized gas-separation com-
posite membranes based on PPy and poly(phenylene) oxide as a polymer
support. The PPy layer was homogeneous and defectless, and exhibited
very high selectivity for gases. Furthermore, a PPy skin layer formed on the
capsule surface might supply the desirable properties to PE shells. Besides
low permeability, the transport properties of PPy coating can be changed
by redox process [24]. It means that the polymer changes reversibly from a
reduced (neutral) state to an oxidized (charged) state. As a result, important
structural changes take place in the polymer, which passes from a com-
pact (neutral) state to a gel (oxidized) state, because the polymer matrix
swells during oxidation as water and counterions penetrate into the poly-
mer matrix [24]. Due to this selective membrane-like behavior of PPy,
controlled permeability through capsule shells can occur.

In our previous article [22], we have described a novel method of PPy
coating on PE microcapsules. We have suggested a way of encapsulation
of water-soluble compounds based on the formation of dense PPy coating
on capsule surface. PPy deposition from 10 wt% aqueous polymer solution
was found most effective for capsule modification. In this way, homoge-
neous and defectless PPy coatings can be formed. Magnetic microcapsules
containing consequent layers of iron oxide and poly(allylamine hydrochlo-
ride) (PAH) with external poly(sodium 4-styrenesulfonate) (PSS) layers
were used for encapsulation of water-soluble species. As a model com-
pound, a water-soluble dye, tetramethylrhodamine isothiocyanate (TRITC),
was used. To encapsulate water-soluble compounds by shell modification
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Figure 2.1: The sketch of capsule preparation and PPy modification.

method, both encapsulation and capsule sealing processes should be carried
out simultaneously (Fig. 2.1).

First, the capsules are saturated with TRITC solution, and then a PPy
layer is formed to trap encapsulated compounds inside the capsule cages.
The magnetic properties of the capsule shell allow gentle capsule sedimen-
tation with a constant magnet instead of a centrifugation process. Due to
this, it is possible to avoid mechanical impact on the brittle PPy shell fol-
lowed by shell rupture. As a result, low-permeable capsules with maximum
concentration of magnetite nanoparticles are prepared.

In the next section, we shall discuss the release of encapsulated materials.

2.3. Release of Encapsulated Materials from
Polyelectrolyte Capsules

The release of encapsulated materials can be realized by many methods. All
of these methods can be applied to release low-molecular-weight materials
described earlier. In this section, we provide an overview of these methods
and further concentrate on the optical release method based on laser light-
absorbing nanoparticles/dye interactions, because this method is fairly easy
to use, completely remote, does not involve chemical changes in solutions,
and can be used in real time.

Magnetic, ultrasound, and enzyme-based release are the general meth-
ods. Magnetic release is based on the interaction of a magnet with magnetic
nanoparticles incorporated in the shells of microcapsules. In our exper-
iments, ferromagnetic cobalt nanoparticles containing a layer of gold
(Co/Au) were incorporated into the assembly of PSS and PAH polyelec-
trolyte multilayer shells of microcapsules. Subsequently, the application of
alternating magnetic fields with frequencies of 100–300 Hz and 1200 Oe
strength resulted in an increase of permeability leading to the release of the
encapsulated content [28]. From this work, we observed that the magnetic



50 The New Frontiers of Organic and Composite Nanotechnology

field affects the permeability of microcapsules by acting on the aggre-
gates of nanoparticles. Recently, an easy method to control the aggregation
condition of nanoparticles with different surface functionalization on micro-
capsules and planar surfaces has been proposed using polymers [29]. It
should be noted that not all materials are compatible with magnetic par-
ticles: the solubility of magnetic particles at pH 1 makes MF unsuitable,
leaving PS as a material of choice.

Ultrasound is widely used for synthesis of various nanomaterials,
e.g., coating carbon nanotubes and noble metals. Several recent publications
report that ultrasound can be used for the destruction of polyelectrolyte
multilayer capsules [30,31]. Nanoparticles increase the density of the shells
of microcapsules. Affecting the denser shell of microcapsules, ultrasound
serves as a trigger to release encapsulated materials. The effect is attributed
to cavitation microbubbles that occur as a result of the collapse of gen-
erated microbubbles and the shear forces, which cause the destruction of
polyelectrolyte capsules. Powers in the range of 100–500 W at frequencies
of 20 kHz are applied to destruct the capsules.

2.3.1. Enzyme-mediated Release of Encapsulated
Materials

The use of enzymes for controlled release of encapsulated materials
offers a promising route for a variety of biological applications [32,33].
Biodegradable polyelectrolyte multilayers from polysaccharides have been
introduced previously by Picart et al. [33b]. Intracellular degradable cap-
sules exhibit exciting potential, especially in drug delivery, as they are
reliable for the delivery of drugs to diseased tissues. Moreover, intra-
cellular targets, e.g., the cell nucleus or specific proteins, could be
addressed. Therefore, destroying polyelectrolyte capsules by the action
of enzymes reveals high practical importance [33]. De Geest et al. first
demonstrated capsule degradation by enzymes [32]. Here, two types of
biodegradable capsules fabricated on CaCO3 templates were investigated.
The first type was composed of poly-l-arginine (PArg) as the polycation
and dextran sulfate (DEXS) as the polyanion. The second type com-
prised poly(hydroxypropylmethacrylamide dimethylaminoethyl) P(HPMA-
DMAE) and PSS. In vitro tests conducted with Pronase®, a mixture of
endo- and exo-proteases that cleaves proteins/peptides unspecifically down
to single amino acids, demonstrated that DEXS/PArg microcapsules disin-
tegrate completely within a few hours of incubation under given conditions.
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Figure 2.2: CLSM images recorded during the enzymatic degradation of
polyelectrolyte capsules consisting of poly-l-arginine and poly-l-aspartic

acid incubated in a Pronase solution (1 mg/ml) at 37 �C.

It is more exciting to know that both types of capsules are subject to intra-
cellular degradation upon internalization by African green monkey kidney
cells (VERO-1 cells). Figure 2.2 illustrates the Pronase-triggered degra-
dation of a similar type of polyelectrolyte capsule fabricated from PArg
as the polycation and poly-l-aspartic acid (PAsp) as the polyanion (O.
Kreft, unpublished results). Even the leftovers of capsules could not be
detected after 2 hr of incubation. Recently, Itoh et al. [33c] have introduced
a similar type of biodegradable polyelectrolyte capsule fabricated from
DEXS and chitosan. Here, sustained release of encapsulated substances was
accomplished by capsule shell degradation with the enzyme chitosanase.
However, this system is widely inapplicable for in vivo applications,
because chitosanase is not available in mammalian cells.

(a)

10 µm 10 µm

(b)

Figure 2.3: Remote release of encapsulated and rhodamine labeled polymer by
laser. The images are shown before laser illumination (a) and after (b).

(Reproduced with permission from Ref. [35]. Copyright ACS.)



52 The New Frontiers of Organic and Composite Nanotechnology

2.3.2. Release by Laser

Laser has taken a prominent place as an external stimulus for remote release
of encapsulated materials. It can be coupled with microscope to provide
visualization – an important feature in research environment. Laser tech-
nology has so developed that it is possible to choose a source with desired
wavelength of emission, mode of operation, power, etc. In addition, the
area of illumination could be easily adjusted for any range from individual
capsules to large clusters. In the context of drug delivery, lasers are used
for remote activation and release of encapsulated materials [34].

The mechanism of remote release of encapsulated materials involves
the conversion of light energy into thermal energy through interaction
of laser with absorbing centers or nanoparticles on microcapsules. This
phenomenon works on the principle that temperature increase is directly
proportional to absorbed energy and the size of nanoparticles. The tempera-
ture increase is reciprocally dependent on the average distance between the
nanoparticles, which in turn depends reciprocally on their concentration.
Therefore, temperature increase will be proportional to the concentration
of nanoparticles, while other factors affecting the release are the supplied
energy and size of nanoparticles (Fig. 2.3) [35].

2.4. Applications and Perspectives

Our results highlight the principal possibility of using PPy in water-resistant
capsule formulation. PPy is able to form homogeneous and defectless
coatings on PE capsule surfaces, thus preventing capsule deformation or
aggregation. This approach to capsule modification significantly expands
capsule handling and application. PPy coatings provide control over cap-
sule permeability by the PPy redox process. Furthermore, PPy is safe for
medical applications, especially in pharmacology and cosmetology. The
high surface energy of PPy films gives the possibility for direct sorption
of some active molecules on the capsule surfaces.

The low permeability of capsules offers a wide range of potential appli-
cations in pharmacy, cosmetology, food and agricultural industry (Fig. 2.4).
First of all, PPy-covered capsules can be used for gas encapsulation. Con-
trolled storage, release and transportation of gases are desirable in a huge
range of sectors. O2 is of great importance in medicine and steel-making,
while N2 is utilized in space technology and in the production of NH3.
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Figure 2.4: Potential applications of low-permeable capsules.

The use of H2 as fuel in car engines or aircraft turbines is important for its
safety and convenient storage and transportation [36–38].

The encapsulation of gases is based on the usage of nanoscale sorbents
for gas trapping. Recently, Leontiev and Rudkevich [38,39] have demon-
strated that a simple molecular container, a hemicarcerand, reversibly traps,
stores and exchanges gases in the solid state at normal temperatures and
pressures. The molecular complexes, gas–molecular trapper, can be used
as a core for PE shells with barrier properties.

Another way of gas encapsulation is stabilization of hollow gas-filled
microbubbles. Polymeric shells can be formed around the microbubbles
and, therefore, stabilize them. Cavalieri et al. [40] have entrapped air in
a polymer shell obtained by chemically cross-linking modified poly(vinyl
alcohol) at the air–water interface. These bubbles exhibited unusual chem-
ical and colloidal stability and could be used as potential drug-delivery
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devices. Furthermore, as a dense polymer, PPy might form a barrier coat-
ing for gases on the surfaces of microbubbles filled with a particular gas.
The bubbles can be generated by ultrasound method or by membrane
emulsification and stabilized by in situ pyrrole polymerization.

One of the largest interests in volatile and gas encapsulation relates to
pharmaceutical compounds. Several drugs, including some cancer therapeu-
tics and volatile anesthetics, are highly fluorinated. Many of these fluori-
nated drugs cannot be safely delivered orally or intravenously [41]. We have
suggested an encapsulation process to create nano/microcapsules of volatile
drugs, allowing them to be delivered intravenously. The development of
encapsulation technology provides the following benefits:

• allow intravenous delivery of gaseous anesthetics and other fluorinated
compounds;

• provide a way to induce anesthesia in patients who cannot be incubated;
• intravenous injection of encapsulated anesthetics to quickly boost

anesthesia;
• prolong the anesthetic effect;
• reduce possible side effects due to targeted delivery and controlled

release;
• useful for drug synthesis, analytic and diagnostic purposes, sequestering

molecules for materials recovery, and pollution abatement.

The methods described for possible gas encapsulation could also
be applied for anesthetic gases. Formulations based on cyclodextrin–
drug inclusion complexes enhance drug-delivery performance including
improved drug stability, solubility, dissolution rate and, in some instances,
reduction of adverse side effects [42]. These complexes could also be used
as cores for PE shells and then sealed by PPy or other low-permeable
polymers.

Encapsulation is widely employed in the flavor industry to protect
volatile and/or labile flavoring materials during storage [43] (Fig. 2.5).

Encapsulation in food industry involves incorporation of food ingredi-
ents, enzymes, cells or other components in the coating materials. One of
the largest areas in flavor encapsulation is that of food and cosmetic oils.
Encapsulation can significantly prolong their aromatic properties. Spice fla-
vors, for example, are incorporated in processed foods by essential oils or
solvent-extracted spices’ active components (oleoresin) [44]. Oleoresin is
known to undergo oxidative degradation. Volatile encapsulation techniques
are well known in food and cosmetic industry, including spray drying, spray
chilling or spray cooling, extrusion coating, fluidized bed coating, liposome
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Figure 2.5: Protection of volatiles by using low-permeable coatings.

entrapment, conservation, inclusion complexation, centrifugal extrusion,
and rotational suspension separation [43]. The applications of this tech-
nique have increased in food industry since the encapsulated materials can
be protected from moisture, heat or other extreme conditions, thus enhanc-
ing their stability and maintaining viability. However, a disadvantage is
that the properties of capsules are difficult to control. All the encapsulation
techniques discussed so far will result in a simple coating of encapsu-
lates by the shell material. In this case, the coatings are hardly modified
and functionalized. Therefore, the capsules cannot be delivered to the tar-
get site. Volatiles and fragrances can be entrapped into PE shells as the
above-described complexes or in solidified forms. Vanillin, for example,
is a prospective model compound to study the encapsulation of volatiles.
In an experiment, the vanillin crystals were successfully covered by one
layer of PPy (Fig. 2.6). For this propose, 5 wt. % PPy solution in water
was used. Optical microscopy observations showed that the PPy-covered
vanillin crystals exhibited much higher stability as compared with pristine
crystals.

Thus, PPy coating presents a new approach to control capsule perme-
ability. The dense packing of PPy chains could easily seal off the low-
molecular-weight encapsulates in nanometer capsule cages. PPy, along with
a wide range of other polymer materials with hydrophobic (paraffin, wax)
and water-resistant (polyurethanes) properties, opens an alternative area in
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Figure 2.6: Optical microscopy image of vanillin crystals covered by
one layer of PPy.

PE capsule application. Therefore, aromatic compounds, fragrances, and
gases can be successfully encapsulated, targeted, delivered, and released.

Another vital application of nanoparticles is pharmaceutical and drug
delivery areas. Remote activation and release of encapsulated materials
inside living cells were reported [34]. Two types of nanoparticles were used:
remote activation with silver and remote release with gold/gold sulfide
nanoparticles in their walls. As mentioned earlier, the mechanism of laser
release is thermal absorption, i.e., disruption of polymeric matrix around
nanoparticles on the capsule shell; hence, noble metals are good candidates
for this research. Potential adverse thermal side effects (high temperature
rises) can be minimized by choosing the laser wavelength in the biologically
‘friendly’ near-IR window [34]. The spectral properties of water are a
good criterion since water makes a large portion of eukaryotic cells. The
temperature rise itself does not provide any threat; this is consistent with
extremely small temperature rises in the focus of nonabsorbing materials.

Encapsulated AF-488 labeled dextran polymer was released by laser
inside a living cell upon laser illumination (Fig. 2.7). Figure 2.7(a) demon-
strates the fluorescence image of capsules, and Fig. 2.7(b) shows the
fluorescence and transmission signals from the same cell and the same cap-
sules before laser illumination. Before laser illumination, the capsule can
be seen filled and its intensity profile is shown in Fig. 2.7(c). Images of the
same capsule after laser illumination (Fig. 2.7(d–f)) show that polymers left
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Figure 2.7: Intracellular remote release of encapsulated polymers by laser. The
images are shown before laser illumination (top row) and after (bottom row).

(Reproduced with permission from ref. [34]. Copyright Wiley-VHC.)

the interior of the capsule (Fig. 2.7(f)). The presence of a weak fluorescence
signal in the shell of the microcapsule is consistent with the earlier reported
experiments [35]. The temperature rise during remote release experiments
is several degrees [35], and because the cells were found to adhere to the
substrate both before and after the release of encapsulated polymers, this
method can be regarded as feasible for delivery of encapsulated materials
into cells.
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Advanced optical spectroscopies
in nanotechnology
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Abstract. In this chapter, we shall discuss the application of advanced
spectroscopic methods, especially those that have been developed
during the last 10 years, to study matter on the nanoscale. After a brief
introduction of the nanoworld, we shall introduce techniques such as
single-molecule fluorescence spectroscopy, SERS (surface-enhanced
Raman scattering)-based spectroscopies, including single-molecule
Raman, infrared and fluorescence, and tip-enhanced Raman scatter-
ing, where the world of scanning probe microscopy meets with SERS;
imaging derived from spectroscopic signals, also in a time-resolved
mode. The final part of the chapter is devoted to some interesting appli-
cations of nanotechnologies, including nanobiotechnologies, materials
nanoscience, nanomedicine and single-cell diagnostics, and new types
of advanced instrumentation.

Keywords: nanospectroscopy; SERS; TERS; spectroscopic nano-
imaging; single molecule spectroscopy

3.1. Introduction: Spectroscopy on the Nanoscale

Within the framework of linear response theory [1], a spectroscopic exper-
iment probes the dynamics of the systems’ internal degrees of freedom that
couple to the external probe on the space–time scale, which is determined
by the probe and space–time resolution of the experimental apparatus. In
particular, the fluctuation–dissipation theorem connects the system complex
susceptibility to the Fourier transform of an appropriate statistical correlation
function and hence to the measured spectral density. In fact, following the
Wiener–Khintchin theorem, a spectroscopic experiment can be performed
either in the time domain or in the Fourier-transformed frequency domain.
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Fundamentally, this equivalence is due to the validity of the ergodic hypothe-
sis, from which it can be asserted that the time correlation function probed by
the experiment is equal to an appropriate statistical correlation function. Thus,
the choice is connected to the ease and convenience of the experimental set-up
necessary to probe the system on the desired space–time scale. For instance,
if one is interested in the diffusion dynamics of liquids in the hydrodynamic
limit, the relevant time scale �� ≥ 10−6 s� would correspond to a frequency
range that would necessitate a prohibitively high spectral resolution in the
apparatus. In this case (Fig. 3.1), one could directly measure the time cor-
relation function of density fluctuations using digital time correlators in a
quasi-elastic scattering experimental configuration [2].

As we shall see later, photon correlation spectroscopy (PCS) is an
important tool to analyse the statistics and dynamics of single molecules
detected using single-molecule fluorescence spectroscopies (SMFS) and
thus obtain fundamental parameters such as molecular mobility, electronic
dynamics and their dependence on the local, nanoscale environment.

Electronic transitions in solids ��≈10−15 s� often lead to broad spectral
features at optical frequencies: in this case, a moderate to small spectral
resolution is needed so that the measurement can be performed in the
frequency domain using spectrographs and monochromators.

Sample cell

Aperture

Lens

Preamp/discriminator

I (t )
Digital
correlator

Laser

Slit

Detector

Lens

Figure 3.1: Scheme of a typical photon correlation spectroscopy (PCS) set-up in
the photon counting mode. For characteristic fluctuation times longer than about

1 �s, the digital correlator can be avoided and the time correlation function
determined directly by the computer software.
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Figure 3.2: UV-Visible spectra of a Polyaniline Langmuir–Schaeffer multilayer
(48 layers), before (lower panel) and after (upper panel) doping with HCl.

(Reproduced with permission from T. Berzina, V. Erokhin, and M.P. Fontana,
‘Spectroscopic investigation of an electrochemically controlled conducting

polymer-solid electrolyte junction’, Journal of Applied Physics, Vol. 101, 024501
(2007). Copyright 2007, American Institute of Physics.)

In Fig. 3.2, for instance, we have shown the optical absorption spectra
of a well-known material belonging to the class of ‘conducting polymers’,
i.e., polyanyline in its doped (conducting, green color) and undoped (insu-
lating, blue color) states. The optical spectra are broad but, at the same
time, extremely sensitive to the oxidation state of the polymer.

In all these, an underlying assumption is that of spatial homogeneity
of the system on a scale greater than that of the fluctuations we wish to
study. Thus, the formal apparatus at the foundation of spectroscopy may
be found wanting at least in some aspects when the system under study is
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Figure 3.3: Density–density time autocorrelation function determined for a
poliuretane gel in the neighbourhood of the glass transition at several

temperatures. (Reproduced with permission from M. Tabellout, P.-Y. Baillif, H.
Randrianantoandro, F. Litzinger, and J.R. Emery, Phys. Rev. B, 51, 12295 (1995).

Copyright 1995, American Physical Society.)

on the nanoscale. A typical and important example is glasses, which are
non-ergodic and characterized by space–time heterogeneities in the density
correlation function on the nanoscale [3]. In Fig. 3.3, we show the results
from quasi-elastic light scattering using PCS. The material studied was a
polymer gel in the neighbourhood of glass transition. Note the strongly
non-exponential behaviour of the measured time autocorrelation function
upon the approach of glass transition.

In this case, heterogeneity is dynamical; in the nanosystems of interest
here, we also have structural heterogeneity on a scale that interferes with
the scale of physical processes such as electronic and vibrational transitions
and electronic and ionic transport.

The best known, and historically the first, example of this can be found
in the optical (absorption and luminescence) studies at very low temper-
atures in nanostructures such as inorganic quantum wells in one and two
dimensions and quantum dots (Fig. 3.4) [4].

In this case, the optical spectra demonstrated profound modification in
the electronic states of the material (mainly semiconductors) due to size
confinement quantum effects [A1]. A very illustrative way of presenting
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5 nm 50 nm

Figure 3.4: High-resolution TEM images of a single CdSe nanocrystal. The
hexagonal symmetry is better seen in the low resolution image on the right. Note
that the quantum dots are kept apart (i.e., they do not coalesce) by the surfactant
coating on the surfaces. (Reproduced from Journal of Cluster Science, Vol. 13,
2002, pp. 521–532, ‘Shape control of colloidal semiconductor nanoparticles’, L.

Manna, E.C. Scher, and A. P. Alivisatos, Figure 4. Copyright 2002, Springer, with
kind permission from Springer Science and Business Media.)

this is the consideration of dimensionality induced changes in the density of
electronic states (dos). Figure 3.5 shows the sketches of the corresponding
structures. Note that the density of states in 0D (quantum dot) is similar
to that of atomic energy level distributions, and hence the name ‘artificial
atoms’ given to quantum dots or, more generally, nanoclusters.

The consequences of these changes on optical spectra are quite impor-
tant, as can be seen from Figs 3.6 and 3.7. These data clearly show that
optical spectroscopy is important for the study of electronic states in low-
dimensionality structures and, at the same time, to the one who wishes to
explore the new world of nanoscale.

When the knowledge and techniques from these studies were applied to
the far more complex molecular nanostructures, it was quickly realized that
more sophisticated theoretical and experimental approaches were necessary,
mainly because of the strong structural and functional heterogeneity of
these systems.

Later in this chapter, we shall discuss how spectroscopic techniques,
in particular the optical ones, have been modified and adapted to study
matter on the nanoscale. Without doubt, the greatest impact of advanced
optical techniques has been in organic and biological nanosystems, and so
we have drawn most of our examples from this field. For a general review
of nanostructured materials with more emphasis on inorganic systems, we
refer the reader to [A2], where much of work, including spectroscopic
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Figure 3.5: Schematic of the behaviour of electronic density of states as a
function of system dimensionality, for the free electron model. We can clearly see

the passage from the band structure of the 3D crystal to the atomic-like energy
levels of the quantum dot. (Reproduced with permission from P. Moriarty,

Reports on Progress in Physics, Vol. 64, pp. 297–381 (2001). Copyright 2001,
IOP Publishing Limited.)

measurements, done from 1980 to 2000 is accessible. In this chapter,
therefore, we shall mainly discuss the work done in the last decade.

After a brief description of the ‘nanoworld’, we shall introduce the novel
techniques, beginning with the well-established SMFS and then going on
to several other methods based of the SERS (surface enhanced Raman
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Figure 3.6: Optical absorption spectra of CdSe nanocrystals as a function of size.
Note the blue shift as the size decreases, accompanied by a sharpening of the

spectral structures. (Reproduced with permission from C.B. Murray, D.B. Norris,
and M. G. Bawendi, Journal of the American Chemical Society, 115, 8706–8715

(1993). Copyright 1993, American Chemical Society.)

scattering) effect, which allow to perform Raman, infrared and time-
resolved spectroscopies at the ultimate limit of single molecule or sin-
gle nanostructure. Finally, we shall present some recent applications to
nanotechnology.

The coupling of advances in optical techniques to the explosion of
nanotechnologies has led to a very large number of publications, besides
the traditional disciplines of physics and chemistry, in fields as diverse
as materials science, nanomedicine, forensics and postgenomic biology. A
large number of reviews have also appeared in the literature. Therefore,
wherever possible, we shall refer the reader to the most recent or the
most seminal work. To help the reader, we have grouped the reviews in
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Figure 3.7: Optical absorption spectra of Au nanoparticles as a function of size.
We are looking at the blue shift of the plasmon resonance peak. This behaviour is
particularly relevant to the properties of SERS. (Reproduced with permission from

S. Link and M.A. El Sayed, Journal of Physical Chemistry B, 103, 4212–4217
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a dedicated Bibliographical Appendix (in which the reviews are labelled
A#); other reviews of collateral interest are listed in the References section.

3.2. The Nanoworld

3.2.1. Small Objects

In the field of modern nanosciences, a favourite adage reads ‘after all,
molecules are the natural nanostructures’. Probably, the most used molecule
in optical nanospectroscopies is the dye Rhodamine 6G (R6G) (Fig. 3.8).

An example of the use of R6G is reported in Fig. 3.9, where a func-
tionalized carbon nanotube (CNT, see later) is shown. R6G is attached to
the CNT through an appropriate linkage. It functions as a probe beacon of
the CNT through its strong fluorescence, thus allowing biologically inter-
esting processes such as CNT crossing the cell membranes and distribute
to several crucial cell sites, where they may release specific drugs or other
molecules [5].
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Figure 3.8: Chemical structure of a well known and used molecule, Rhodamine
6G. Geometrically, it can be decsribed as a triangle of 1.5 nm base and 0.8 nm

height. Note the group N+ which allows to bind the molecule to specific sites of
other molecules – typically proteins or oligonuleotides – or nanocrystals, and to

transport the molecule into biological cells.

Figure 3.9: Molecular model of CNT functionalized with a fluorescent probe
(from A. Bianco, ‘Nanowires: bridging the gap between materials science and

biology’, ESF PESC Exploratory Workshop, EW04-102, K. Nielsch, O. Hayden
Convenors). (Reproduced with permission from Dr Alberto Bianco.)

The present scenario indicates that the overall scope of research in
molecular nanoscience is to arrive at the single-molecule limit, where the
molecule has been ‘programmed’ to perform a specific function, either
because it has been synthetized or modified by molecular engineering
techniques and/or because it has been placed in the appropriate physico-
chemically and structurally controllable environments. We are still far from
the ‘routine’ fabrication of single molecular devices, but small objects on
a scale down to the nanometer abound in the recent literature. One clas-
sic example is colloids, which evolved as providers of one of the main
pathways to the fabrication of nanodevices and new ‘smart’ drugs [6].
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100 nm

Figure 3.10: SEM image of a silver nanoparticle nanostructure, which shows
extremely strong SERS enhancements. (Reproduced with permission from K.

Kneipp, H. Kneipp, P. Corio, S.D.M. Brown, K. Shafer, J. Motz, L.T. Perelman,
E.B. Hanlon, A. Marucci, G. Dresselhaus, and M.S. Dresselhaus, Phys. Rev. Lett.

84, 3470–3473 (2000). Copyright 2000, American Physical Society.)

Figure 3.10 shows the electron micrograph of typical colloidal silver
nanostructures.

Molecular Langmuir–Blodgett and self-assembled [7] films have been
used as precursors and matrices for the production of arrays of semicon-
ductor nanoclusters and nanocrystals, where new fundamental results have
been demonstrated, such as Coulomb blockade and one-electron transis-
tors [8]. In Fig. 3.11, we show a typical example of a nanodevice based on
CdSe nanocrystal-functionalized STM tip. Nanocrystals were obtained by
the Langmuir–Blodgett precursor method.

Clearly, the best example of ‘programmed’ molecules is the biological
macromolecules, which is still the unequalled paradigm for research in this
field. The greatest progress that ‘nanospectroscopies’ have allowed is our
much better understanding of the very complex dynamics of proteins and
nucleic acids both ex situ and in situ, i.e., during their biological function in
living cells or other biological systems [9]. In Fig. 3.12, we have shown a
sketch of the tertiary structure of lysozyme, an enzyme, which is probably
one of the most studied and the simplest proteins.

The study of protein folding–unfolding [10] has led to a much bet-
ter understanding of the process. For this, the fundamentals have been
the single-molecule spectroscopies, such as single-molecule fluorescence
and Raman scattering, which shall be discussed here, and AFM force
microscopy, for which we refer the reader to [A3,11]; similarly, synchrotron
radiation spectroscopies have given important contributions to the field
of nanoscience and nanotechnology. Again, we must choose to refer the
reader to the more recent reviews [A4] and some select literature [12].
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Figure 3.11: Experimental set-up (a) and voltage-current characteristics (b)
demonstrating Coloumb staircase at room temperature (Insert – differential
conductivity). The tip is functionalized with the active material, e.g., CdSe

nanocrystals (from Facci et al., ref [8]).

Another quite important development in the field of nanoscience during
the last decade was the synthesis of fullerenes, which sparked a revolution
in materials science and the subsequent development of carbon nanotubes
(Fig. 3.13).

These nanostructures, made up of rolled up graphene, have an amaz-
ing spectrum of functionalities and applications, mainly in nanocomposites
with polymers yielding fibers of exceptional lightness and strength and in
systems with modified optical, electrical and magnetic properties. Further-
more, CNTs can provide nanowires for molecular electronics, quantum dots
used as fluorescence markers, single-electron transistors, high-surface-area
sensors, nanoprobes for AFM, and hydrogen storage media. Interestingly,
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Figure 3.12: The tertiary structure of lysozyme: alfa-helices, beta-sheets, and
random coil strands are clearly visible. Such a structure and its conformational

changes are fundamental for the biological function of the protein (from
Wikipedia, http://en.wikipedia.org/wiki/Lysozyme).

(a) (b) (c) (d)

Figure 3.13: Carbon nanotubes: (a) single wall nanotube (SWNT); (b) multiwall
nanotube (MWNT); (c) double wall nanotube (DWNT); (d) peapod, i.e., a SWNT

filled with C60 or other fullerenes. (Reproduced from Materials Science and
Engineering C, Vol.23, M.S. Dresselhaus et al., ‘Nanowires and nanotubes’,

pp. 129–140. Copyright 2003, with permission from Elsevier.)

nanosystem optical spectroscopies have given important contributions.
For reviews on several aspects of CNTs, see [A5]. Some select recent
spectroscopic investigations are reported in [13].

3.2.2. Small Structures

We have already cited the classic example of quantum-size limited struc-
tures, such as quantum dots; these are an offshoot of the lithographic
technology of microelectronics, which actually set the beginning of nano-
technologies. With electron beam lithography (EBL), it is possible to
produce electronic components, such as FET, on a size of about 50 nm.
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On the research level, the size can be made even smaller, but there may
be many fundamental difficulties when the scale of 1 nm is reached: the
presence of quantum effects due to the high localization, which may turn
a semiconductor into an insulator; the tunnelling phenomenon, which may
‘smear out’ the electronic behaviour of an ultrasmall nanostructure; and
the very high energy density, which poses an insurmountable obstacle to
inorganic nanoelectronics.

Nanospectroscopies can be a very powerful tool in studying nanostruc-
tures and what happens to them in case of failure or damage. Here, we
show an example of a fundamental inorganic nanostructure, the nanowire.
In Fig. 3.14, we can see the ZnO nanowires and their arrays, which are
grown by combining substrate patterning and catalyst-directed epitaxial
growth of single crystal ZnO wires and pillars.

(a) (b)

(c) (d)

300 nm 400 nm

1 μm 1 μm

Figure 3.14: ZnO nanowires and nanowire arrays. (Reproduced with permission
from M. Alexe, D. Hesse, V. Schmidt, S. Senz, H.J. Fan, M. Zacharias, and
U. Gösele, ‘Ferroelectric nanotubes fabricated using nanowires as positive
templates’, Applied Physics Letters, 89, 172907 (2006). Copyright 2006,

American Institute of Physics.)
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However, the aforementioned difficulties have increased interest in func-
tional molecular nanostructures or molecular nanodevices, for which both
quantum effects and heat dissipation problems do not appear to be as strong
basically due to their ‘soft’ character, which yields strong responses to very
small perturbations.

Thus, the field of molecular nanoelectronics opened up [A6]. However,
the very advantages of soft matter also bring the fundamental difficulties of
inadequacy of standard, hard-matter lithographic techniques, which would
damage or destroy the molecular nanostructures and the intrinsic instability
of fabricated structures, for which Langmuir–Blodgett deposition and self-
assembly processes are used [6]. Thus, much of technological research is
still necessary before organic nanoelectronics can become competitive with
silicon-based electronics. In particular, some progress has been made in
alternative soft lithographic techniques [14], which hold the potential of
small damage to the materials.

The other frontier in this field is that of biological applications. Here,
much of interest is in the fabrication of stable arrays of immobilized
proteins or nucleic acid oligomers for biosensing or sequencing down to the
molecular scale [15]. A typical example is the streptavidin-biotin technique,
which is an important tool in immunocytochemistry, especially in the
fabrication of arrays of immobilized proteins or DNA and its oligomers,
etc. [16].

In all these, nanospectroscopies have been fundamental for progress.
For instance, much detailed information on immobilized protein folding–
unfolding and more generally conformational states has been obtained by
SMFS; this technique has also yielded precious information on energy
transfer and vibrational relaxation processes [17]. SERS-like confocal
Raman spectroscopy has been used to study the interaction and complexing
of DNA with mutagenic drugs, or for detection of minute amounts, or for
sequencing [18]. The giant (up to about 1014 enhancement factor) SERS
effect [A7] shown by molecules adsorbed to gold/silver nanoparticles or
even better to their aggregated nanostructures [A8] has been used, among
other applications, to detect time-resolved Raman spectra of biomolecules
as their conformation changes, or to sample molecule by molecule the
statistical distribution of conformations through their effect on the Raman
spectra of single biomolecules, such as for instance, the well-known green
fluorescent protein [19]. For an excellent general review of the SERS work
on biosystems before 2002, see Kneipp et al. [A9].

In Fig. 3.15, we show an example of what can be achieved with
nanofluorescence spectroscopy. In this particular case, the interest was in



Advanced optical spectroscopies 75

In
te

ns
ity

 (
ar

bi
tr

ar
y 

un
its

)

(c)

2.0 2.1 2.2 2.3 2.4

10 K

39 Å

(a)

25.6 meV

13 meV

1.26 meV

2.13 2.14 2.152.12

10 K

(b)

2.0 2.1 2.2

Energy (eV)
2.3 2.4

10 K

43 Å

(d)

Energy (eV)
2.0 2.1 2.2 2.3 2.4

10 K

50 Å

Figure 3.15: Nanofluorescence of CdSe nanocrystals. (a) Comparison between
the spectra obtained with FLN (upper trace) and SDL (lower trace). Ensemble

spectra and single nanocrystal spectra for everage sizes of 3.9 nm (c), 4.3 nm (b)
and 5 nm (d). In (b), the histogram corresponds to the emission spectra of 513
single nanocrystals (Reproduced with permission from S.A. Empedocles, D.J.
Norris, and M.G. Bawendi, Phys. Rev. Lett. 77, 3873 (1996). Copyright 1996,

American Physical Society.)

deconvoluting the real spectra of single nanocrystals from the normally
observed spectrum, i.e., the emission from an ensemble of nanocrystals. In
panel A, a comparison is made between the fluorescence spectrum detected
using the fluorescence narrowing technique (upper trace) with that obtained
from the single quantum dot (lower trace); note the impressive narrowing.
This result can then be used to disentangle the broadening due to ensem-
ble average. The possibility of getting the signal from each individual
nanocrystal allows to quantify the heterogeneity of the size distribution and
environment of nanocrystals. It also confirms the line structure expected for
a quantum dot, which would otherwise be hidden in the broad, featureless
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emission band of the ensemble. Note the displacement to higher energies
of the emission peak positions as the nanocrystal size is reduced.

The combination of ultrahigh space and time resolution can be achieved
by using scanning tunnelling microscopy with femtosecond (fs) light exci-
tation [20] This new technique is very useful in studying fast relaxational
dynamics in organized nanostructures. As an example, we show in Fig. 3.16
some data taken on GaNxAs1−x �x = 0�36�. The imaging is performed
through the differential scanning tunnelling current, i.e., the difference
between the current during the downstroke and the upstroke of the STM
tip at a given instant in time, as a function of delay time between the pump
and probe pulses of a titanium-doped-sapphire (Ti:S) laser. The analysis of
time dependence of the integrated current identifies two relaxation times of
∼1 and ∼50 ps (picoseconds), respectively, for space resolution of 10 nm.

3.3. Advanced Optical Spectroscopies

3.3.1. Single-molecule Fluorescence Spectroscopies

Certainly, the most popular spectroscopic techniques to explore the
nanoworld are SMFS, which in general combine a high space resolution
confocal microscope with high sensitivity CCD (charge coupled devices)
arrays or APDs (avalanche photodiodes) for luminescence detection
(Fig. 3.17) [21].

The basic principle is simple: in the focal volume of the microscope,
there should be either one molecule or none. This can be simply obtained
by a sufficient decrease in the concentration of the molecule of interest
in a solution, or by a parallel decrease of the active volume. In both
cases, however, there is no control on which molecule is seen; furthermore,
molecules will go in and out of the useful volume. Actually, at room
temperature, the transit time of a typical fluorescent molecule through
the active volume is about 10−3 s; so for a radiative decay time of 1 ns,
utmost 106 absorption-emission cycles (hence photons) could be observed.
However, the luminescence, hence the molecule, disappears much sooner
because of photodecomposition or other photoeffects (self-bleaching effect,
quantum efficiency 10−5–10−8). Considering that the detection efficiency
is of the order of a small percentage, the actual signal that detects the
single molecule is a burst of about 10–100 photons. In Fig. 3.18, we show
an example of the bursts, which signal the passage of one molecule, in
our example rhodamine 6G, through the active volume. It is worth noting
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Figure 3.16: (a) Differential tunnelling current as a function of delay time
between pump and probe laser pulses for a sample of GaNxAs1−x �x = 0�36�

annealed at 600�C; (b) integral tunnelling current obtained from the data in (a).
The best fit is a two-exponential function. The asymmetry between negative and
positive delays is due to the different intensities of the two laser pulses. The data
correspond to an active area of a few nanometers. (Reproduced with permission
from O. Takeuchi, M. Ayoama, R. Oshima, Y. Okada, H. Oigawa, N. Sano, R.
Morita, M. Yamashita, and H. Shigekawa, ‘Probing subpicosecond dynamics

using pulsed laser combined scanning tunnelling microscopy’, Appl. Phys. Lett.
Vol. 85, pp. 3268–3270 (2004). Copyright 2004, American Institute of Physics.)

that the mother solution – water-glycerol – had a R6G concentration of
15 femtomoles! While the upper trace shows the bursts of fluorescence due
to the passage of solution microdroplets, the lower trace shows the control
signal: identical microdroplets but of the water–glycerol solvent only [22].
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Figure 3.17: The simplest experimental set-up to view single molecules through
their fluorescence. In this case, a normal multiline lamp is used with an inverted

microscope. (Reproduced with permission from J.R. Taylor, M.M. Fang, and
S. Nie, Analytical Chemistry, 72, 1979–1986 (1999). Copyright 1999, American

Chemical Society.)
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Figure 3.18: Detection of single R6G molecules dissolved in free-falling glycerol
water microdroplets; the dashed line indicates the noise fiduciary level.

(Reproduced with permission from M.D. Barnes, N. Lermer, C.Y. Kung, W.B.
Whitten, J.M. Ramsey, and S.C. Hill, Optics Letters, Vol. 22, pp. 1265–1267

(1997).)
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The very low concentrations necessary for the single-molecule limit
imply a particularly vexing problem that the system will detect, beside the
wanted signal, a diffuse background due to the luminescence of excited
molecules outside the target volume; impurity luminescence too is an
increasingly difficult problem to overcome as the fluorophore concentration
is reduced. In spite of these difficulties, SMFS in its simplest form is now
a routine tool for studying dynamics and relaxation of single molecules in
a variety of applications; we shall discuss some representative examples
later. For general reviews and experimental details, see [A10]. Here, we
wish to briefly discuss the more advanced versions of SMFS, in which
some of the aforementioned problems are eliminated or at least minimized.

An obvious improvement can be obtained using a confocal microscope,
which would reduce the active volume and also reduce the intensity of
‘stray fluorescence’ through the spatial filtering of the pinhole. Nowdays,
this confocal geometry is almost universally used.

More sophisticated excitation schemes can be used. In Fig. 3.19, we
show methods based on total internal reflection and evanescent wave
excitation.

CCD

C

O

F

P

(a) (b) (c)

Figure 3.19: Schematic view of several total internal reflection and evanescent
wave excitation schemes: (a) total internal reflection (TIR) prism using

evanescent wave coupling; (b) the same, but without prism; (c) TIR using large
angle (due to the high objective aperture) input rays, which focus at angles

beyond the critical angle for the silica surface of the sample cell. (Reproduced
from W.P. Ambrose, P.M. Goodwin, and J.P. Nolan, ‘Single-molecule detection

with total internal reflection excitation: Comparing signal-to-background and total
signals in different geometries’, Cytometry, Vol. 36, pp. 224–231 (1999).
Copyright John Wiley and Sons Limited; reproduced with permission.)
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Figure 3.20: Schematic view of the spectroscopic version of NSOM,
realizing a suggestion made originally by Synge [23]. (Reproduced with

permission from S. Nagata, K. Kaga, and O. Karthaus, e-J. Surf. Sci.
Nanotech 3, 94 (2005).)

A more spectacular improvement derives from the use of the tip of the
NSOM to excite fluorophore (Fig. 3.20). In this case, the lateral dimension
of the spot will be reduced from about 1 � to 50 nm, yielding a reduction
of the active volume from about 1 �3 (1 femtoliter, fl) to 0.05 fl. This
reduction, coupled with the confocal geometry, reduces the unwanted lumi-
nescence considerably. Another and perhaps the most important advantage
of using a sub-wavelength excitation spot is the possibility of studying
molecules localized in some specific nanostructure. In this case, the NSOM
is used in the dual role of imaging microscope, yielding the sample topo-
graphy down to a scale of about 50 nm (the aperture limit due to the
tip size) and excitation source localized well beyond the diffraction limit.
Using this, it is possible to study fluorophores localized in specific sites
in a larger nanostructure, which can be a biological macromolecule or a
semiconductor nanocrystal [A11].

Up to now, we focussed our attention on excitation and emission optics.
Another important point concerns the detectors, such as the CCDs and
APDs, which have allowed the quantum limited sensitivity and high time
resolution necessary for most advanced applications. This, for instance,
has allowed the application of PCS techniques (for a general introduction
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to the subject see [2]) to obtain the time correlation functions of intensity
fluctuations due to single-molecule photon bursts [24]. This is an important
development since it allows the measurement of fundamental quantities
of direct physical interest, such as diffusion coefficients, concentrations,
reaction kinetics, etc., on the single molecule instead of relying on the
normally measured ensemble averages, which, especially in the spatially
heterogeneous systems we are considering here, could lead to a considerable
loss of precious information; for a review see [A12].

A further approach to improving the experimental situation uses non-
linear optical effects. Two-photon excited fluorescence is particularly useful
because of its relative simplicity [25]. Here, the trick is to use the depen-
dence of the effect on the square of the incoming intensity to restrict the
active volume considerably. Let us recall that the intensity distribution
along the direction of propagation in the focal region has a clessidra-
like shape, i.e., the power density strongly increases as the focal point
is approached, and then decreases as strongly. Another advantage of this
technique is that the excitation light is generally in the spectral region
where the material is transparent; this avoids unwanted heating effects and
allows probing the material further in the bulk.

The required excitation intensity is high (greater than 1 MW cm−2). Usu-
ally, a mode-locked Ti:S laser is used, which allows pulse widths of about
100 fs and hence single-molecule time resolved fluorescence spectroscopy
with fast time resolution. This, by the way, allows an interesting imaging
method, which involves the determination of the fluorescence lifetime of
the single molecules. Such lifetime, as was the case of the fluorescence
spectrum (Fig. 3.15), depends on the single-molecule local environment,
which can be imaged by this technique (see f.i. Benda et al., ref [26]; see
also Fig. 3.25).

Using the near-infrared wavelengths available with the laser source in
two-photon single-molecule spectroscopy, it is possible to achieve radial
and axial space resolution of less than 500 and 1000 nm, respectively.
This space resolution is similar to what can be obtained with a confocal
microscope, and allows 3D imaging of the sample.

As an example, we show in Fig. 3.21 a Z-scan (2-� step, scale bar 10 �)
of images of two dividing HEK293 cells. The 3D profiling possible with
two-photon fluorescence microscopy is evident. Here, the fluorophore is
EGFP bound to a Calmodulin protein, which in turn binds to the enzyme
myosin light chain kinase at the cell membrane.

A final improvement shall be discussed in the following paragraph since
it involves the SERS effect.



82 The New Frontiers of Organic and Composite Nanotechnology

Figure 3.21: Two-photon fluorescence microscopy imaging of a cell division
process, profiled along the z direction (Z-scan). The color codes are: blue = low

intensity; red = medium intensity; yellow = high intensity (from
t.gensch@fz-juelich.de, with permission from Dr Thomas Gensch)

3.3.2. The SERS Effect and Enhanced Spectroscopies

One of the most important developments in spectroscopy is SERS, discov-
ered by Fleishmann et al. in 1974 [27] while studying electrode reactions.
A confirmation and rough understanding of the effect came a few years
later [28,29].

Basically SERS is an enormous increase of the non-resonant Raman
cross-section of certain molecules when adsorbed ‘near’ a rough metallic
surface. Originally this was the sponge-like silver electrode of an electro-
chemical cell [27]. The purpose of the experiment was to try and increase
the Raman signal by increasing the surface/volume ratio and hence the
density of molecules in the useful scattering volume. The signal increase
was then attributed to such effect. It was quickly realized [28,29] that the
effect was instead due to an increase of the Raman cross-section itself,
connected with the strong local electric field enhancement near a metallic
surface, sufficiently rough to feature a high density of localized surface
plasmons. Later the effect was seen in island silver and gold (and other
metals) thin films (about 50 nm average thickness). For a general review
of the early work and theories on SERS, see [A7]. More recently, micro-
and nanocolloidal metallic particles, in solutions or especially deposited on
a solid substrate forming fractal-like aggregates, have shown the highest
enhancement factors �1014–1016� [A9,A13]. In a way, the original intuition
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of Fleischmann et al. was somewhat vindicated in the later years. In fact,
the ‘surface enhanced’ locution in SERS is somewhat of a misnomer. Flat
metallic surfaces do not show the effect (or at least they show only a small
increase, less than one order of magnitude). It is the space heterogeneity
on nanoscale that affects both the surface plasma excitations of the metal
and the near field distribution the molecules see near the surface, which
is responsible for the effect. SERS is an important example of how life
on the nanoscale can be full of surprises, i.e., impressive new physical
and chemical effects; thus SERS, which for over a decade had become a
so-called ‘mature’ sub-field of surface sciences, was resurrected in the late
1990s as a revolutionary field in nanosciences [30–32]. For an up-to-date
account of research in this field, see [A14].

In Fig. 3.22, we show the sketch of a typical experimental configuration
to determine SERS spectra with high enhancement factors.

With a relatively simple set-up, the sensitivity level of single-molecule
Raman spectrum can be reached. We can understand why this is so by
closely considering the actual enhancement factors provided by the SERS
substrate.

In Fig. 3.23, we show a direct measurement of intensity enhancement
due to SERS. Here, the method was to measure in precisely the same experi-
mental conditions the SERRS (resonance SERS) spectra of a solution of
colloidal gold nanoparticles containing R6G at about 10−10 M concentra-
tion, and in the same solution to which 5-M methanol was added. Methanol
does not show any SERS enhancement, and has the typical Raman cross-
section of about 10−30 cm2. By subtracting the two spectra, the spectrum
of pure methanol was obtained; the intensities and known concentrations
yielded an estimated enhancement factor of 1010. In this particular case,
an additional enhancement contribution was due to the fact that R6G
was resonantly excited by the 514.5 nm argon laser line, and hence the
acronym SERRS.

However, the real maximum enhancement was actually much higher.
This was seen in several experiments. In particular, in Fig. 3.24, we show
the Stokes and Anti-Stokes SERS spectra of crystal violet adsorbed on col-
loidal silver particles of different sizes. The Stokes–Anti-Stokes intensity
ratio was clearly anomalous. At room temperature, the high wavenumber
lines in the Anti-Stokes spectrum should be considerably weaker. The extra
strength of the Anti-Stokes lines was due to the pumping of higher vibra-
tional levels due to very strong SERS [31]. This non-linear process allows
to estimate the actual maximum SERS cross-section from the difference
between the equilibrium and SERS pumped Stokes–Anti-Stokes ratios. The
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Figure 3.22: Schematic experimental set-up for single molecule SERS in a
colloidal solution. Inserts are an electron micrograph of a typical colloidal cluser

and the Raman spectrum of a single molecule adsorbed on such cluster.
(Reproduced from K. Kneipp, H. Kneipp, R. Manoharan, I. Itzkan, R. Dasari, and

M.S. Feld, Bioimaging 6, 104 (1998). Copyright 1998, John Wiley and Sons
Limited; reproduced with permission.)

value obtained was about 10−16 cm2, i.e., an enhancement of 1014! How-
ever, a perusal of Fig. 3.23 will clearly indicate that, for such enhancement,
the SERRS lines of R6G should be much stronger than they are. The
conclusion is that not all adsorbed molecules have the same enhancement,
i.e., strong substrate heterogeneity implies a wide distribution of sites with
strongly different enhancement factors. If a homogeneous distribution is
assumed, it would lead to an underestimation of the maximum enhancement
factor. The highest enhancements (up to 1016) are due to the so-called ‘hot
spots’, whose existence and morphology became quite an active research
subject on its own [33].
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methanol. (Reproduced with permission from K. Kneipp, Y. Wang, R. R. Dasari,

and M.S. Feld, Appl. Spectrosc. 49, 780 (1995).)

The existence of hot spots is evident in Fig. 3.25, where AFM images
of highly efficient SERRS particles are presented together with inefficient
ones (A). Under higher magnification (B, C, D), the hot particles were
revealed to be either nanorods or linear clusters of a few particles, or so-
called ‘faceted’ particles, i.e., with a strong spatial heterogeneity on the
nanoscale.

Referring to Fig. 3.22, the relatively simple set-up shown could be
complicated by using a confocal microscope for excitation. However, due
to the space selective nature of SERS, i.e., most of the signal comes from
the hot spots that are localized on the scale of about 10 nm, the actual
resolution of the experiment does not depend on the excitation and detection
optics, but instead on the nanoscale morphology of the substrate. In this
sense, SERS not only enhances the Raman intensity but also allows an
imaging space resolution on 10-nm scale!
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Figure 3.24: Stokes and Anti-Stokes SERS from cresyl violet adsorbed on
colloidal silver particles of different sizes. (Reproduced with permission from K.
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In spite of its obvious interest on a fundamental level as well as a highly
sensitive and innovative analytical tool, the large amount of theoretical
work has yet to arrive to a definitive theory of SERS effect. Although
its ultimate explanation is not clear yet, it is certainly connected with
nanoscale non-homogeneities on a metallic surface or more generally a sur-
face with strongly inhomogeneous and sufficiently high electronic density.
In particular, the Raman spectrum – but also other optical effects such as
fluorescence and infrared absorption from a molecule adsorbed (‘physical’
SERS) or bound (‘chemical’ SERS) to such a surface – can be increased
by several orders of magnitude, reaching the enormous value of 1016 in the
most favourable cases.

Basically, the present understanding is that SERS is a consequence of
nanostructuration of materials, which induces electronic effects that not
only produce enhancement but also other important characteristics of SERS,
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Figure 3.25: AFM images of colloidal silver particles: (a) four isolated particles
of which particles 1 and 2 showed a very strong SERS effect, whereas 3 and 4 did
not; (b–d) higher magnification images of some hot particles. (Reproduced from

S. Nie and S.R. Emory, Science, Vol. 275, p. 1102 (1997); reproduced with
permission from AAAS.)

such as its potentially high space resolution, way beyond the diffraction
limit for visible light.

From the very beginning, two schools of thought appeared, claiming
a physical or a chemical nature of the effect. This author never liked
this division since, as it is now clear, there is a strong correlation feed-
back between chemical effects (i.e., changes in the electronic structure of
molecules which then bind the molecule to the metallic nanostructure) and
physical effects (i.e., the strong local electric fields due to excitation of
the localized surface plasmons in the metal which add to the incoming
light field and influence the scattering from molecules simply adsorbed or
‘sufficiently near’ the surface).

In fact the local field also couples the plasma electronic states to the
LUMO states of the molecule. This generates a sort of resonant tunnelling
effect, which will also depend on the nature of wavefunctions of the
molecular electronic states ([34], [A13]).

The several strong possible interactions that we discussed so far should
also have an effect on the fluorescence of a fluorescent molecule adsorbed
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on a SERS substrate, both on its intensity and its decay time. We shall
discuss fluorescence enhancement later; here, we show the interesting effect
on the lifetime. In Fig. 3.26, we present the behaviour of phosphorescence
decay time of pyrazine at 20 K as a function of distance from a silver
surface. Clearly, the decay time decreases with decreasing distance, which
implies a strong increase in radiationless transitions and/or change in the
electronic wavefunctions due to the ‘chemical’ part of SERS.

Furthermore, it is known that SERS works well in molecules with �
states that are more delocalized; conversely, it will not work at all on others,
such as f.i. the simple hydrocarbons or alcohols. An important consequence
of this is that, contrary to the older assumptions, the SERS spectrum in many
cases is not the same as the ordinary non-resonant Raman spectrum: some
peaks that are almost absent in this are prominent in SERS; in fact, in some
cases, the symmetry selection rules are broken so that the SERS spectrum
will include forbidden vibrations. In Fig. 3.27, for instance, we show the
case of C6F6 adsorbed on a silver island film [A7]. The strongest peak
in the SERS spectrum (the totally symmetric C-F stretching vibration) is
totally absent in the normal Raman spectrum from a polycrystalline sample.
The reverse is true for a peak at 630 cm−1 in the polycrystalline sample.
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Figure 3.27: SERS spectrum of C6F6 adsorbed on a silver island film; normal
Raman spectrum of a solid polycrystalline layer. (Reproduced with permission

from M. Moskovits, Rev. Mod. Phys., 57, 783 (1985). Copyright 1985, American
Physical Society.)

A general remark on SERS effect is that, the enhancement due to
resonance with localized surface plasmon polaritons enhances not only the
Raman scattering cross-section but also that of any optical effect, such
as optical absorption and, more importantly, fluorescence. Thus, as in the
case of Raman scattering, SERS enhancement can be used to increase the
sensitivity and space resolution of single-molecule fluorescence.

Finally, SERS-like effects can also enhance infrared absorption, thus
providing a useful complement to Raman scattering. In fact, depending on
the incoming light wavelength, another contribution to the enhancement
originates from localized surface phonon polaritons, i.e., mixed electronic-
vibrational excitations. This greatly extends the scope and applications
of the technique [35]. In particular, nanostructures of polar or dielec-
tric materials can be studied. One interesting way to produce infrared,
spectroscopically weighed images on the nanoscale is to use s-NSOM,
i.e., scattering NSOM [36]. Here, a CO2 laser is focussed onto a Si tip
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Figure 3.28: s-NSOM amplitude imaging of Ga+-implanted SiC nanostructures:
(a) imaging taken at 891 cm−1; the inset zooms in a scan of 200 nm squares;

(b) images of implanted stripes taken at 920 cm−1; the stripe widths are 100 and
200 nm. (Reproduced from N. Ocelic and R. Hillenbrand, Nature Materials,

Vol. 3, p. 606 (2004). Copyright 2004, Macmillan Publishers Ltd;
reproduced with permission.)

covered with a thin platinum layer. The backscattered light is spectrally
analysed interferometrically. When resonance of a sample (e.g. SiC) vibra-
tional frequency with the tip is achieved, strong enhancement takes place
and there will be a peak at that frequency in the backscattered light. Such
a peak can be used to image the local dielectric properties of the sample.
In Fig. 3.28, we show the IR imaging of a Ga+ ion-implanted SiC using
s-NSOM. The effect of 40 KeV Ga+ ions on the SiC sample is clearly
evident through the changes in vibrational spectra.

An experiment more closely related to the SERS effect is reported
in [37]. Her,e the infrared detection of nano-objects is accomplished
through three different types of nanostructures (Fig. 3.29): (a) a nanogap
between two metal antennas, (b) the final part of metal probe tip, (c) the
gap formed by the tip dipole and its mirror image on a highly reflecting
substrate. Through enhancement due to the near field in these nanostruc-
tures, it is possible to selectively image particles (in this case gold) down
to a size of 8 nm. By changing the substrate from metallic to dielectric,
the contrast can be varied by a factor of 10. Furthermore, for different
nanoparticles, resonance with different vibrational modes of the substrate
can be used.
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and substrates using the s-NSOM technique (a); (b) imaging of a Au nanoparticle
on different substrates using three different IR frequencies as probes. The lower
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shows an x-y map of the particle. Note the total disappearance of the particle from
the x-y map referring to the 1080 cm−1 frequency. (Reprinted with permission

from A. Cvitkovic, N. Ocelic, J. Aizpurua, R. Glukenberger, and R. Hillenbrand,
Phys. Rev. Lett., 97, 060801 (2006). Copyright, 2006, American Physical Society.)

3.3.3. Tip-enhanced Spectroscopies

As was the case for SMFS, subwavelengh excitation of SERS spectra can
be achieved by illuminating the SERS sample through the tip of a NSOM.



92 The New Frontiers of Organic and Composite Nanotechnology

Thus, it is possible to study a specific molecule in a solid structure, the
molecule being chosen from the microscopic image. In this case, the space
resolution of the system is limited by the aperture of the tip, yielding a
minimal space scale of about 50 nm [38]. Thus, if single-molecule resolu-
tion was expected, the concentration of the molecule must be appropriately
reduced. However, we would discuss another more sophisticated form of
nanospectroscopy in which scanning probe microscopies are coupled with
the SERS effect, which in a sense is brought to its limit. In this case,
the strongly non-homogeneous environment is provided by the tip of the
scanning microscope, i.e., STM, NSOM, AFM, the latter two being appro-
priately functionalized by a thin (about 50–100 nm) metal coating. More
recently, electrochemically etched simple gold tips have been used with
impressive results [39]. The resulting electric field in immediate vicinity
of the point of the tip will be as high as the highest found in the ‘rough’
metallic surfaces of metal nanoparticles (i.e., the hot spots). At the same
time, in contrast to normal SERS, the substrate metallic surface is flat.

In many cases, what we look for is the signal from a typical area
of the nanostructure. In this apertureless geometry, both space resolution
and system sensitivity can be increased to the ultimate limit of the single
molecule [40]. In Fig. 3.30, we show a typical experimental geometry for
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Figure 3.30: Raman spectra of brilliant cresyl blue (BCB) with the tip in contact
with the sample (b) and with the tip removed from the sample (a). (Reproduced
from R.M. Stocle, Y.D. Suh, V. Deckert, and R. Zenobi, ‘Nanoscale chemical
analysis bu tip-enhanced Raman spectroscopy’, Chemical Physics Letters, Vol.

318, pp. 131–136. Copyright 2000, Elsevier; reproduced with permission.)
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what has now come to be called TERS (tip enhanced Raman scattering),
together with the tip-enhanced Raman spectrum and the unenhanced one.

A good example of TERS is reported in Fig. 3.31, in which the Raman
spectra of one single-walled carbon nanotube are shown with the tip in
contact with the single wall nanotube (SWNT) (solid line) and removed
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Figure 3.31: TERS of SWNT; (a) solid line tip in contact with sample, dashed
line spectrum with tip removed; (b) tip-to-sample distance dependence on the

intensity of the radial breathing mode (evidenced by the arrow in (a)).
(Reproduced with permission from A. Hartschuh, M.R. Beversluis, A. Bouhelier,
and L. Novotny, ‘Tip-enhanced optical spectroscopy’, Philosophical Transactions
of the Royal Society A, Vol. 362, pp. 807–819, Figure 7 (2004). Copyright 2004,

Royal Society.)



94 The New Frontiers of Organic and Composite Nanotechnology

CN on gold

CN on rough gold

Integration time: 50 s
Accumulations: 12
Objective: 50X
Laser power: 1 mW

Tip tunneling

Tip retracted

6000

4000

2000

0

1500 2000

Raman shift /cm–1

R
am

an
 in

te
ns

ity
/a

rb
.u

ni
ts

2500 3000

Figure 3.32: Raman spectra of isothiocyanate (CN stretching mode) molecules
on a rough gold substrate, with and without TERS enhancement (from B.

Pettinger, http://w3.rz-berlin.mpg.de/pc/shg/shg_sers/Tip_enhanced_RS.html, with
permission from Dr. Bruno Pettinger).

from it by 2 �m (dashed line). In the right panel (b), the dependence of the
Raman signal (monitored by the radial breathing mode) on the tip–sample
distance is shown [41].

It may be argued that some of the enhancement may still come from
inhomogeneities in the metallic substrate. In Fig. 3.32, we show the TERS
spectrum of isothiocyanate taken on a rough gold substrate, with and
without the tip. Clearly, the tip near field proximity to the sample yields
an important additional enhancement.

In fact the optimal conditions for TERS enhancement are an atomically
flat metallic surface and a well-defined sharp metal tip [42]. In Fig. 3.33,
we show a comparison between the RRS of a single monolayer of isothio-
cyanate on Au(111) monocrystalline substrate with the TERRS spectrum
in the same conditions.

Even if a relatively large area of the sample is illuminated (usually a
confocal microscope is used so that the typical area is of the order of
1 �2), only the molecules located in the immediate vicinity of the tip will
experience the largest enhancement and, therefore, will dominate the signal
at the sensitivity level of their spectrum. If only one molecule is attached to
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Figure 3.33: RRS (a) and TERRS (b) of malachite green isothiocyanate on
Au(111). For (a), the acquisition time was 30 s, and the spectrum was enlarged
60 times; for (b), the acquisition time was 10 s. (Reproduced with permission

from B. Ren, G. Picardi, and B. Pettinger, ‘Preparation of gold tips suitable for
tip-enhanced Raman spectroscopy and light emission by electrochemical etching’,
Review of Scientific Instruments, Vol. 75, pp. 837–841 (2004). Copyright 2004,

American Institute of Physics.)

the tip, then TERS will yield the Raman spectrum of that single molecule
at that specific position in the examined structure. Thus, TERS allows the
sensitivity of the single molecule as well as a space resolution well beyond
the diffraction limit or, in favourable cases, the imaging capabilities of the
scanning probe microscope itself. This, for instance, permits the study of
Raman spectrum of single specific subunits of a given macromolecule or,
in the case of biomolecules, the study of the dependence on the location
within the protein of the Raman spectrum of a given aminoacid or active
site. For a general review of recent work, see [A15].

We have already pointed out the general character of SERS as an optical
signal amplifier. In particular, SERS-like amplification has been used in
SMFS. In Fig. 3.34, we show fluorescence enhancement as a function
of tip-to-sample distance for single photon emission from single quantum
dots and rods. Note the very fast spatial decay of the enhancement, which
indicates that, in order to fully use the SERS effect, the tip must be almost
in contact with the sample [43].
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Figure 3.34: Fluorescence enhancement near a sharp Si tip as a function of
tip-sample separation. The samples were quantum dots and rods of CdSe-ZnS.
Solid circles: 5 nm quantum dot; open squares: 5 ×20 nm nanorod. The open

triangles are for dye-doped latex spheres of 20 nm diameter. Clearly, the small
quantum dot shows by far the largest enhancement. The inset shows the phase
delays histogram for the quantum dot. (Reproduced with permission from J.M.
Gerton, L.A. Wade, G.A. Lessard, Z. Ma, and S.R. Quake, Phys. Rev. Lett., 93,

180801 (2004). Copyright 2004, American Physical Society.)

We conclude this brief introduction to TERS with some experimen-
tal considerations. The scheme of a typical experimental configuration is
shown in Fig. 3.35.

The laser excitation powers are always below 1 mW, and the excitation
lines are chosen to be at resonance either with the electronic transitions of
the sample and/or the localized surface plasmons of the SERS substrate
or the tip material. For TERS enhancement, an axial polarization of the
incoming electric field is usually necessary. To achieve this in the backscat-
tering axial geometry shown in Fig. 3.35, it is necessary to displace the tip
laterally or use higher order or radial laser modes with longitudinal fields.
Otherwise, an oblique incidence of the laser beam can be used; this allows
to observe enhancement for the planar component of laser polarization
(see [44]).

With a surface density of 1014 mol cm−2 and a tip radius of 10 nm,
one single dye (such as R6G) molecule could in principle be detected
underneath the tip, given a TERRS enhancement of 1011. This brings the
Raman cross-section close to that for photoluminescence from the same
dye [45].
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3.4. Some Applications

3.4.1. Blinking, Statistics and PCS

The probing of single nanostructure and its immediate environment leads
to the well-known phenomenon of fluorescence ‘blinking’ [46], i.e., the
random discontinuous jumps of the detected intensity in single nanocrys-
tals [47] or single molecules [48]. This has been proposed as a sure signature
that the signal originated from a single molecule/nanostructure [21]. The
blinking phenomenon involves the intensity as well as the spectrum and the
luminescence lifetime. There are several possible causes for this, connected
in one way or other to the heterogeneity of the local environment of the
chromophore: conformational changes of the host macromolecule, radical
formation and photoeffects such as photobleaching and photoionization,
interlevel system crossing (singlet to triplet state, leading to phosphores-
cence at the expense of fluorescence or vice versa) and changes in the
density of final photonic states (PSD) in the emission process [49]. If
the non-homogeneous environment is due to a SERS substrate or a tip, the
PSD modifications can be quite large and lead to substantial enhancements
of the luminescence [50].

Here, we would bring in an important fundamental point, which has been
successfully addressed using nanospectroscopy techniques: the connection
between time averaging, i.e., following the single nanocrystal or molecule
in time, and ensemble averaging. In an ergodic system, the two averages
should coincide. Single molecule spectroscopy can yield profound insights
into this matter. Since the typical intermittency time is about 0.1–0.5 s, and
the single molecule/nanocrystal observation time for each point is about
120 s, it is clear that intermittency may strongly influence the experimental
observations and conclusions.

In Fig. 3.36, we show the intermittency luminescence signal from a
single CdSe quantum dot of about 2 nm. Note the two-level, on-off appear-
ance of the signal and the long time scale of the process. Because of the
broad distribution of on-off intervals, the signal appears to be dominated
by a few long time events. This implies using a statistical analysis of time
interval distributions based on Lévy statistics [51], from which statistical
aging and ergodicity breaking can be observed [52].

In Fig. 3.37, we show the results obtained for CdSe nanocrystals, which
imply a power law dependence of probability density s�	� that a nanocrys-
tal jumps to the ON state after having spent time 	 in the OFF state
(Fig. 3.37a). The value of the exponent 
 is fitted to be 0.5. This strongly
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non-exponential behaviour is typical of Lévy flights. In the figure, we can
see the statistical aging of the system from the behaviour of persistence
probability at different values of time intervals 	+	′ −	 (Fig. 3.37c), which
shows a dependence on 	; in panel Fig. 3.37d, the same data are shown as
a function of 	/	 +	′ together with the appropriate theoretical fits.

It is interesting to note that blinking effects are a general occurrence
at the nanoscale. For instance, they are also observed in single-molecule
SERS [53]. Although the basic cause of blinking remains the strong space
dishomogeneity that characterizes nanoparticles observable at the single
particle level, the actual specific mechanism may be different for SERS rel-
atively to fluorescence. In particular, proposals for them indicate adsorbed
molecular mobility on the SERS substrate [53, Weiss and Haran] or charge
transfer [54]. For instance, in Fig. 3.38, we show data obtained for ‘blink-
ing’ SERS, which clearly show transfer from ferrous to ferric ion during
measurement time in a single iron-protoporphirin IX molecule adsorbed on
a silver colloidal surface.

1363 and 1375 cm–1

Fe3+ + Fe2+

1375 cm–1 Fe3+

1363 cm–1 Fe2+

0 100 200 300 400

Spectrum number #
500 600 700

Figure 3.38: Data from 600 SERS spectra. Each point indicates the appearance
of the Raman peak of marked frequency in the time sequence of the spectra from

silver colloids incubated with 10−11 M FePP. The 1363 and 1375 cm−1

frequencies correspond to the ferrous and ferric oxidation state in the protoprotein
(from ref. [54]). (Reproduced from A.R. Bizzarri and S. Cannistraro, ‘Evidence of

electron-transfer in the SERS spectra of a single iron-protoporphyrin IX
molecule’, Chemical Physics Letters, Vol. 395, pp. 222–226. Copyright 2004,

Elsevier; reproduced with permission.)
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From this point of view, it is interesting to note that the tip/substrate–
molecule/macromolecule contacts, which are based on the thiol group
capacity of forming strong bonds with gold, also ‘blink’, i.e., fluctuate
between closed (ON) and open (OFF) circuits in a manner that is very sim-
ilar to the fluctuations observed in single-molecule fluorescence and SERS.
An example is provided by stochastic conductance switching between sim-
ple molecules such as octane, decane and dodecane-dithiols bonded to an
Au(111) surface or even with the top gold contact pressed at constant force
against the tip of an AFM [55] (see also [53], Bizzarri and Cannistraro).
In this case, the effect seems to be due to the swing mobility of molecules
attached to the gold surface, which allows them to explore different local
environments on the nanoscale.

The generality of the blinking phenomenon extends to its statistics.
A particularly detailed SERS study of the blinking statistics in Fe-
protoporphirin IX demonstrates that the vibrational mode time fluctuations
obey Lévy statistics and show aging and non-ergodicity characteristics [56].

The blinking effect contains important and detailed information on the
nanoparticle dynamics as well as the fluctuations of its environment, the
coupling between the tip (or SERS substrate) and the adsorbed molecule,
and on the photoinduced effects during an optical measurement. On the
other hand, blinking may pose strong limitations to the use of single
molecules or nanoparticles as sensors or other applications, since its time
scale is on the same scale as that of the sensing activity. See [49] for
a remedial pathway to the blinking problem; in this case, fluorescence
blinking is removed by engineering the rate constants for the intersystem
crossing between singlet and triplet states, one of the main mechanisms for
blinking. The engineering was accomplished by decreasing the PSD of the
triplet states, which increases the singlet state fluorescence and ‘fills up’
the OFF time slots, as can be seen in Fig. 3.39.

We wish to conclude by reporting on a measurement which allows
the separation of blinking from photobleaching in single-molecule spec-
troscopy. Since the time scales of the two processes are similar, when
performing a statistical analysis of the data, the two may interfere, leading to
erroneous estimates. An interesting modification of single-molecule imag-
ing, which involves the use of wide-field illumination, allows the identifica-
tion of the two channels [57]. The image field is about 100×100 �2, which
allows to observe many fluorescent molecules simultaneously and follow
them in a time series of images. Using the fact that bleaching is irreversible
and taking into account the initial dark states of the molecules, the two
processes can be separated and, therefore, the correct values of the relevant



102 The New Frontiers of Organic and Composite Nanotechnology

60

40

20

(b)

CtsTime [s]

P
ho

to
ns

/b
in

60

40

20

0

Time [s]

(a)

P
ho

to
ns

/b
in

0.0 0.2 0.4 0.6 0.8 1.0

0.0 0.2 0.4 0.6 0.8 1.0 0 250

Cts

0 200 400

Figure 3.39: Fluorescence time traces (1 s measurement time) for a standard
molecule (upper trace) and ‘engineered’ molecule (lower trace). The

corresponding histograms are shown on the right. (Reprinted with permission
from F.D. Stefani, K. Vasilev, N. Bocchio, F. Gaul, A. Pomozzi, and Kreiter,

New Journal of Physics, Vol. 9, p. 21 (2007). Copyright (2007) IOP
Publishing Limited.)

parameters (decay times, rate constants, statistics) determined. This, by
the way, provides an improved experimental technique to study single-
molecule fluorescence since it features the multiplex advantage of getting
information for each frame from many single molecules simultaneously
instead of a single one.

Another issue of relevance here is single-molecule fluorescence, which
uses PCS techniques for analysing data [58]. For instance, Fore et al. [58]
showed that using sophisticated experimental and statistical analyses the
discrete distribution of DNA-conjugated dyes could be precisely deter-
mined, together with their stoichiometry, at the single molecule level in
protein–protein and protein–nucleic acid complexes. Antibunching photon
correlations and the second-order time correlation function of fluorescence
intensity fluctuations were obtained from nanosecond resolved determina-
tion of the time of arrival distribution of single photons. It is interesting to
note that the photon coincidences were assessed using the Hanbury-Brown
and Twiss stellar interferometer [59], originally developed to determine the
size of distant stars!
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Photon antibunching (a ‘dead’ time due to the finite fluorescence lifetime
of excited electronic states) yields a precise determination of the small
number of fluorescent molecules in the excitation volume, and hence it
allows to distinguish between a discrete number of different molecules in
individual complexes. The technique was tested on DNA hairpin complexes
labelled with one, two or three Atto655 fluorescent dyes. In Fig. 3.40, we
show typical results.
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Figure 3.40: Typical single-molecule image of labelled (one dye molecule) DNA
hairpin complex (a); the lower panels show the antibunching correlation plots: (b)
from image (a); (c) and (d) from images similar to (a) but with DNA complexes

containing two and three dye molecules respectively. (Reproduced with
permission from S. Fore, T.A. Laurence, Y. Yeh, R. Balhorn, C.W. Hollars,
M. Cosman, and T. Huster, ‘Distribution analysis of the photon correlation

spectroscopy of discrete numbers of dye molecules conjugated to DNA’, IEEE
Journal of Selected Topics in Quantum Electronics, Vol. 11, pp. 873–880 (2005).

Copyright 2005, IEEE.)
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From the correlation plots, it is clear that, with only one dye molecule,
the area of the peak for coincident events (zero time) is zero and so is
the ratio between it and the average area of the time delayed peaks; such
ratio grows to 0.58 for two molecules and 0.71 for three molecules, thus
allowing a precise measure of stoichiometry at the single-molecule level.

The PCS techniques can be also applied when fluorescence lifetime
fluctuations are considered instead of the more typical intensity fluctuations.
In [26], this technique coupled with lifetime tuning was used to study
diffusional dynamics of fluorophores in lipid membranes. The technique
allows the simultaneous determination of diffusion coefficients of identical
molecules localized in different environments. Lifetime tuning to obtain the
maximum contrast is accomplished by locating some of the chromophores
close to a light absorbing surface (metal or semiconductor), such as f.i.
ITO glass; the tuning is obtained by using different quenching effects
of different surfaces. The strong dependence of the quenching effect on
distance from the surface allows to differentiate diffusion in two and three
dimensions respectively.

Photon correlation spectroscopy techniques have also been used when
the sources are synchrotron radiation X-rays. In this case, for instance, the
diffusion and relaxation in a carbon black filled elastomer under an applied
stress were studied [60].

3.4.2. Surface Plasmon Engineering and Sensors

One important application of nanosystems is the development of devices
that are potentially capable of sensing to the level of single molecules and
in a space-resolved way down to the nanoscale. Here, we shall discuss a
few applications involving advanced spectroscopic techniques.

Certainly the electronic states in granular or nanostructured metallic
surfaces are the most important material ingredients in nanospectroscopies.
Thus, it is natural to expect that, with appropriate ‘engineering’, localized
surface plasmon or phonon polaritons could be a useful probe. In Figs 3.41
and 3.42, we show a good example of ‘engineering’ possibilities, which
are based on the strong sensitivity of optical spectra of colloidal nanopar-
ticles on shape, anisotropy and composition [A8]. Figure 3.41 presents the
absorption spectra of gold nanospheres and nanorods (panel a), and the
absorption spectrum and Mie theory fit for a gold–silver nanoparticle alloy
(panel b). Clearly, all the important resonance behaviours can be strongly
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Figure 3.41: Absorption spectra of 22 nm gold nanodots (dotted line) and rods
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nanoparticles with a gold mole fraction concentration of 0.27 and the calculated
spectrum from Mie theory (b). (Reproduced with permission from the Annual

Review of Physical Chemistry, Vol. 54. Copyright 2003, Annual Reviews,
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modified to suit the specific requirements of experiments (such as SERS
or SMFS) and applications.

A good review of how to prepare SERS-effective nanostructured sub-
strates with an eye to sensor applications can be found in [61]. As an
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Excitation at 750 nm, power 50 mW, acquisition time 60 s. (Reprodued from
C.L. Haynes, C.R. Yonzon, X. Zhang, and R.P. Van Duyne, ‘Surface-enhanced
Raman sensors: early history and the development of sensors for quantitative

biowarfare agent and glucose detection’, Journal of Raman Spectroscopy,
Vol. 36, pp. 471–484 (2005). Copyright John Wiley and Sons Limited;

reproduced with permission.)

example, in Fig. 3.43, we have shown a Raman sensor that can detect
deadly bacterial spores at extremely low concentrations; here the actual
experiment was performed – may be for safety – on a harmless look-alike
of Bacillus anthracis.

The combined results of experimental preparation and theory have
recently led to novel ways of employing SERS in Raman nanospectroscopic
sensors [62].

For instance, using an adaptive SERS substrate, a sensitive protein
sensor has been proposed to separate two isomers of insulin: human insulin
and its analogue insulin lispro. The two differ only for the interchange of
two neighbouring aminoacids; such small difference may have important
clinical consequences in the treatment of diabetes. Under protein deposition,
the nanostructured adaptive silver substrate modifies the local morphology
so that SERS is optimized and the conformational state of the protein is
preserved. In Fig. 3.44, we show the SERS spectra of two forms of insulin,
wherein the differences allow their separation. The spectra were taken at
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the submonolayer density of 80 fmol mm−2 (i.e., 20 attomol in the probed
area) with an enhancement factor of 3×106 [63].

As a final example, we shall discuss a spectroscopic sensor in which
the active part is an AFM acting as a local infrared absorption probe [64].
This sensor is capable of performing chemical mapping with nanoscale
lateral resolution. Here the process involves the detection by the AFM
tip of enhanced lateral deformation when the excitation laser is tuned to
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(Reproduced from A. Dazzi, R. Prazeres, F. Glotin, and J.M. Ortega,
‘Subwavelength infrared spectromicroscopy using an AFM as a local absorption

sensor’, Infrared Physics and Technology, Vol. 49, pp. 113–121, Copyright 2006,
Elsevier; reproduced with permission.)

one of the infrared oscillation frequencies of the material under study.
Figure 3.45 shows the chemical mapping of Eschirichia coli bacteria with
this sensor. By changing the resonance wavelength of excitation, different
space chemical structures can be resolved of the scale of AFM.
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3.4.3. Quantum Dots and Nanoparticles

Here we present some interesting applications of nanoparticles to nanotech-
nologies.

A typical example is a more than 10-fold increase of photoluminescence
from a light emitting diode. An InGaN quantum well is taken over which,
on one side, a rough layer of either Ag or Al was deposited [65]. The
layer roughness was estimated to be about 40 nm. Au films did not show
the effect, probably because gold generally quenches luminescence. The
luminescence data are shown in Fig. 3.46.

Nanocrystals and nanoclusters can be quite useful as sensing elements
(Fig. 3.47). A particularly important application of these is in biolog-
ical systems [66]. Here we show an example of the use of enhanced
luminescence [67] in gold nanoparticle (GNP) arrays or rods [68].

These systems feature a tuneable plasmon resonance in the near-infrared.
Colloidal gold nanoparticles functionalized with surfactant reorcinarene
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Figure 3.46: Luminescence from an InGaN quantum well as a function of metal
film covering on one side. (Reproduced from K. Okamoto, I. Niki, A. Shvartser,

Y. Narukawa, T. Mukai, and A. Scherer, Nature Materials, Vol. 3, p. 601 (2004).
Copyright 2004, Macmillan Publishers Ltd; reproduced with permission.)
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from A. Wei, e-J. Surf. Sci. Nanotech 4, 9 (2006).)

tetrathiol (in order to avoid aggregation) of sizes up to 170 nm were self-
assembled in regular 2D arrays. These arrays can attach to cells and form
excellent substrates for SERS for cell detection (Fig. 3.48).

Another useful nanosystem is gold nanorods, which features a strong
two-photon luminescence. Images of single rods have been produced in
vivo inside the blood vessels of a mouse using this property [69]. The gold
particles were injected at picomolar concentration into an anaesthetized
mouse by tail vein injection. After a few minutes, the two-photon moni-
toring signal from the earlobe began to be seen as intermittent bursts of an
intensity at least a factor of three greater than the autofluorescence back-
ground from the blood and the vessel. Another advantage of this technique
is that the nanorod luminescence does not seem to show any bleaching. A
magnificent image is shown in Fig. 3.49.

Finally, we present an application of GNPs to the fabrication of a
high-sensitive, inexpensive DNA sequencer [70].

GNPs are functionalized with thiolated DNA probe strands, which can
recognize complementary DNA targets. The solution of such particles is
red in color due to a sharp plamon resonance of the GNPs. If a solution of
DNA target molecules is mixed with the targets, besides hybridizing the
GNP, surface-immobilized DNA strands act as linkers between different
GNPs, producing a network of correlated GNPs, which turn the color of
the solution to purplish-blue (�max shifts from 520 to 574 nm). This yields
a sensitive colorimetric assay of hybridization, as shown in Fig. 3.50.

Single-molecule sensitivity is in principle obtainable using the SERS
effect. In Fig. 3.51, a possible scheme for heterogeneous GNP detection
assay is shown.
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SERS detection of biochemical transport with such device. (Reproduced with

permission from A. Wei, e-J. Surf. Sci. Nanotech 4, 9 (2006).)

Here, the functionalized GNPs are immobilized onto a glass substrate
target sequence array, in which a laser probe light is scattered by the GNPs
via evanescent wave total reflection coupling. Using the size dependence
of light scattering intensity, hybridization can be monitored from the inten-
sity variation of the scattered light (whichcan be seen with the naked eyes
for high target concentrations). At low concentrations (attomolar to pico-
molar), the GNP signal is amplified by electrochemical deposition of Ag
onto the GNPs. A further improvement – to add color (i.e., multispectral
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Figure 3.49: Still image of two-photon excited luminescence �� = 830 nm� from
single gold nanorods (red dots) as they flow through the blood vessel in a mouse

ear. (Reproduced from C.S. Thaxton, D.G. Geogranopoulou, and C.A. Mirkin,
‘Gold nanoparticle probes for the detection of nucleic acid targets’, Clinica

Chimica Acta, Vol. 363, pp. 120–126. Copyright 2006, Elsevier;
reproduced with permission.)

fingerprints) to the ensuing grey scale readout and eventually reach single-
molecule sensitivity – is to detect the SERS-amplified Raman scattering
signal from the hybridized complex. This requires a further encoding of
the DNA complex with an appropriate Raman active molecule. The assay
demonstrated a sensitivity of 1 fmol l−1 target concentration. Above all,
there were no photobleaching effects. Hence, there is very high specificity
contrast and high discrimination against single nucleotide polymorphisms
(mismatches). Finally, the very high sensitivity may make enzymatic
amplification (e.g. PCR) unnecessary.

3.4.4. Polarization and Anisotropy Effects

Let us discusse the polarization characteristics of single-molecule fluores-
cence or Raman spectra. The polarization of emitted light is connected
with the local anisotropy of polarizability tensor and system symmetry.
The degree of polarization yields information on molecular (or nanopar-
ticle) orientation and its dynamics [71]. A typical example was provided
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Geogranopoulou, and C.A. Mirkin, ‘Gold nanoparticle probes for the detection of

nucleic acid targets’, Clinica Chimica Acta, Vol. 363, pp. 120–126. Copyright
2006, Elsevier; reproduced with permission.)

by the micro-photoluminescence study of anisotropic confinement of exci-
tons in GaAs/AlGaAs quantum dots [72]. Using a modified epitaxial
growth technique, larger and strongly anisotropic quantum dots can be pro-
duced, and single-dot photoluminescence spectra can be taken at 10 K. The
crystalline quality of the samples was such that very sharp exciton recom-
bination fluorescence spectra could be obtained and studied as a function
of excitation intensity and emission spectra polarization. In Fig. 3.52, such
polarized spectra are shown, which demonstrate strong anisotropic quantum
confinement in these quantum dots.
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Figure 3.52: Spectral dependence of the linear polarization of exciton
luminescence in a single GaAs quantum dot. A, B and C label single (a) and
multiexciton (b, c) recombination lines. Note the logarithmic intensity scale.

(Reproduced with permission from M. Yamagiwa, N. Kogucji, F. Saito,
Y. Ogawa, and F. Minami, e-J. Surf. Sci. Nanotech 4, 446 (2006).)
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An interesting imaging study of the orientation of single molecular tran-
sition dipole moments is reported in [73]. Here single-molecule polarized
luminescence photoexcitation spectra were taken at 1.7 K in n-hexadecane
polycrystalline matrices; the fluorophores dissolved in the matrix were ter-
rylene or diperinaphthylenpyren. The experimental set-up was designed to
take advantage of the multiplex detection of many single molecules within
the field of view. In Fig. 3.53, we show the single-molecule transition
dipole imaging.
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Figure 3.53: Polarization microscopy from single-molecule polarized
photoexcitation spectra of terrylene in an n-hexadecane matrix. The single

molecules appear as dark spots (inverted intensity scale). Superimposed on each
molecular image is a dark bar that indicates the transition dipole moment

orientation of the photoluminescence transition. The two panels refer to two
different experiments, one performed in an area of the matrix where the

fluorophores were more randomly oriented (left), the other where there was more
anisotropy and hence orientation (right). The corresponding orientation histograms
are shown in the lower panels. (Reproduced from T.Y. Latychevskaia, A. Renn,

and U.P. Wild, ‘A single-molecule study of polycrystalline microstructure by
fluorescence polarization spectroscopy’, Journal of Luninescence, Vol. 118,

pp. 111–122. Copyright 2006, Elsevier; reproduced with permission.)
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Figure 3.54: Polarized SERS spectra of adsorbed 1-isodecanethiol on a silver
nanowire monolayer. The spectra were taken for different orientations of incident
light polarization relative to the nanowire long axis. (Reproduced with permission
from A.R. Tao and P. Yang, Journal of Physical Chemistry B, 109, 15687–15690

(2005). Copyright 2005, American Chemical Society.)

It is well known about TERS that maximum enhancement can be
obtained if the electric field polarization of the incident light is paral-
lel to the tip axis; this is a simple consequence of tip symmetry, and
other polarizations can be enhanced only if the experimental symmetry
is somewhat changed. In Fig. 3.54, we show the polarized SERS spectra
of 1-hexadecanethiol on a monolayer of aligned Ag nanowires [74]. The
spectra were taken for different polarization orientations of the incident
electric field relative to the nanowire long axis. Clearly, the spectra are
well polarized, and the intensity of the main peaks decreases strongly as
the angle 	 changes by 90�. The anisotropy is clearly evidenced in the polar
diagram, which refers to the intensities of three selected peaks. The expla-
nation to why maximum signal is obtained for 	 = 90� becomes apparent
from the symmetry of field distribution in part (c) of the figure.
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3.4.5. Innovative Methods and Results

Here we shall discuss some select recent developments in nanoscience in
which advanced optical spectroscopies play a central role. We start with the
description of an interesting instrumentation – a versatile, multifunctional
microscope that features both far-field Raman and TERS capabilities [75]. It
combines an atomic force microscope, an inverted confocal microscope and
a piezo stage to perform fast and accurate tip–laser alignment and charac-
terize large areas under constant illumination across the surface (Fig. 3.55).
The instrument allows simultaneous measurements (and hence comparison
under the same environment conditions) of far-field micro-Raman and TER
spectra on nano-objects and single molecules with short exposure times.

The instrument is calibrated using SWCNT and BCB molecules dis-
persed onto a glass substrate. AFM images and far-field and near-field
Raman spectra could be taken simultaneously. In Fig. 3.56, we show
the BCB spectra in normal and TERS configurations. As shown in the
figure, the estimated enhancement was about two orders of magnitude, but
with better tip functionalization much higher enhancements are expected.
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Figure 3.55: Scheme of the multifunctional AFM-Raman microscope.
(Reproduced with permission from C. Vanner, B.-S. Yeo, J. Melanson, and R.

Zenobi, ‘Multifunctional microscope for far-field and tip-enhanced Raman
spectroscopy’, Review of Scientific Instruments, Vol. 77, 023104 (2006).

Copyright 2006, American Institute of Physics.)
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Figure 3.56: Normal (black line) and tip-enhanced (grey line) Raman spectra of
BCB. (Reproduced with permission from C. Vanner, B.-S. Yeo, J. Melanson, and

R. Zenobi, ‘Multifunctional microscope for far-field and tip-enhanced Raman
spectroscopy’, Review of Scientific Instruments, Vol. 77, 023104 (2006).

Copyright 2006, American Institute of Physics.)

Besides, the instrument is versatile in that it allows the measurements to be
taken on a simple glass substrate, which greatly simplifies the procedures.

In the following, we shall discuss an application of single quantum dot
two-photon excited fluorescence to minimally invasive optical microen-
doscopy. This is an example of the impressive progress these techniques
have contributed to very diverse fields, namely neurophysiology and
nanomedicine. In Fig. 3.57, we show a schematic of the apparatus used.

The endoscope ends with a GRIN (three-layer GRaded INdex) lens,
which acts as a large-aperture microscope inside the animal. Its size gen-
erally varies between 300 and 1000 �m, and it helps to take images within
a micron-scale field. A great advantage of this technique is the possibility
of real-time probing of neuronal processes deep (up to several millimeters)
into the cerebral cortex, thus minimizing the need for invasive surgery
or tissue excision. For simpler and faster imaging (albeit losing in-depth
imaging), one photon microfluorescence can be used. In this case, the cel-
lular activity can even be video-recorded. For two-photon spectroscopy,
the laser used for excitation is a Ti:S femtosecond pulse laser. For linear
spectroscopy, other types of lasers may be used, depending on the optics
of fluorescent labels.
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Figure 3.57: Typical experimental arrangement for multiphoton fluorescence
microspectroscopy used in conjunction with a GRIN lens based endoscope.
Note the two focus arrangement with fine positioning controls for both the
endoscope and the microscope objective, yielding a confocal type geometry

(from ref. [76]).

In Fig. 3.58, we show in vivo imaging deep (about 1 mm or more) inside
the cerebral cortex of single cells (neurons, dendrites). In panels (a–c), we
show the images of cell bodies containing yellow fluorescent protein in
the area of layer V neurons of the cortex; observe the neuron body, the
dendrites and the axon issuing from it. In panel D, the details of an axon
are shown; scale bar: 10 �m [76].

The faster frame rate possible with one-photon-excited fluorescence
allows to probe the cellular activity in real time. In Fig. 3.59, we show
some images taken with this technique using the confocality of the system
due to the two focus set-up; this allows good depth resolution, without
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(a) (b)

(d)(c)

Figure 3.58: In vivo imaging, deep into the cerebral cortex of line H
anesthesized mice, of single cell bodies in neuronal cells by two-photon excited

single quantum dot fluorescence (adapted from ref. [76]).

moving the endoscope; the system focus inside the animal is instead varied
by the fine z- scan of the microscope objective [77].

The type of microendoscopy possible with single nanodot and single-
molecule one-photon and two-photon microfluorescence should provide
a robust experimental tool to meet the new challenges posed to in vivo
cellular imaging by new synthetic or genetically encoded fluorophores that
label specific locations in the brain.

An interesting development in single-molecule near-field spectroscopy
is the use of free electron laser (FEL) as the infrared source [78]. Such a
source couples the tunability of an ordinary continuous spectrum source
with the intensity, directionality and monochromaticity of a laser. The
experimental set-up is shown in Fig. 3.60.

Although the work uses the aperture NSOM instead of the more
advanced apertureless techniques, it still shows the potential for the use of
FEL, by producing chemically resolved images of single biological cells;
furthermore, it allows the measurements of samples in water, which is
a desirable characteristic for biological systems. In any case, the shear
force resolution achieved is 50 nm, and the optical resolution is 100 nm,
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(a) (b)

(d)(c)

Figure 3.59: Mammalian neurons imaged in vivo by one-photon fluorescence
microspectroscopy: (a) neuron in the infragranular somatosensory complex of an

anesthesized rat; the GRIN lens had a working distance of 130 �m, 0.48 NA,
1000 �m diameter. For the frames B, C, D, the working distance was longer

�390 �m� and this allowed probing deeper regions; in particular, without
moving the endoscope, the system was focussed on basal dendrites in stratum
oriens (b), or on pyramidal cells in stratum pyramidale (c, d). Scale bar 10 �m

(from ref [77]).

which corresponds for the wavelengths used to about �/70. In Fig. 3.61,
we show the NSOM reflection images of rat panchreatic 
 line (INS-1)
cell as compared with the topographic images [79]. The left panel shows
the topographic images, which are independent of the IR excitation wave-
length. In the right panel, we can observe the chemical contrast images:
the darker areas correspond to absorption at the incoming radiation wave-
length. Note that there is no constrast in image (d), since at a wavelength
of 6�45 �m there is no absorption. At the wavelengths of 6�1 �m (b) and
6�95 �m (f), the absorption corresponds to the vibrational modes of amide
I and amide II, respectively. Clearly, the dark distribution is different for
the two images, showing the chemical contrast imaging capabilities of the
technique.
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Figure 3.60: Schematic of the FEL-NSOM instrument. (Reproduced with
permission from A. Cricenti, R. Generosi, P. Perfetti, J.M. Gilligan, N.H. Tolk,

C. Coluzza, and G. Margaritondo, ‘Free-electron-laser near-field
nanospectroscopy’, Applied Physics Letters, Vol. 73, pp. 151–153 (1998).

Copyright 1998, American Institute of Physics.)

Although in this chapter we have mainly discussed linear spectroscopies
(apart from the two-photon fluorescence), we wish to present an application
of one of the most well known non-linear optical effects, namely coher-
ent Anti-Stokes Raman spectroscopy (CARS) [80]. CARS was detected in
the TERS mode, i.e., TE-CARS. It is related to the third-order non-linear
susceptibility and is due to a four-wave mixing process. This implies the
use of three incoming light frequencies: �1 (pump), �2 (stokes) and again
�1 (probe), chosen such that 2�1 −�2 = �CARS, the frequency of induced
oscillation of non-linear susceptibility. When the difference �1 −�2 equals
a Raman frequency of the sample, the Anti-Stokes Raman signal is gen-
erated in a direction depending on precise phase-matching conditions. The
use of tip enhancement, which implies an active volume of size much
smaller that light wavelength, relaxes these conditions, allowing Raman
imaging of the sample. Thus, the tip not only enhances the signal but also,
due to its high space localization, simplifies the conditions which otherwise
would strongly limit the usefulness of the technique.
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Figure 3.61: FEL excited NSOM reflection images of a single INS-1 cell at
different wavelengths in the infrared (right panels); corresponding topographic

images (left panel); the area covered by the image is 20 �m2. (Reproduced with
permission from A. Cricenti, R. Generosi, M. Luce, P. Perfetti, G. Margaritondo,

D. Talley, J.S. Sanghera, I.D. Aggarwal, N.H. Tolk, A. Congiu-Castellano,
M.A. Rizzo, and D.W. Piston, Biophysical Journal, 85, 2705 (2003). Copyright

2003, Biophysical Society.)

The experimental setup is shown in the Fig. 3.62 [81].
The sample studied with TE-CARS were DNA oligomer bundles about

20 nm thick and 100 nm wide. The Ti:S lasers were tuned to yield �1 −
�2 = 1337 cm−1, i.e., the Raman frequency of the diazole ring breathing
mode of adenine. The imaging background was determined by shifting the
frequencies to a non-resonant range, where no CARS should be seen.

In Fig. 3.63, we show some images of TE-CARS.
The figure clearly shows the position of adenine in the DNA helix

strand at 370 and 700 nm (the latter being well defined). The estimated
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Figure 3.62: Experimental set-up for TE-CARS. For the experiment, the two
Ti:S lasers were tuned at 787 and 880 nm respectively. The third laser, Nd-YAG,

was frequency doubled yielding 532 nm to pump the Ti:S lasers. (Reproduced
with permission from T. Ichimura, N. Hayazawa, M. Hashimoto, Y. Inouye, and

S. Kawata, Phys. Rev. Lett., 92, 220801 (2004). Copyright 2004, American
Physical Society.)

enhancement factor was nearly 100, and the sampled volume was nearly
1 zeptoliter (zl)! Clearly, the ‘ordinary’ tip enhancement, coupled with
the smallness of the probed volume and the stronger Raman signals that
the CARS technique inherently provides, makes this technique powerful.
The main disadvantages of this technique include higher complexity and
cost of the apparatus.

In recent years, with the development of third and fourth generation
synchrotron radiation sources, full advantage could be taken of specific
characteristics such a brilliance, continuous spectrum from the hard X-ray
to the far-infrared regions, beam collimation and ultrashort pulse time
structure. Although it is beyond the scope of this chapter to cover many
of the other applications, we would like to conclude with an interesting
example in advanced spectroscopies using synchrotron radiation. For other
interesting work, we refer the reader to the reviews [A4] and the papers
listed in [12].

Let us discuss the development of subnanosecond, time-resolved, broad-
band infrared spectroscopy using a pump-probe configuration in which
the pump is a Ti:S laser pulse of 2 ps duration and the probe is a syn-
chrotron radiation pulse (100 ps duration) in the infrared. Due to the
broadband spectrum of synchrotron emission, a very extended spectral
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Figure 3.63: TE-CARS imaging of the DNA network: (a) topographic AFM
image; (b) on-resonant image; (c) off-resonant image (background); (d) line

profiles at position 270 nm; the scanned area was 1000 nm ×800 nm, acquisition
time was 12 minutes per image and the average excitation powers were 45 and

23 �W for �1 and �2, respectively. (Reproduced with permission from
T. Ichimura, N. Hayazawa, M. Hashimoto, Y. Inouye, and S. Kawata, Phys. Rev.

Lett., 92, 220801 (2004). Copyright 2004, American Physical Society.)

range �20–20 000 cm−1� can be probed with the same set-up [82,83].
A block diagram is shown in Fig. 3.64. The pump–probe configuration
allows to determine the time dependence of spectra after perturbation, and
hence to study the photoinduced phenomena in the samples. Furthermore,
due to the high collimation of synchrotron radiation infrared pulse, the
spectra can be taken with diffraction limited spatial resolution.

The confocal optics, coupled with the high collimation and brilliance
of synchrotron radiation, allows to push the space resolution limit to about
5 �, i.e., to perform single-cell scans in biological systems (Fig. 3.65). A
very interesting application can be seen in Fig. 3.66.

One of the clear features of the Alzheimer’s disease is the presence of
amyloid plaque in the diseased tissues, which limits the blood flow and
eventually causes atrophization of the neurons. The space-resolved spectra
clearly demonstrate this in a chemically sensitive mapping of the area. In
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particular, the 
-amyloid protein amide I band, essentially due to 
-helix
amide I vibration, in the pathological area is found to split with a strong
extra component at 1626 cm−1 due to the formation of 
 sheets; this is a
clear indication of protein misfolding, which is thought to lead to plaque
build-up.

3.4.6. ‘Normal’ Spectroscopy on Nanostructured Systems

It is advisable to exploit the impressive enhancements of SERS, TERS,
etc., wherever possible. However, in many real-life cases where a material,
or a device, must be studied ‘as is’ on the microscopic scale, it may not be
possible to use the enhancements to arrive at the single molecule or single
nanostructure level; in some cases, it may not even be interesting. Toward
the end of this chapter, we would like to report on some interesting results
obtained with ‘conventional’ optical spectroscopies.

Recently, an electrochemically controlled conducting polymer device
with asymmetric non-linear behaviour was described [84]. Such a device
was constructed by fabricating a structure composed of two electrodes con-
nected to the active channel of a thin (50 nm) film of polyaniline (PANI)
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Figure 3.65: Scheme of the Spectra-Tech Ir�s™ scanning infrared
microinterferometer used in the NSLS facility. Note the confocal-like

arrangement, which allows to perform microspectroscopy on a few microns scale,
even at the long infrared wavelengths studied. (Reproduced from L.M. Miller,
G.D. Smith, and G.L. Carr, ‘Synchrotron-based biological microspectroscopy:
from the mid-infrared through the far-infrared regimes’, Journal of Biological

Physics, Vol. 29, 2003, pp. 219–230, Figure 3. Copyright 2003, Springer;
reproduced with kind permission from Springer Science and Business Media.)

covered in the central part by a stripe of LiClO4-doped polyethylene oxide
(PEO) with attached third (gate) electrode. The heart of its functioning
was the modification of electronic conductivity of doped PANI by a volt-
age driven ionic flux into and out of the polymeric conductor through
a heterojunction with solid electrolyte. The device showed strong non-
linear behaviour and out-of-equilibrium oscillations. This was connected
with spatial heterogeneity of the system, which passed from conducting
to insulating as the ions crossed the interface in a way that was depen-
dent on the applied polarity and hence the position along the long axis of
the interface. Since resonant Raman spectroscopy can distinguish between
oxidized and reduced states of PANI, Raman spectra were taken as a func-
tion of applied voltage and time in micron-sized areas of the sample, and
maps were obtained both in-plane and out-of-plane using a confocal Raman
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Figure 3.66: Normal microscope image of the diseased brain section of an
Alzheimer patient (a) and the corresponding fluorescence microscopy image. The

thioflavin-S fluorophore used stains positive to the plaque (b). In (c), the IR
microspectra taken in a healthy brain tissue (lower square in (b)) and diseased
tissue (upper square in (b)) clearly show important differences in the amide I

spectral range. (Reproduced from L.M. Miller, G.D. Smith, and G.L. Carr,
‘Synchrotron-based biological microspectroscopy: from the mid-infrared through

the far-infrared regimes’, Journal of Biological Physics, Vol. 29, 2003,
pp. 219–230, Figure 2. Copyright 2003, Springer; reproduced with kind

permission from Springer Science and Business Media.)

microscope [85]. In Fig. 3.67, we report the confocal micro-Raman spectra
taken in the PANI-PEO junction focussing in three different characteristic
areas of the device. The spectral range (about 1600 cm−1) is sensitive to
the conductive state of the material, and the spectra clearly indicate that
the PANI area immediately below the PEO layer has reduced conductivity
due to the Li+influx. Note the strong sharp perchlorate peak, absent in
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Figure 3.67: Raman spectra taken for the fully doped device; spectra acquired in
the PANI-only area near the drain electrode (a); in the PEO-PANI interface but

far from the Ag electrode (b); very close to the Ag electrode (c). The sharp peak
at 930 cm−1 is due to the (ClO4�

− ion. (Reproduced with permission from T.
Berzina, V. Erokhin, and M.P. Fontana, ‘Spectroscopic investigation of an

electrochemically controlled conducting polymer-solid electrolyte junction’,
Journal of Applied Physics, Vol. 101, 024501 (2007). Copyright 2007, American

Institute of Physics.)

the PANI-only area; its intensity behaviour may be connected to SERS-like
enhancement due to the silver gate electrode.

The space-resolved microspectra could be taken in real time as a function
of applied voltage in the three-electrode device. In Fig. 3.68, we show
the spectra taken in the PEO-PANI area in the region of the perchlorate
peak taken over four voltammetric cycles of the source-drain voltage. The
spectral changes are due to ionic fluxes across the interface and the ensuing
changes in PANI oxidation state.

As already mentioned, the discovery of carbon nanotubes has given a
boost to materials science and nanotechnology. Here we shall discuss an
application of Raman spectroscopy in studying a CNT/polymer nanocom-
posite [86]. In order to understand the exceptional properties of CNT-based
nanocomposites, it is important to assess the CNT dispersion in polymeric
matrices and their interactions. This can be done by using the sensitivity of
Raman spectroscopy not only to vibrational dynamics, but also to electronic
states, through the resonance effects, and to local symmetry changes due
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Figure 3.68: Raman spectra of the PANI-PEO heterojunction under the cyclic
application of voltages of different polarity between the source and drain

electrodes. (Reproduced with permission from T. Berzina, V. Erokhin, and M.P.
Fontana, ‘Spectroscopic investigation of an electrochemically controlled

conducting polymer-solid electrolyte junction’, Journal of Applied Physics, Vol.
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for instance to stresses or to structural transitions, through the polarization
analysis of specific Raman bands.

In Fig. 3.69, we report the Raman spectrum from one nanotube of a
film deposited over a Si/SiO2 substrate and the corresponding AFM image
showing isolated SWNTs [87]. As is the case with other nanoparticles
whose electronic properties depend on their sizes, here too the spectrum is
selected by a size-dependent resonant Raman effect. Thus, the only CNTs
that are actually observed are those whose electronic states are at resonance
with the excitation laser wavelength. From this effect, combined with the
frequency of the radial breathing mode (RBM), it is possible to determine
the CNT diameter, and from other peaks other characteristics, such as
orientation and interaction with the polymeric matrix, can be determined.
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Figure 3.69: Resonant Raman spectrum of a single nanotube. The RBM is
clearly evident at about 160 cm−1. The very sharp intense line at 523 cm−1 is due

to the Si in the substrate. In the right panel, the AFM image of the single
nanotubes is shown. The insert shows the CNT diameter dispersion obtained by
AFM imaging over 40 samples, the average being 1.85 nm. (Reproduced from

M.S. Dresselhaus, A. Jorio, A.G.S. Filho, D. Dresselhaus, and R. Saito, ‘Raman
spectroscopy on one isolated carbon nanotube’, Physica B, Vol. 323, pp. 15–20.

Copyright 2002, Elsevier; reproduced with permission.)

It is important to note that the observed peaks are so sharp because the
spectrum is taken on a single nanotube.

Clearly, such sharp and characteristic spectra can be used as microscopic
probes of the composite material. As an example, in Fig. 3.70, we show
the determination of micromaps of stress distribution in a CNT/polymer
nanocomposite [88]. In this case, the Raman fingerprint was the D∗�G′�
band at 2600 cm−1. This band is a symmetry sensitive overtone of the
D band and can be used to probe the stress state of the material. The
‘calibration’ of the technique was done by studying the frequency shift of
the D∗ band (which can be as high as 20 cm−1) in a nanocomposite under
an applied mechanical stress.

If the internal strain state of the material (i.e., without the action of
the applied stress) is desired, the technique must be modified using the
symmetry sensitivity of the D∗ band, i.e., use polarized Raman scattering:
the D∗ band is strongly polarized along the single CNT main axis, and this
implies the sensitivity to internal strain in samples with randomly oriented
CNTs. Using this, a map of the strain spread from the location, where a
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Figure 3.70: Two-dimensional contour map of stress near a single fiber break in
an E-glass. The break is located at the origin; the X axis runs along the fiber

length and the Y axis is perpendicular to the fiber length, the unit of length being
the fiber radius (some microns). The colors code the stress intensity from red to

gray. (Reproduced from Q. Zhao and H.D. Wagner, ‘Two-dimensional strain
mapping in model fiber-polymer composites using nanotube Raman sensing’,

Composites: Part A, Vol. 34, pp. 1219–1225. Copyright 2003, Elsevier;
reproduced with permission).

small break was made in a CNT/PUA (polyurethaneacrylate) fiber glass,
could be obtained as shown in Fig. 3.70.

3.5. Conclusions and Perspectives

Spectroscopic techniques have contributed extraordinary developments
to nanosciences and nanotechnologies. Single-molecule sensitivity and
nanoscale space resolution has been made possible by concomitant devel-
opments in imaging optics and detectors and the renaissance of research
on enhancement effects due to nanostructured metallic surfaces or sharp
tips. It is now possible to obtain single nanoparticle spectra that are space
resolved far below the diffraction limit, time resolved to the fraction of
a picosecond scale and cover not only the visible and near-UV spectral
ranges but also the infrared. The very detailed studies on the nanoscale
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with the new advanced techniques have had an enormous impact on our
knowledge in such strategic fields as nanostructured materials and biolog-
ical systems, and have allowed the emergence of absolutely new types of
applications in nanomedicine, materials science and biology.
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Abstract. In order to create nanocomposite materials, well-defined
nanometric objects are embedded or connected together. Functional
organic molecules bound to these inorganic objects modify their col-
loidal behavior as well as enlarge their applications. Hybrid nanocom-
posites are materials that contain molecules (guests) incorporated
into host lattices. The hosts include both natural materials and com-
pounds prepared by various synthetic techniques and possessing
well-defined intercalation properties. In this chapter, we shall discuss
hybrid inorganic–organic materials based on conducting polymers
and inorganic components (such as clay, carbon materials, metal
oxides). The recent developments in the four most common conduct-
ing polymers, namely polyaniline, polypyrrole, poly(N-vinylcarbazole),
polythiophene, and their derivatives with respect to synthesis methods,
types of host materials and applications have been reviewed.

Keywords: carbon, clay, conducting polymers, conductive nanocom-
posites, hybrid nanocomposites, metal oxides, polyaniline, polypyrrole,
poly(N-vinylcarbazole), polythiophene.

4.1. Introduction

Duringthepast twodecadesneedsandrequest tominiaturizationmakesmove-
ments towards nanodimensions in many areas of technology. A tremendous
amount of research has been carried out in the field of nanoscience. The
essence of nanoscience is the ability to research and work at the molecular
level, atom by atom, to create large molecular architectures with funda-
mentally new molecular organization. The future progress in such fields of
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technology will be achieved with the well documented new knowledge.
Owing to numerous papers published, it is impossible to review this field
completely. Up to now, several review articles have been published and
they were focused on the subject in different intentions to give overview
of principle concept [1–26].

Terms like ‘nanoparticles’ and ‘nanocomposites’ seem to be very trendy,
and are often misused in the literature for systems that do not properly fall
under the label ‘nano’ in the sense of advertising. In order to avoid the
inappropriate use of the term ‘nano’, there is a strong need to understand
the mechanism of the formation of such materials. The important aspects of
chemistry involved in the formation of these systems are uniformity, phase
continuity, domain sizes and molecular mixing at the phase boundaries,
all of which have a direct influence on optical, physical and mechanical
properties [27].

Nanocomposites have at least one ultrafine phase dimension, typically
in the range of 1–100 nm, and exhibit improved properties when compared
to micro- and macro-composites. They are especially attractive because
this combination allows for the incorporation of diverse functionalities and,
in certain cases, the conferring of new properties as a consequence of
synergistic effects [28–30].

As suggested by Gomez-Romero [12], the term ‘synergy’ might sound
like a modern word, but it was supposedly used by the ancient Greeks,
and the idea it conveys is as old as human civilization. Indeed, among
ancient materials, we could find a primitive precursor of hybrid compo-
sites with synergic properties. Adobe is a mixture of clay and straw that
serves as an effective structural composite material, which has been used to
make bricks and walls in arid regions throughout civilizations. As research
moved towards nanocomposite materials, where components interact at the
molecular level, the concept of synergy took a new dimension, a chemical
dimension. Hence, composites can be designed with most desirable pro-
perties of the individual constituents, and synergistic and/or complementary
behavior arises from interactions between the components [31,32].

Therefore, the development of nonomaterials is a multidisciplinary field
where chemists, physicists, material scientists and engineers work together
with the goal of finding advanced materials that have varieties of potential
end-use applications [33,34]. Numerous research publications are already
available on polymer-based organic–inorganic hybrid nanocomposites. In
these publications, speciality polymers as well as conventional polymers
were chosen as organic components, and various metal oxides [13,35,
36], montmorillonite clay (MMT) [37–40], various allotropes of elemental
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carbon, such as carbon black (CB) [41,42], acetylene black (AB) [43–45],
nano-graphite [46] and buckmin-sterfullerene (BMF) [47,48], were selected
as the inorganic counterpart.

Currently, a lot of research effort is devoted to hybrid inorganic–organic
materials based on conducting polymers and inorganic components (amor-
phous mineral phase, metal particles). The combination of conducting
polymers with host materials having different characteristics opens a way
to new hybrid materials [49–51]. Conducting polymer-clay [52–56] and
composites of conducting polymer with inorganic nanocrystals [57–63] are
the mostly investigated systems.

This chapter will survey the work developed in the field of conducting
polymer nanocomposites.

4.2. Classification

Depending on the techniques of composite preparation and on the kind of
materials used, one can distinguish several main groups of heterogenous
electrically conductive polymer composites (CPC) and nanocomposites
(CPN) [49]:

(a) non-conductive polymers or polymer blends filled with inorganic
conductors,

(b) conducting colloid composites, blends of processable conducting
polymers (CP) and inert matrices,

(c) reticulate doped polymers consisting of crystalline networks of low-
molecular-weight organic metals penetrating inert polymer matrices.

There are several criteria for classification. In the previous reviews [12,
13], polymer nanocomposites have been clasified into two main groups:
inorganic in organics (IO) and organics in inorganics (OI). IO can also
be divided into two groups based on the synthesis methods: chemical and
electrochemical.

Chemical methods are mainly used to obtain nanocomposites with col-
loidal stability, improved physical and mechanical properties, magnetic
susceptibility, dielectric, energy storage, piezoresisitivity, catalytic activity
and surface functionalization properties.

With electrochemical methods, it is possible to produce nanocomposites
having optical, electrochemical and catalytic activites favorable for charge
storage systems.
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Three main electrochemical strategies have been suggested for obtaining
conducting polymer nanostructures [7]:

(a) Templateless synthesis. Following this method, nanostructures are
obtained by choosing appropriate conditions of electrosynthesis at
simple chemically inert electrodes.

(b) Template-assisted synthesis. Nanostructured templates are created on
the electrode surface, and electropolymerization occurs within the
channels, holes, cavities or related nanosized structural units of a
template.

(c) Molecular template-assisted synthesis. Some molecules having nano-
sized cavities are arranged in a distinct way on the electrode surface
to create a template. Again, electropolymerization proceeds within
these cavities, leading to nanostructures of the resulting polymers.
Many aspects of electrochemical synthesis of conducting polymer
nanocomposites have been reviewed recently [64–67].

On the other hand, Judeinstein and Sanchez [34] classified these hybrid
materials into two groups based on the nature of the interface between
organic and inorganic phases. In the first group (class I), organic and
inorganic compounds are linked only by weak bonds (hydrogen or van der
Waals bonds), and in the second group (class II) the two phases are linked
together by strong chemical (either covalent or ionic) bonds. The chemical
interactions between organic and inorganic phases are very important to
understand and evaluate the properties of hybrid materials.

Since 1990s, conducting polymer nanostructures (i.e., nano-rods, -tubes,
-wires and -fibers) have received increased interest both academically
and commercially since they combine the advantages of organic con-
ductors with low-dimensional systems and, therefore, create interesting
physicochemical properties and potentially useful applications [68–74].

One of the most important areas of research in conducting polymers con-
cerns with the methods for making them processable. The main approaches
can be divided into three groups:

(a) preparation of composites with other polymers,
(b) synthesis of soluble derivatives, and
(c) synthesis of dispersions of insoluble conducting polymers.

Polyaniline (PANI) is one of the most intensively studied conducting
polymers during the last decade; it has the following properties: (a) it
can be synthesized easily; (b) it is comparatively stable in air; (c) it has
high conductivity; (d) it is stable and easy to fabricate; (e) it has many
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prospective applications in electrochromic devices, light-emitting diodes,
chromatography, secondary batteries, electrostatic discharge protection and
corrosion-resistant paint [75,76].

Polyaniline is used as a model material to systematically investigate
the syntheses, properties and applications of nanocomposites of conjugated
polymers. It is also a unique material among the family of conducting
polymers because its doping level can be readily controlled through an
acid-base doping/dedoping process [77,78].

Other conducting polymers that have attracted a great deal of interest in
composite preparation due to their remarkable physical and chemical pro-
perties are polypyrrole (PPy), polyvinylcarbazole (PNVCz), polythiophene
(PTh) and their derivatives.

In this chapter, we will focus on the synthesis of the four most com-
mon conducting polymers (guests), namely PANI, PPy, PNVCZ, PTh and
their derivatives. The recent developments in these conducting polymer
nanocomposites with respect to synthesis methods, types of host materials
and applications have also been reviewed.

4.3. Host and Guest Materials for Conducting
Nanocomposite Systems

Host components can be divided into two main groups: amorphous mineral
phase (clay, silica, graphite, carbon nanotube (CNT), mesoporous car-
bon and glass, etc.) and metal particles (Al2O3� Fe2O3� V2O5� MnO2,
ZrO2� TiO2� RuO2, CuS, CdS, CdSe, Au, Ag, Cu, CuFeS2� MoS2� MoO3,
TiS2� MnPS3, etc.). These materials may also be classified as layered (clay,
graphite), channeled (nanotubes), porous (mesoporous carbon and silica),
crystalline networks (metal, metalloids) and inorganic gels.

Polymeric guests having linear and rigid backbones can fit into the avail-
able pore dimensions of the hosts. These polymers include PANI [79–87],
PPy [88,89], PTh [90] and poly(N -vinylcarbazole) [91]. Other non-
conducting polymers, such as polystyrene (PS) [92–94], poly(N -vinyl-2-
pyrolidinone) [95] and poly(ethyleneoxide) (PEO) [73], have been incorpo-
rated as well. Traditionally, intercalation involves insertion of the monomer
followed by radical polymerization [80] as well as aerial oxidation (in situ
polymerization) [83,84,96]. Other methods include melt polymer intercala-
tion [93,94,97,98], exfoliation-adsorption [99], template synthesis [73] and
direct intercalation from solution phase [95].
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The reactions carried out within the nanometric void spaces of host
materials (layers, pores, channels and cavities) along with the properties
and recent applications of most common host and guest materials are
given below.

4.3.1. Host Materials

Clay mineral

The polymer/layered silicate nanocomposites (PLSN) have received atten-
tion as new ionic conductive materials. The ionic conductivity of nanocom-
posites has been found to be several orders of magnitude higher than that
of the parent silica. As compared with a polymer electrolyte, nanocom-
posites display enhanced conductivity, mechanical stability and improved
interfacial stability towards electrode materials [100].

Smectites, belonging to a group of clay minerals (layered aluminosili-
cates, including two-dimensional phyllosilicates), such as MMT, hectorite,
saponite [101,102], and mica-type layered silicates, find a wide spec-
trum of practical applications, primarily by virtue of their well-pronounced
intercalation properties.

Depending on the strength of interfacial interactions between the poly-
mer matrix and layered silicate (modified or not), three different types of
PLSNs are thermodynamically achievable:

Intercalated nanocomposites
The insertion of a polymer matrix into the layered silicate structure occurs
in a crystallographically regular fashion, regardless of the clay-to-polymer
ratio. Intercalated nanocomposites are normally interlayered by a few
molecular layers of polymer. The properties of these composites typically
resemble those of ceramic materials.

Flocculated nanocomposites
Conceptually, these are the same as intercalated nanocomposites. However,
silicate layers are sometimes flocculated due to hydroxylated edge–edge
interactions of the silicate layers.

Exfoliated nanocomposites
The individual clay layers are separated in a continuous polymer matrix by
an average distance that depends on clay loading. Usually, the clay content
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of an exfoliated nanocomposite is much lower than that of an intercalated
nanocomposite.

Layered aluminosilicates (also referred to as 2:1 phyllosilicates, clay
minerals or smectites) and their organic modifications are an important class
of industrial materials. Traditionally, they have been used as absorbents to
purify and decolorize liquids, as fillers in paper and rubber materials, as
rheology modifiers in paints, greases, and drilling muds, and as a basein
cosmetics and medicines. Most recently, they have been widely celebrated
for their performance-enhancing properties when used as a nanoscale addi-
tive in plastics to generate polymer nanocomposites. Structurally, many
2:1 phyllosilicates, such as MMT, are one-dimensional crystals comprised
of covalently bonded, aluminosilicate layers, 0.92 nm thick, separated by
a van der Waals interlayer (gallery) containing charge-compensating alkali
metals or earth cations [15].

Since clay is hydrophilic, it is necessary to make it organophilic via
cation exchange, typically with alkylammonium, imidazonium or phos-
phonium cations, functionalizing the aluminosilicate surface and lowering
interfacial free energy [103,104].

The compatibility of these organically modified layered aluminosilicates
with polymers, resins or organic solvents may be engineered depending on
the composition, packing density and length of these modifiers The use of
organically modified montmorillonites (OMMs) as nanofillers for polymers
has motivated extensive recent efforts to elucidate the factors that dictate
the structure of organic surfactant within the interlayer gallery and thus
to understand better the underlying factors determining their compatibility
and interfacial properties with various polymers [93,94,105].

Vermiculite, a mica-type silicate, has been used to synthesize hybrids
with nanophase dimensions. It is a 2:1 layer silicate with the general for-
mula, Mx�Mg�3�AlxSi4−xO10��OH�2 where M is the exchangeable divalent
cation. The layer charge is close to that of mica, but the interlayer cations
are magnesium ions. The most important characteristics of these silicates
are that the magnesium ions can be exchanged by other cations and, in the
case of sodium, two well-defined hydrates exist. The two layer hydrates
have a spacing of 14.8 Å, and the one-layer hydrate has a spacing of 11.8 Å.
A typical cation exchange capacity encountered is approximately 100 mil-
liequivalents per 100 grams of silicates. However, completely dehydrated
samples give a spacing of 10 Å, similar to that of mica. Fully calcined
vermiculite has a water absorption capacity of 200–500 g per gram of
vermiculite depending on the particle size.
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Leroux et al. present [11] an overview of systems defined strictly as
the assembly of two components, a polymer and a 2D host material, more
specifically a layered double hydroxide (LDH), and in the case where the
bidimensional inorganic arrangement is left unmodified. The LDH structure
is referred to as the natural hydrotalcite, described with the ideal formula
�MIIxMIII1−x�OH�2�intra�A

m
x/m nH2O�inter, where MII and MIII are metal

cations, A is the anion, and intra and inter denote the intralayer domain and
interlayer space, respectively. The structure consists of brucite-like layers
constituted of edge-sharing M�OH�6 octahedral [106]. Partial MII to MIII
substitution induces a positive charge for the layers, balanced with the
presence of interlayered anions. LDH host materials present the advantage
of a large variety of compositions and a tunable layer charge density [107].
Moreover, the LDH sheets are constituted of one polyhedra-made layer,
often corrugated and, therefore, more flexible than other bidimensional
frameworks, such as the 2:1 layered silicate. This has been verified by
computing an extended version of the discrete finite-layer rigidity model,
which includes both intra- and interlayer rigidity effects [108].

A variety of conventional vinyl polymers and polycondensates, such
as epoxy resins and �-caprolactone, were used in composite preparations
with layered MMT clays by in situ intercalative polymerization or by
intercalation of polymer melts in layered silicates and by other proce-
dures. The information obtained from these researches was applied to the
preparation and evaluation of MMT-based nanocomposites of potentially
important heterocyclic polymers. In some recent reviews, various syn-
thesis routes for the preparation of processable polyconjugated systems
were described [2,4,7,14,16,24,109], and the literature on clay-polymer
intercalates and exfoliates is available [38].

To begin with, we shall review the studies on MMT nanocomposites
of some vinyl polymers and resins. Later in this chapter, the studies on
nanocomposites of PANI, PPy, PTh, PNVCz and their derivatives will also
be reviewed.

Very recently, the synthesis of PMMA/clay nanocomposite has been
reported using a variety of surfactants, dispersion techniques and poly-
merization conditions [110]. The synthesis of PMMA/clay nanocomposite
via emulsion and in situ polymerization with 10 wt. % clay modified with
zwitterionic surfactant, C18DMB, exhibited improved properties over pure
polymer or conventional composites, such as enhanced mechanical and
thermal properties, reduced gas permeability and improved chemical stabil-
ity. A partially exfoliated nanocomposite, observed through transmission
electron microscopy (TEM), was obtained by emulsion polymerization with
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10 wt. % clay. The glass transition temperature �Tg� of this nanocomposite
was 18�C higher than that of pure PMMA. The storage modulus of the
nanocomposite was superior to that of the intercalated structure and pure
polymer. Using nanocomposite technology, novel PMMA nanocomposite
gel electrolytes exhibiting improved ionic conductivity and stable lithium
interfacial resistance were synthesized.

Polyolefins, such as polyethylene or poly(propylene) (PP), were fre-
quently studied matrices for MMT-containing nanocomposites [111–119].
However, their apolar character and weak interactions with other sub-
stances create problems in the intercalation of polymer chains into the
MMT layers kept together by strong ionic forces. The modification of
polyolefin matrix by compatibilizers [111,116,118–120] and the use of
organomodified MMT [113–116,119,121] are common approaches to solve
this problem.

The online dielectric sensor provides insights on how the polymer
dynamics on the molecular level are altered with regard to the matrix type,
the filler loading, and the morphology of nanocomposites. Dielectric data
enable one to distinguish the relative degree of clay exfoliation between
samples; however, the microstructure of clay cannot be identified by using
dielectric spectrometer alone. Dielectric relaxation spectroscopy (DRS) is a
powerful technique for obtaining dipolar relaxation as a function of temper-
ature and frequency, from which effects due to intermolecular cooperative
motion and hindered dipolar rotation can be elucidated. The relaxation time
distribution was used as a rough indicator to describe the heterogeneity of
the polymer/filler interface [122].

Most electrical conductors are opaque. Only a few materials, such as
antimony-doped tin oxide (ATO) and tin-doped indium oxide (ITO), are
optically transparent and electrically conductive [123–126]. The design of
transparent, conductive nanocomposites requires the attention to several
factors. Transparency is determined by reflection and absorption [127–128].
For transparency, the conductive filler itself must be transparent, and scat-
tering at the interface between the filler and matrix must be as small as
possible. Scattering can be minimized either by the matching of refractive
indices of the transparent conductive fillers and the polymer matrix or by the
reduction of one dimension of the conductive filler to be much smaller than
the wavelength of visible light. Because refractive-index matching between
a polymer and transparent ceramic conductors (e.g., ITO or ATO) is not
possible, nanosized conductive particles must be used, and the concentra-
tion of conductive particles must be kept as low as possible. Several studies
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were reported on the description of fabrication of conductive polymeric
composites [129–134].

Recently, researchers have been interested in conducting molecular
imprinting on nanostructured porous materials [135–147]. Imprinting syn-
thesis has been carried out on mesoporous and zeolitic materials through
conventional surface imprinting, hierarchical imprinting or ‘ship-in-bottle’
imprinting methods. The pivotal technique of all imprinting synthesis
methodologies involves the incorporation of a template into a host matrix
by combining it with host monomers that polymerize around the tem-
plate. The subsequent removal of the template would result in a material
that contains imprint cavities with a favorable size, shape and chemical
environment to selectively rebind the template. The imprinting approach
based on organic polymer hosts was first developed by Wulff and Sarhan,
who used this technique to produce polymers for the resolution of racemic
mixtures. Dai et al. [148] report a new approach for the synthesis of sur-
face ion-imprinted sorbents using a layered nanomaterial as a host. The
unique properties of layered materials are ideal for surface imprinting syn-
thesis, which benefits from a tunable spacing but stable crystalline host.
Polysilicate magadiite �Na2Si14O29�nH2O�, which is composed of one or
more negatively charged sheets of SiO4 tetrahedra with abundant silanol-
terminated surfaces, whose negative charges are balanced by either Na+

or H+ in the interlayer spacing, has resulted in a simplified experimen-
tal procedure. Dai et al. have demonstrated that the imprint-functionalized
magadiite has better selectivity and higher capacity for metal-ion templates
than the non-imprinted analogue. The possibility of continuous variation
in basal spacing and crystalline structures of layered materials highlights a
new opportunity for conducting imprinting synthesis.

A particularly interesting family of hybrid materials was obtained
through the reaction of silicon alkoxides with polyethers [149,150]. PEO
or poly(propylene oxide) (PPO) acts as a ‘solid’ solvent for many chem-
ical species, while structural inorganic networks are obtained from the
hydrolysis of reactive silicon species.

A considerable number of studies performed since 1990s aimed at
reducing the crystallinity of PEO-based electrolytes, while maintaining
high flexibility and mechanical stability. One of the most successful
approaches relies on the preparation of ORMOLYTES (ORganically
MOdified electroLYTES) [150–152].

Generally, two different approaches have been adopted for preparing
organic–inorganic hybrids through sol–gel process. The first approach
involves mixing an organic polymer with a metal alkoxide, such as
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tetraalkoxysilane (TEOS or TMOS). In sol–gel process, the inorganic
mineral is dispersed in the organic polymer matrix to develop hydro-
gen bonds between the organic phase and inorganic phase, and thus
hybrids of class I (SiO2-PEO or SiO2-PPO) are obtained. In the second
approach, the triethoxy silyl groups are introduced into an organic poly-
mer prior to sol–gel reactions with metal alkoxides, and thus class II
siloxane–polyether hybrids (SiO3/2-PEO or SiO3/2-PPO) are obtained. Two
methods have been used in this approach. One method involves terminating
the ethoxy silanes on both ends of the organic polymer with a cova-
lent linkage, e.g., using 3-isocyanatopropyl triethoxysilane, to terminate
poly(ethylene glycol) (PEG) through urethane linkages. The other method
is to copolymerize the organic monomer with vinyl triethoxysilane.

Hybrid materials synthesized by sol–gel processes are of interest com-
mercially as well as scientifically because of their unique properties.
For example, the presence of organic phase makes the hybrid materials
more flexible, and their thermal stability is greatly enhanced by the pres-
ence of inorganic phase. The addition of lithium salts and polymetalates
induces interesting ionic conductivity [150–153] and photochromic pro-
perties [154], while luminescent properties can be promoted by rare earth
doping [155].

Recently, Honma et al. [156–158] have synthesized a new class of
hybrid composites consisting of SiO2/polymer (PEO, PPO, polytetramethy-
lene oxide (PTMO)) with polyurethane-linking structure through sol–gel
processes.

By adopting a method similar to that of Honma et al., a series of
proton-conducting membranes based on PEG/SiO2 nanocomposites were
synthesized by acid catalyzed sol–gel processes [1,3,159–164]. The details
are given in the successive parts of this chapter.

Carbon

Graphite
Natural graphite (NG), which is abundant in nature, has been widely used
as a conducting filler in preparing conducting polymer composites [165].
Conventional graphite fillers are usually micro-diameter powders. In order
to achieve satisfactory conductivity using conventional graphite fillers,
composite loadings are usually as high as 15–20 wt. % or even higher. Like
many other nanocomposites, a polymer nanocomposite made from graphite
nanopowder or nanosheets may have promising properties, especially good
electrical conductivity.
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Natural graphite is a layered structure. The carbon atoms within a layer
are covalently bonded. The layers are bound by much weaker van der
Waals forces. The weak interplanar forces allow certain atoms, molecules
and ions to penetrate into the interplanar spaces of graphite, thereby causing
the distance between layers to increase [166]. Direct dispersion of graphite
carbon layers into a polymer is impossible, as no solvent or any other
molecules have yet been found to delaminate the carbon layers.

Oxidized graphite or graphite oxide (GO) contains carbonyl, hydroxyl
and ether groups on its surface [167,168]. Nanoscale materials based on
layered GO and polymers were realized for PS [169], poly(vinyl acetate)
(PVA) [170], PEO and PP [171,172].

Unlike layered silicates whose intercalation can be achieved by ion
exchange reactions in the galleries, intercalation of graphite cannot be done
in the same way because it does not bear any net charge. Intercalation by
various chemical species leads to the preparation of graphite intercalation
compounds (GIC). Expanded graphite (EG) is obtained by subjecting GIC
to rapid thermal treatment at relatively high temperatures in a process called
exfoliation.

The process applied to increase interplanar spacing in graphite can be
summarized as follows:

NG ⇒ GIC �intercalation� ⇒ EG �exfoliation�

EG flakes expand hundreds of times along their c axis. The original
graphite flake of thickness 20 	m expands up to 20–20 000 	m [166]. The
microstructure of worm-like EG particles is roughly that of the irregular
honeycomb network of graphite flakes with pores of different sizes ranging
from 10 nm to 10 	m [173].

However, EG is somewhat a partially exfoliated graphite, because the
graphite sheets interconnect with each other [174–179]. Only when the
graphite sheets are fully exfoliated into polymer matrices, the resultant
composites can be called delaminated nanocomposites. It should be noted
that the term ‘delaminated’ used in this case does not signify a single-
layer sheet, as it is used in polymer/clay nanocomposites, but refers to a
separated graphite flake. As EG is fragile, it can be readily fractured by
stirring the mixture of EG and monomers (or polymers).

Since the interplanar spacing is larger than that of the non-treated
graphite, galleries of EG can be easily intercalated by suitable monomer
molecules and/or catalysts through physical adsorption because of the
porous feature of EG and polar interaction between monomer and the −OH
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and −COOH groups on EG sheets. These polar groups result from chemi-
cal oxidation of the double bonds of graphite sheets during the preparation
of GIC [180,181].

Many investigators have studied the properties and structure of various
composites based on EG in the preparation of various fillers or matrices:
metals [182], mica [183] or polymers [184–195].

A continuous insulator–conductor transition is observed in two-
component systems at gradual increase of the number of conductor
particles randomly dispersed in an insulator matrix. Most often, such tran-
sitions (called percolation transitions) are represented by the model of
statistical percolation. The volume concentration of conducting particles
�
� at which the transition proceeds is called the percolation thresh-
old or critical point �
c�. EG is dependable in that only a little amount
of conductive filler was required to reach the percolation threshold of
conductivity [190–192,196–201].

Celzard et al. [202] first reported the conductive behavior of 100-	m-thick
composite films composed of epoxy resin and ground EG flakes with an aver-
age diameter of 10 	m and an average thickness of 100 nm. Only 1.3 vol % of
EG was needed to reach conductivity percolation threshold. More recently,
via in situ polymerization approaches, nylon 6/EG [192], poly(styrenemethyl
methacrylate)/EG [190], PS/EG [199,200] and poly(vinyl chloride)/EG [189]
nanocomposites with markedly low percolation threshold value were pre-
pared. By solution blending method, the preparation of grafted polypropylene
(gPP)/EG [193,195,203] and poly(methyl methacrylate) (PMMA)/EG [194,
204,205] composites was also reported.

The physical properties, including electrical, dielectric, elastic, mechan-
ical and thermal, surface area, pore structure as well as percolation
phenomena within the composites based on compressed expanded graphites
were studied [206–209]. From among these studies, Krzesinska et al. have
prepared monolithic mica/EG from a mixture of EG and a fine powder of
mica phlogopite [183]. The electrical conductivity and elastic moduli of
about 30 samples were investigated. Among the present phases (graphite,
mica and pore space), only graphite was conducting. Introducing a high
amount of mica decreased conductivity; however, below 20 wt. %, the
effect was rather low with respect to pure compressed EG. Hence, rigidify-
ing the latter by making mica-based nanocomposites was possible without
appreciably degrading the conducting properties.

In situ polymerization of styrene was conducted in the presence of
expanded graphite obtained by rapid heating of the graphite intercalation
compound (GIC) to form a polymer/EG conducting composite [190,191].
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The study has shown that graphite was dispersed in the form of nanosheets
in the polymer matrix. The transition from an electrical insulator to an
electrical semiconductor for the composite occurred when the expanded
graphite content was 1.8 wt. %, which was much lower than that of
conventional conducting polymer composite. The composite exhibited a
high electrical conductivity of 10−2 S/cm when the graphite content was
2.8–3.0 wt. %. This great improvement in conductivity could be attributed
to the high aspect ratio (width-to-thickness) of graphite nanosheets. The
study suggested that extensive rolling of the blend greatly affected the
conductivity of the composite.

In another study, PS/graphite nanosheets were prepared via powdering
the expanded graphite of thickness ranging 30–80 nm and diameter ranging
0.5–20 mm. It was an excellent nanofiller for the fabrication of poly-
mer/graphite conducting nanocomposite [176]. The process allows to fab-
ricate electrically conducting PS/graphite nanosheet nanocomposite films
with much lower percolation threshold and much higher conductivities than
those of composites made by conventional methods.

A new process was developed to fabricate electrically conduct-
ing nylon 6/graphite nanocomposites via intercalation polymerization of
�-caprolactam in the presence of EG [192,193] with low percolation
threshold, and thus a great improvement in electrical conductivity was
obtained.

There are also other methods for intercalating monomers or polymers
into graphite. The first step in these methods is the preparation of graphite
oxide (GO) by oxidation of NG [210,211]. Although the precise structure
of GO is still uncertain, various structural models have been proposed,
and it is assumed that the layered structure of GO consists of carbonyl,
hydroxyl and ether groups on its surface, and these functional groups make
intercalation of water-soluble polymers possible into GO.

Nanoscale materials based on layered GO and polymers have been real-
ized for PS [211], PVA [212], PEO [213], poly(diallyl dimethyl ammonium
chloride) [180] and poly(furfuryl alcohol) [214]. For hydrophobic polymers,
such as PVA, the PVA/intercalated GO composite was prepared by in situ
polymerization, in which an n-octanol (or dodecanol)-intercalated GO was
first formed. The vinyl acetate monomer was then absorbed into the inter-
layer of GO, followed by thermal polymerization. Thermal stability of this
nanocomposite was higher than that of pure PVA, and its electrical conduc-
tivity was 0.14 S/cm at room temperature [214]. MMA is a polar monomer.
It can be intercalated into GO by the polar interaction between MMA
molecules and polar groups on the surface of layered sheets. Ping et al. [215]
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have reported the preparation of poly(methyl methacrylate)/intercalated GO
composite by emulsion polymerization of MMA in the presence of GO.
Various characterization techniques were used to characterize the structure
and properties of the composite. Cerezo et al. have also reported the prepa-
ration of poly(ethylene-co-methyl acrylate-co-acrylicacid)-graphite oxide
and EMAA-expanded graphite oxide nanocomposites by direct solution
blending [216].

PMMA/graphite nanosheet composites were also fabricated via an in
situ polymerization of MMA in the presence of graphite nanosheets with
the aid of sonication [46]. The results have shown that the high-aspect-
ratio structure of graphite nanosheets played an important role in forming
conducting network in PMMA matrix. The conducting behavior of the
composite was interpreted by percolation theory.

Another simple but effective procedure was developed to prepare
separate graphite nanosheets from EG. The resulting foliated graphite
(FG) nanosheets have been successfully incorporated into PE [217,218],
PMMA [219], PS [176] and nylon 6 [201,221,222], and only 1.0 wt. % of
foliated graphite was required to satisfy the critical transition in PMMA
and PS cases.

A percolation threshold as low as 0.74 vol % was performed with
the assistance of ultrasonic irradiation by in situ synthesis of nylon 6/FG
nanocomposites [223]. In order to control the rate of crystallization, degree
of crystallinity and to obtain the desired morphology and properties, a great
deal of effort has been devoted to studying the crystallization kinetics and
determining the change in material properties [224,225]. While there have
been more papers [224–226] dealing with the crystallization behavior of
neat nylon 6 and nylon 6/clay nanocomposites, little work has been done
on graphite-filled nylon 6 composites [224–227] and the crystallization
behavior of neat nylon 6 and nylon 6/clay nanocomposites [228–232]. It
has been postulated that the conductivity change of carbon-loaded com-
posites is related to the formation and destruction of carbon networks.
Some external fields can alter the arrangement of conductive networks in
the polymer matrix, resulting in a change in the overall conductivity of
composites, such as the increase with temperature, which is called ‘positive
temperature coefficient (PTC) effect’ [228–232]. Similar to the PTC effect,
the conductivity of conducting polymer composites can also be changed
with applied pressure, which is called piezoresistive property [233–241].

High-density polyethylene (HDPE)/foilated graphite (FG) nanocompos-
ites have strong piezoresistive effects, which are induced by shear-induced
orientation of FG in the HDPE matrix [217,218,242]. Time dependence of
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piezoresistive behavior strongly depends on fixed pressure and FG concen-
tration. Under a low fixed pressure, the relative resistance decreases with
time; on the other hand, the composite resistance increases with time under
a high fixed pressure. The shift of relative resistance changes more slowly
at higher filler concentrations. The average ‘nanosheet’ separation in the
nanocomposite changing with time under fixed pressures is the origin of
the time-dependent piezoresistive behavior.

The microscopic mechanisms that result in macroscopic non-linearity
in the composites can be divided into two groups. In the first group, the
conducting elements can be intrinsically non-linear [243], whereas in the
second group, the conducting elements are ohmic, but the appearance of
additional conducting channels, arising due to the onset of tunneling or
hopping across thin originally insulating layers, can lead to non-linearity
in sample conductance [244]. Non-linearity increases as a fraction �
� of
the conducting component tends toward critical value, percolation thresh-
old �
c�, either from below (as in normal–superconductor mixtures) or
from above (as in conductor–insulator mixtures) [245]. Chen et al. have
studied [221] the non-linear conduction behavior of composite materi-
als of foliated graphite nanosheets and nylon-6 subjected to a variable
direct-current electric field. On the basis of the microscopic structures
and conducting processes of the nanocomposites, it was found that a
combination of models can generally account for non-linear characteristics.

Acetylene black is another type of carbon material used as a core car-
bon support because of its good electronic conductivity and small particle
size (average diameter 44 nm). PEG with a molecular weight of 4600 Da
(corresponding to a stretched chain length of 28 nm) was grafted onto car-
bon particles that were surface-treated to produce carboxylic functional
groups to anchor the PEG chains [246,247]. The polyelectrolyte function-
alized carbon or C-PEG was coated with an aqueous dispersion of V2O5

lamellae (sol) [248] and dried at 140�C to yield V2O5/C-PEG. Huang
et al. had prepared nanocomposites by chemically wiring both polyelec-
trolytes and active metal oxide �V2O5� onto the surface of semigraphitic
carbon black nanoparticles that serve as an electronically conductive
core [249].

In the recent reviews on electrical conductivity of binary mix-
tures [250,251], it has been assumed that the mixing process may induce
electrical charging of carbon particles and, thus, might stimulate interac-
tions between particles and polymeric host. Recently, a lower percolation
threshold was observed for carbon black filled epoxy resins [252–254] not
obeying the predictions of the standard percolation model, which is suitable
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for randomly dispersed but not interacting fillers. Kotsilkova et al. [255]
have investigated the rheology, DC-conductivity and microwave properties
of acrylic, polyurethane and epoxy composites containing 0–15 vol % of
nanosized carbon particles. The percolation threshold was interpreted as
a structural transition from a dispersed to an agglomerated state, and it
was found to depend significantly on the type of matrix polymer. Above
the percolation threshold, the presence of carbon nanoparticles produces
a strong increase in the viscosity of dispersions as well as the electrical
conductivity and microwave properties of solid composites. A good corre-
lation between these three characteristics was found for systems in a wide
range of carbon volume fractions.

Oxadiazole-based polymers form a class of high-performance polymers
with great thermal and chemical stability and excellent mechanical strength
and stiffness. Some poly(1,3,4-oxadiazole)s with substituted aromatic ring,
such as poly(2,5-diphenyl-1,3,4-oxadiazole), show intense photolumines-
cence and electroluminescence when combined with an additional layer
of electron transporter [256]. The applicability of these polymers is, how-
ever, limited because of their insolubility in common organic solvent
and their difficult processability [257,258]. The introduction of certain
substituents on the aromatic rings, flexible bridge in the chain or some
specific units pendant to the chain has shown to improve solubility without
disturbing the conjugation [259,260]. Souza et al. have developed new ther-
mally stable conducting materials by dispersing conducting carbon black
into the poly(4,4′-diphenylether–1,3,4-oxadiazole) (POD–DPE) solution in
NMP [261].

It is rather difficult to prepare conductive graphite/polymer nanocompos-
ites via direct intercalation method [262]. To achieve nanoscale dispersion
of graphite in polymer matrix, certain chemical or physical modifications
are generally required in the graphite [262,263]. Recently, an effective
method for the preparation of poly(4,4-oxybis(benzene)disulfide)/graphite
nanosheet composites via in situ ring-opening polymerization of macro-
cyclic oligomers was reported [264,265]. Graphite nanosheets were com-
pletely exfoliated under microwave irradiation followed by sonication
in solution. The nanocomposites exhibit as both high-performance poly-
meric material and electrically conductive material. Therefore, they show
potential applications as high temperature conducting materials.

There is a growing interest towards ion beam irradiation of polymeric
materials since fine conducting micropatterns can be produced from these
focused ion beams. Ion beam irradiation has been shown to produce electri-
cal conductivity in polyimide films where conductivity has been attributed
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to the inhomogeneous formation of carbonised inclusions in the polymeric
medium [266,267]. Two different mechanisms have been suggested for ion-
induced electrical conductivity; the first one is the formation of graphitic
tracks of sufficient density resulting in the production of a graphitic-like
layer [268], while the second one represents a progression of chemical
modifications with irradiation resulting in a gradual modification of the
band structure from semiconducting behavior at low ion fluence to metallic
conduction at high fluence [268–271]. The electron transport properties of
two types of carbon–polyimide (C–PI) nanocomposite thin films have been
evaluated [272]. Conductive nanocomposites formed by the incorporation
of 30-nm carbon particles prior to polymer cross-linking (ex situ formation)
has been compared to high-energy ion beam irradiation in situ formation
of nanoscale carbon clusters within the polymer composite. The addition
of carbon nanoparticles has reduced resistivity by 13 orders of magnitude
for 8 vol % carbon content. The irradiated in situ formed films have shown
a comparable resistivity to this 8% C–PI film.

Traditionally, activated carbon has been used as an adsorbent material
for water and waste water treatment [273–275]. The wide variation in
functionality, surface area, porosity and ease of regeneration has made the
use of polymeric resins as an alternative to activated carbon for removal
of specific pollutants from contaminated water.

Another interesting carbon compound – carbon nanofibers of c. 1 	m
by 20 nm dimension – has been successfully prepared by graphitization of
polyacrylonitrile (PAN), previously formed inside the nanosized pores of
sepiolite [276]. This natural microfibrous silicate contains structural tunnels
extending along the whole fiber, which are able to include acrylonitrile
(AN). AN is polymerized to give PAN, which is further thermally treated
to form carbon nanofibers. The resulting solids constitute a new class
of conductive carbon-clay nanocomposites having potential applications
in diverse electrochemical devices such as lithium batteries, sensors or
electrocatalysts.

Nanotube
The discovery of fullerenes (1985), the third form of ordered carbon,
spurred the subsequent discovery of a number of related novel forms of car-
bon. The most famous among these carbons are the nanotubes, sometimes
referred to as buckytubes.

The characterization of fullerenes by Smalley et al. [277] and
Kraetschmer et al. [278], together with the discovery of carbon nanotubes



Conducting nanocomposite systems 161

by Iijima in 1991 [279], has provided an insight into the huge potential of
molecular sp2-derived architectures of carbon.

Polymer composites based on carbon nanotubes (CNT) have received
a great deal of attention because of their unique electrical proper-
ties [280–285]. The small size and high aspect ratio of CNT permit electrical
percolation at very low loadings, which offers new opportunities to enhance
electrical conductivity at a very low additive concentration. In addition, the
presence of CNT can improve mechanical properties than the conventional
composites containing carbon black.

There are two distinct types of carbon nanotubes. A single-walled carbon
nanotube (SWNT or graphene tube) is made of one layer of graphene sheet,
while a multiwalled carbon nanotube (MWNT or graphitic tube) is made
of more than one layer [286].

In this fast-growing field of nanotechnology, SWNTs are recognized
as new strong [287], electrically [288] and thermally [289] conductive
materials. From the time they were discovered [290,291], many synthe-
sis [292,293] and purification [294–296] methods have been developed to
produce SWNTs of length ranging from a several hundred nanometers to
a few millimeters.

Many efforts have been made to combine CNTs and polymers to pro-
duce functional composite materials with improved properties [297–299].
A detailed investigation of CP/CNT composites is of great interest nowa-
days. These materials find a host of applications in supercapacitors, sensors,
photovoltaic cells and photodiodes, optical limiting devices, solar cells,
high-resolution printable conductors, electromagnetic absorbers and, last
but not least, advanced transistors. The preparation of composites requires
qualifying the type of interaction between the host matrix and guest
nanoparticles. In CP/CNT composites, it has been shown that either the
polymer functionalizes CNTs [300,301] or the CPs are doped with CNTs,
when a charge transfer between the two constituents takes place [301–304].

Three routes are used to prepare CP/CNT composites:

(a) direct mixing of the CP with CNTs,
(b) chemical synthesis of the CP in the presence of CNTs, and
(c) electropolymerization of monomers on the CNT films.

The recent studies on CNTs were reviewed in [305,306].
Carbon nanotubes and carbon nanofibers, having extremely large sur-

face area and well-defined structure and morphology, are a key to novel
composite materials with enhanced physical and chemical properties. Since
the production costs are currently well above that of conventional graphite
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powders and soot products, a combination of several improved properties
justifies massive introduction of these relatively high-cost materials into
composite production.

Hammel et al. have achieved bulk production capacities of high-
purity carbon CNFs at low cost by the catalytic chemical vapor depo-
sition (CCVD) process [307]. Reasonable low temperatures and yields
of up to several g/m2 per minute at more than 70% carbon gas-to-fiber
conversion rates allow considerable reduction in costs. Polymer com-
posites have been prepared by the dispersion of CNFs into polymer
matrices by applying intensive shear via extrusion. In PP, the applica-
tion of less than 10 wt. % CNFs has reduced volume resistivity from >
1013 � cm to a value of c. 105 � cm. Fibers of different sizes are normally
used for nylon, polycarbonate and other high-temperature applications.

Carbon nanotubes prepared by the classical CVD method with a nickel
catalyst have been characterized and used as conducting anisometric objects
dispersed in a polymeric matrix [308,309].

Many studies have been carried out on CNT/polymer composites
[310–319]. These studies emphasize that three main factors greatly
influence the reinforcement of this composite:

(a) a good dispersion of the CNTs in polymer matrix [310–313],
(b) a strong interfacial bonding between CNTs and polymer [312,314,

315], and
(c) a good alignment of CNTs in polymer matrix [316–319].

Due to weak interaction between polymer matrix and CNTs and strong
van der Waals forces between CNTs themselves, CNTs tend to agglomerate
in composites, and the composite strength may not be effectively enhanced.

Recently, chemical functionalization of CNTs has been realized and full
solubility of CNTs was demonstrated in some solvents [307,320–323]. This
offers a very important application of CNTs as additives for reinforcement
of polymer materials, because functionalization of CNTs simplifies the
fabrication process of CNTs/polymer composite as well as improves the
interfacial bonding between polymer matrix and CNTs.

Nanotubes, mainly MWNT, belong to a large family of filamentary car-
bons, which were popularly known as vapor grown carbon fibers (VGCF).
Depending on the experimental conditions based on catalytic cracking of
hydrocarbon gases, standard fibers of micrometer diameter [324], sub-
micron [325] or even nanometer size [326] have been produced. Their
structural characteristics are related to their diameter �D�, which may vary



Conducting nanocomposite systems 163

over four orders of magnitude and aspect ratio (L/D, where L is the
mean length of each filament, which may be very large; typically L/D ∼
102–103). This geometrical factor leads to a very low percolation threshold,
i.e., a conducting-charged polymer for a very low concentration of these
fillers [327].

The dispersion of CNT additive in the insulating matrix is a crucial con-
trolling factor of the final electrical properties [281,328]. Low percolation
thresholds in the 10−3–10−1 range of weight percent of CNT have been
reported in MWCNT-thermoset composites [283,285,328,329], where an
extensive dispersion of the additive was achieved before the curing of resin.
However, higher percolation thresholds have been observed when CNTs
were dispersed in a thermoplastic polymer [282,285] unless the sample
thickness was reduced to the nanometer range [280].

It is still a challenge to obtain SWNTs with a satisfying structure suitable
for technological applications. Valentini et al. have reported the synthe-
sis of supramolecular semiconducting dendrimeric structures consisting
of substituted naphthalenediimides as end groups modifying commercial
polyamidoamine (PAMAMC) that non-covalently interacts with single-
walled carbon nanotubes [330]. The study of photoelectrical properties
of this system in thin-film transistor geometry and the incorporation of
PAMAMC-modified SWNTs as an electroactive component within an
organic conducting polymer in order to enhance photoconductivity have
been reported [331].

To date, most of the investigations on composites containing CNTs
have focused on polymers, metals or metal-oxide-based composites with
improved electrical, electrochemical and mechanical properties [332–335].
Few reports have considered the fabrication and property characterization
of CNT–nitride composites [336]. TiN has been studied quite extensively
because of its attractive properties such as oxidative stability, corrosion
resistance and good electrical conductivity [336–337]. These qualities
make TiN an excellent candidate for electrodes in electrochemical capaci-
tors, which use highly corrosive electrolytes such as potassium hydroxide;
for electronic conductors in electronic devices [336–338]; and in novel
CNT–TiN composites with larger surface area, increased electrical con-
ductivity and enhanced electrochemical capacitance. However, the intrinsic
properties of CNTs generate particular challenges in the development of
CNT-incorporated composite applications.

Treating CNTs with nitric acid or other oxidants could create acidic
groups at both tips and sidewalls, which can act as nucleation sites for
oxide nanoparticles. Jiang et al. have used acid treatment and nitridation
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technology to fabricate TiN-immobilized CNT powders and then mixed
them with pure TiN powders by ball milling [339]. The electrical conduc-
tivity and electrochemical performance of CNT–TiN composites gradually
increase with increasing CNT content.

Recently, reinforcement in CNT-based composites has been investigated
in numerous research works, in which different matrix materials, such as
polymers, ceramics, resins, metals, etc., have been used. Although much
lower in density and higher in strength, CNTs cannot replace carbon fibers
in many fields immediately by virtue of unresolved hindrance of dispersion
in matrix and the interface or bonding between matrix and reinforcement.
As a result, aligned carbon nanotube/carbon (ACNT/C) nanocomposites
were prepared by chemical vapor infiltration (CVI) technology to explore
some properties of CNTs, especially the thermal properties [340].

Supronowicz et al. have designed and fabricated a novel current-
conducting polylactic acid/carbon nanotube composite. They employed
this composite as a substrate for exposing osteoblasts (the bone-forming
cells) to electric current stimulation in vitro; and investigated the effects of
electrical stimulation on select cellular/molecular functions of osteoblasts
pertinent to osteogenesis [341]. These functions included osteoblast
proliferation, calcium deposition in the extracellular matrix and the
expression of genes for collagenous and non-collagenous bone matrix
proteins.

Other layered materials like graphite, such as BN, BC2N� 2BC3� C3N4�
CNx� MoS2� WS2 and V2O5, were predicted to form nanotubes and
fullerene-like structures [342,343]. B/N/C microstructures were first
observed by Bartlett et al. [344,345] in 1986 after the thermolysis of C2H2

and BCl3.
Unfortunately, it could not establish any consensus with respect to the

atomic location of different species within B–C–N nanotubes and other
nanostructures. Both sandwich-like nanostructures composed of pure BN
and C layers and those made of consecutive layers composed of B, C and
N species, which somehow assembled within the single graphitic sheets,
have been considered theoretically and observed experimentally using high-
resolution electron energy loss spectroscopy. The production, structure
and characterization of BCN nanoscale materials were discussed in detail
in [342].

While C tubes can behave as either metals or semiconductors, BN tubes
are expected to be insulating- and oxidation-resistant. Interestingly, hybrid
B–C–N systems constitute an opportunity to tune nanotube electronic prop-
erties in a wide range. The electronic and mechanical properties of BCN
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systems may be applied in nanoengineering (e.g. semiconductors with high
oxidative resistance, photoluminescent materials, nanotransistors working
at high temperatures, high-temperature lubricants, novel composites, etc.).

Mesoporous materials
Porous carbon materials with high surface area �>1000 m2/g� and pore
volume �>1�0 cm3/g� are of great interest for catalysis, separation, purifi-
cation, hydrogen storage, capacitors and other applications [346–351]. To
date, zeolites and silica materials (e.g. surfactant-templated mesoporous
silica [349,352–356], assembled silica nanoparticles [357,358] and silica
sol–gel networks [359–362]) have been employed as templates. In 1999,
two groups independently reported the fascinating synthesis of ordered
mesoporous carbon by using surfactant-templated mesoporous silica as
template [352a,353a].

According to the IUPAC definition, inorganic solids with pores of
diameters in the range 2–50 nm are classified as mesoporous materials.

Porous silica possesses high surface area, and the size of pores can
be tuned from 2 to 10 nm in a narrow diameter distribution by changing
the experimental conditions. In 1992, researchers at Mobil reported the
synthesis of a family of mesoporous silicates; designated as M41S, with
uniform pore size distribution. Depending on the channel arrangement,
mesoporous silica is further divided into hexagonal mobile composition of
matter (MCM)-41, cubic MCM-48 and lamellar MCM-50.

Finally, the calcination of organic/inorganic assembly produces a hollow
solid framework with large surface area and pore volumes. SBA (Santa
Barbara amorphous)-15 is a silica-based mesoporous material, recently
reported by a research group in the University of California at Santa
Barbara, different from the Mobil products [363]. In this material, a
poly(alkylene oxide) triblock copolymer with hydrophilic and hydropho-
bic segments is used as a structure-directing agent in a strongly acidic
medium [364]. The enhanced hydrothermal stability and substantially larger
pore diameter of SBA-15 are expected to produce additional potential
applications.

In some recent reports, a facile and time-saving pathway towards
nanoporous carbon has been demonstrated [365–368]. Among these
approaches, the most promising one involves the direct formation of
nanocomposites containing carbon precursors and silica followed by car-
bonization and subsequent silica removal. A remarkable development in
this area was the synthesis of conducting polymer in the porous silica
channels [365–379].
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Metal and metal oxide

Polymerization of conducting polymers was studied by many authors
over different inorganic hosts (e.g. SiO2, Al2O3� Fe2O3� Fe3O4� V2O5�
MnO2, ZrO2, TiO2, RuO2, �-RuCl3, CuS� Cu2S, CdS, CdSe, Fe, Co,
Au, Ag, Cu, CuFeS2, MoS2, MoO3, TiS2� MnPS3� BaTiO3, molybde-
num trisulfide and Nb2O5� for different optical and electrical applica-
tions, such as high-density information storage devices, electrochromic
devices, electrorheological fluids, etc. Some of these can be used
as magnetic part of the composite materials such as Ni, Fe, Fe2O3,
Fe3O4� CoFe2O4� NiFe2O4� Co3O4 and BaFe12O.

In a polymer nanoparticle composite, the size and shape of metal
nanoparticles determine the electronic, magnetic, thermal and non-linear
optical properties of the composite.

Althogh different inorganic materials can be combined with con-
ventional polymers (thermoplastics, rubbers, etc.) mainly by blending
(solution/melt) the inorganic component, it is not possible to combine
inorganic nanomaterials with conducting polymers by conventional tech-
niques because of the inherent insoluble and infusible nature of the latter.
Different approaches have been suggested combining both chemical and
electrochemical techniques.

Most of these methods require vigorous stirring of the solution to
suspend the particles and to prevent their aggregation during the reaction.

One way to overcome this problem is to process the materials in solid
state. This approach avoids thermal and solvent problems while providing
infinite design flexibility. A mechanochemical reaction, which is a solid-
state reaction, has been mainly employed in the study of metals and alloys.

Mechanical alloying is essentially a bulk preparation technique well
established for processing metals and ceramics with fine microstructures
since 1960s [380]. In 1988, Shaw [381] and Smith et al. [382,383] have
proposed that mechanical alloying could be applied to the polymer field.
To embrittle polymer and overcome its viscoelastic nature, ball milling
of polymer was carried out under cryogenic temperature (liquid nitrogen).
This adapted technology was mostly referred to as cryogenic mechanical
alloying or cryomilling. Cryomilling has been recognized as an effective
method to improve blending intimacy and enhance compatibility between
polymers [382–385]. However, little attention has been given to fabricating
polymer/metal composites via cryomilling [386,387].

Considerable investigations focusing on modifying the polymer by syn-
thesizing novel polymer/metal oxide nanocomposites have been reported.
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Among these systems, a lot of attention was paid to polymer/V2O5 com-
posites due to their unique electrical and optical properties. Examples of
CP-metal oxide and metal nanocomposites are given in the related part of
this chapter.

Vanadium-based oxides exhibit a rich variety of interesting properties
due to the multiple oxidation state of vanadium atom. In vanadium pen-
toxide �V2O5�, the highest oxidation state is remarkable among all the
vanadium oxide systems. Vanadium pentoxide xerogels �V2O5�nH2O� are
layered materials consisting of water in the interlayer space. The distance
between two layers depends on the amount of intercalated water. The lay-
ers of xerogel consist of ribbon-like complex structure [388–390]. The
water molecules are very weakly hydrogen bonded to the oxide network.
Vanadium pentoxide xerogel with larger interlayer distance is suitable for
intercalation of a variety of guest specimens. Acidic protons are present due
to acid dissociation at oxide–water interface. Moreover, during synthesis,
some V4+ ions are formed to initiate the formation of gel. Electronic con-
duction arises from the mixed valence behavior of vanadium in xerogels.
Proton conduction is due to the acidic nature of xerogel [391]. Conductivity
of xerogels depends mainly on the amount of water. The nanocomposites
obtained from xerogel consist of both electronic and protonic conductors.

Intercalative polymerization of conducting polymers inside the layered
structures requires substantial oxidizing power. Among layered materials, in
particular, FeOCl [392,393], V2O5 [83,394] and �-RuCl3 [84,395] are suit-
able for post-intercalation polymerization. Crystalline vanadium pentoxide
has sufficiently strong oxidizing power among high-oxidation transition
metal oxides. Intercalation of small ions is possible only due to strong
interlayer bonding interactions.

Vanadium-based compounds, such as vanadium pentoxide and vanadyl
phosphate, are the most suitable hosts for insertion of both inorganic ions
and organic molecules. The physical properties of nanocomposites are com-
pletely different from that of the individual components. Some preliminary
studies on intercalation of PANI into the interlamellar spaces of vanadyl
phosphate have been reported [396–399]. In all these host compounds, it
has been observed that intercalation and polymerization of aniline occurs
through redox.

Several groups have investigated the different forms of preparing
composites of V2O5 with polymers, including polypyrrol [400–405],
PANI [394,406–411], fully sulfonated poly(aniline co-N -propane sulfonic
acid aniline) (PAPSAH) derivative, poly (N -propane sulfonic acid aniline)
(PSPAN) [412], PTh [415], polyethylenedioxythiophene (PEDOT) [413],
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poly(2-(3-thienyloxy)ethanesulfonic acid) [414] and PEO [415,416]. Some
of these approaches appear to produce composites with properties superior
to the sum of those of the individual components [400,417].

CP/V2O5 nanocomposites had been synthesized and well studied by
Kanatzidis and others [392–396,400–414]. The nanocomposite formed by
PPy and V2O5 has shown a higher specific capacity and energy density
than that of xerogel [400,402,417].

Recent literature contains numerous studies on the application of tran-
sition metal oxides as Li+ insertion hosts in rechargeable lithium batteries.
V2O5 xerogel is a particularly promising material with efficient and
reversible insertion of lithium ions at high potentials vs. Li/Li+, resulting
in high specific capacity and energy density [23,388,410,418–420]. Thus,
there is a considerable effort to enhance the overall Li+ insertion rate in this
and related materials. A substantial improvement in the overall Li+ inser-
tion rate was obtained for a V2O5 aerogel synthesized on sintered nickel
fibers [421]. In another approach, more rapid Li+ insertion was obtained by
employing a supercritical drying process to produce aerogel materials with
high surface areas and short diffusion path lengths [422,423]. Incorporat-
ing a conducting polymer within the xerogel matrix is another approach
to improve xerogel performance [424,425]. A higher Li+ insertion rate
can be achieved in these nanocomposites, which would result in increased
charge storage capacities as compared to untreated xerogel [425c]. More-
over, decreased diffusion path lengths can improve the overall rate of Li+

insertion into the material.
While PANI is an extremely interesting conducting polymer, vanadium

oxide has been extensively studied as a cathode material in lithium bat-
teries. A number of attempts [405,407,410] have been made to produce
nanocomposites from V2O5 and PANI with increased ion mobility and
electronic conductivity of V2O5 in order to facilitate charge transport in
battery electrodes.

Electrodeposition of V2O5 on the continuous PANI backbone offers
the potential for regulation of porosity of macroporous composite by con-
trolling the quantity of V2O5 deposited. Luca et al. have explored the
possibilities for simple two-step one-pot electrochemical preparation of
the novel PANI–V2O5 interpenetrating network by electrochemical means,
which can, in principle, afford the control of dimensionality of both con-
ductor and semiconductor [409]. The dimensionality of formed amorphous
V2O5 can be controlled through current density during deposition; this,
in turn, reduces porosity. As current density increases and more V2O5 is
deposited, the conductivity of PANI decreases.
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Buttry et al. have employed Li NMR spectroscopy to probe the local
lithium environment in V2O5 and several nanocomposite materials com-
prising V2O5 and various PANI derivatives. The results show that charge
compensation of intrinsic negatively charged ion-exchange sites in V2O5

xerogel by conducting polymers used to form nanocomposites is important
in determining the number and type of Li+ sites available [410].

Mechanical and electrochemical properties of CP/V2O5 nanocompos-
ites depend on the preparation details. Kanatzidis et al. have shown that
V2O5 xerogel films exposed to a dispersion containing aniline formed a
nanocomposite powder with PANI intercalated within the interlayer region
of V2O5 [83].

Huguenin et al. have employed simultaneous polymerization in forming
homogeneous films from various CP and V2O5 [425a,425e,427].

In a recent work, Ferreira et al. have shown that PANI/V2O5 nanocom-
posites obtained by layer-by-layer (LbL) method are advantageous over
those prepared by other methods [425f]. LbL films are visually uniform
with a high degree of thickness control. This material exhibits a globular
morphology, which is common in LbL films.

In addition, the amount of PANI distributed within the V2O5 matrix
could be controlled, and the nanocomposite displayed a high charge
capacity. Huguenin described how manipulation at the molecular level of
V2O5/PANI nanocomposites built with LbL technique promotes enhance-
ment of charge storage capability, new electrochromic effects and control of
ionic flux [411]. By changing film architecture, one can control the amount
of PANI participating in the redox processes of LbL films. As a result,
the films exhibit the electrochemical profile of V2O5 and the chromogenic
properties of PANI. It is envisaged that the molecular-level control may be
exploited in producing efficient lithium batteries as well as electrochromic
devices and sensors.

The synthesis and characterization of another type of water-soluble
CP/V2O5 nanocomposites – poly(2-(3thienyloxy)ethanesulfonic acid)
(PTOESA)/V2O5 – was reported [414]. Furthermore, both PTOESA and
V2O5 xerogel are electrochromic materials with rich electrochemical pro-
perties. The huge interface interactions between PTOESA and V2O5 can
create new electrochemical properties, which may not exist in organic
polymer or V2O5 xerogel.

Electrochemical characterizations of new organic–inorganic hybrids
prepared by intercalation of conducting poly(3,4-ethylenedioxythiophene)
(PEDOT) into V2O5 and MoO3, which have been used as electrode
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materials for rechargeable lithium batteries and supercapacitor, respec-
tively, were reported [413b].

These hybrid nanocomposites, when coupled with a large-area Li foil
electrode in 1 M LiClO4 in a mixture of ethylene and dimethylcarbonate
(1:1, v/v), offer enhanced discharge capacity �350 mAh g−1� as compared
to pristine oxides. This improvement in electrochemical performance may
be attributed to higher electrical conductivity, enhanced bidimensionality
and increased structural disorder. Although these conducting polymer-
oxide hybrids delivered more than 300 mAh g−1 in the potential range
1.3–4.3 V, their cycle life needs further improvements to realize their
commercial potential. Similarly, the double-layer capacitance of MoO3

increases from 40 mFg−1 to 300 Fg−1 after PEDOT incorporation in the
interlayer gap under similar experimental conditions, and the nanocompos-
ite exhibits intriguing effects with respect to electrochemical Li+ insertion.
The PEDOT–MoO3 nanocomposite appears to be a promising electrode
for non-aqueous-type supercapacitors.

4.3.2. Guest Materials

Polyaniline

Conductive PANI was considered the most perspective polymer of the
future. Aniline can be polymerized electrochemically or chemically by
using an oxidant in different types of acids. The chemical method has a great
importance since it is very feasible for the mass production of PANI. The
most common acids used are hydrochloric acid, sulfuric acid, carboxylic
acid, dicarboxylic acid, sulfonic acid, etc. [426–428]. (NH4�2S2O8 [429,
430], K2Cr2O7� KIO3, FeCl3 [426], H2O2 [431] and KBrO3/KBr [432] are
recommended oxidants. The yield and the conductivity of PANI depend
on the acid used [76].

Thin films of PANI can also be obtained from surface polymerization
of monomers [433], electrochemical deposition [434], spin coating [435],
and LbL technique [436].

PANI itself is difficult to process, because it decomposes prior to
melting and is insoluble in common solvents except strong acids and
N -methylpyrrolidone (NMP). This severely restricts fabrication in the
usual way, i.e., via polymer solution or melt. Therefore, in order to
improve solubility, various PANI derivatives possessing substituent groups
(–CH3� –OCH3, or –OC2H5) have been investigated [437–439]. This kind
of engineering provides an excellent solubility in organic solvents even
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though derivative conductivity becomes lower than that of PANI within
the whole doping range due to the presence of side groups disturbing the
electronic conjugation in polymer backbone.

The other way to improve PANI processability without loss in its elec-
trical properties is composite formation. There are numerous chemical
methods for preparing composites. One of the most interesting methods
is ‘template synthesis’. It was first demonstrated by Martin et al. and
became widely used [73,440,441] for the preparation of polymers, metals
and semiconductors on a nanoscopic scale.

The mechanical properties, stability of interface, thermal stability and
processability of PANI would be greatly improved by nanocompositing
with layered compounds. For example, electronically conductive polymer
nanocomposites can have electronic conductivities of several orders of
magnitude higher than that of the conventional forms (e.g. powders or
thin films) of the same polymer. Besides good conductivity and excellent
application perspective in rechargeable cell, this kind of nanocomposites
may show many novel properties, such as photoelectric display, photo-
electric transition, thermoelectricity, electromagnetism and electrorheology,
through synergic interaction of PANI with layered compounds.

Three methods are available for deriving such nanocomposites [442].
The first one includes the intercalation of monomers into the host matrix
followed by their polymerization due to the presence of an external oxi-
dizing agent. In the second method, the redox properties of the host (metal
oxide) ensure in situ polymerization as well as intercalation of the polymer.
The third method involves direct intercalation of polymer macromolecules
inside the host particles.

Water dispersion of PANI nanofibers [443], self-assembled PANI
nanotube [444] formation, polymerization of aniline inside macroporous
carbon [445], rod-like inclusion complex formation of cyclodextrin and
PANI [446] and directed assembly of large arrays of PANI nanowires [447]
are methods employed to facilitate the application of PANI in various
forms. Additionally, core-shell nanoparticles consisting of metal nanoparti-
cles as the core and polymer as the shell [448], or polymer nanoparticles as
the core and metal nanoparticles deposited on the polymer surface [449],
have attracted interest because of their potential applications in cataly-
sis, controlled delivery, artificial shells, light fillers, low-dielectric-constant
materials, acoustic insulation and photonic crystals. LbL is the other method
useful for nanoscale integration of two polymer systems to assemble a thin
film with conducting or insulating properties [450].



172 The New Frontiers of Organic and Composite Nanotechnology

Compositing methods, properties and application of several kinds of
layered compounds with PANI were reviewed in [5–7,13,22].

Nanomaterials based on PANI have the best functional characteristics.
They can be obtained in various forms allowing fundamental aspects of
different methods of preparation of nanocomposites to be investigated.
A summary of host materials (mainly clay and metal oxide), preparation
methods and emerging applications is included in this part.

Clay composites
Choi et al. [451] first utilized the in situ intercalative polymerization
method for the preparation of polymer–clay nanocomposite consisting of
conducting PANI and MMT.

The most common inorganic matrix used for PANI composites is smec-
tite MMT [452–454] due to its capacity to swell and exchange cations,
and it is naturally abundant and inexpensive. MMT, which is an important
class of lamellar inorganic compounds, is composed of silicate layers 1 nm
thick and measuring 200–300 nm in lateral dimensions [39,184,455,456].
A special type of nanocomposite can be obtained when anilinium (ANI)
polymerization is carried out mainly between the interlayer regions, using
anilinium intercalated clay (ANI-MMT) as precursor [454a,454b].

When aniline polymerization is performed in an acidic aqueous suspen-
sion of MMT having one oxidizing agent, the formation of intercalated
and/or exfoliated nanocomposite is dependent on the monomer/clay ratio.
At low PANI loading, conductivity of the composite is still very close to
that of insulate pure MMT clay. At some critical loading, called percola-
tion threshold [457], conductivity increases by several orders of magnitude
with a very small increase in the PANI content. After this region of
drastic enhancement, conductivity once again levels off and its value
becomes close to that of free PANI. Nevertheless, nanocomposites of
PANI-MMT [452,454] obtained by ANI-MMT polymerization show lower
conductivity than free PANI [453]. The reason could be the lack of con-
nectivity between intercalated PANI chains [452,454] or a change in the
nature of polymeric chains.

One way to enhance connectivity is to use organically modified clay,
which is more compatible with organic solutions or polymers. The other
way is mechanochemical grinding. Ogawa et al. [458] have reported that
mechanochemical reactions help to introduce organic guest species into
the interlayer spaces of clay minerals. They succeeded in the solid-state
intercalation of organic compounds into MMT by both cation-exchange
reaction and adsorption of polar molecules.
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Mechanochemical grinding allows to insert PANI chains into MMT clay
nanolayers without any additive agents. PANI nanocomposites, recently
prepared by this method, have attracted much attention [459].

The most noteworthy work by Choi et al. [460] has opened a new field
of polymer–clay nanocomposites as electrorheological (ER) fluids, a kind
of smart and intelligent material. It was the first time that polymer–clay
nanocomposites were applied in ER fluids, which were originally developed
by Winslow in the 1940s. The fluids are made from suspensions of an
insulating base fluid and particles 0.1–100 mm in size. ER fluids exhibit a
rapid, reversible and tunable transition from fluid state to solid-like state
upon the application of an external electric field [461,462].

Many efforts were made to explore the various promising materi-
als based on ER fluids, by using semiconducting polymers including
poly(acene quinone) radicals [463], PANI [464], copolypyrrole [465] and
copolyanilines (COPA) [466].

Clay minerals have large surface area, which gives ionic-exchange
properties to PANI–clay nanocomposites [452a,460b,467].

Around the world, there has been a growing interest towards develop-
ing and implementing various techniques for removing potentially toxic
organic and inorganic pollutants from water. PANI exhibits relatively high
surface area and porosity [468,469] and has been well recognized as an
adsorbent of proteins [470,471] and DNA [472–474]. In addition, PPy col-
loids stabilized by polyvinylphosphate dopant are shown to adsorb metal
ions from aqueous solutions [475]. Possible interactions between charged
PANI and two typical ionic dyes, namely procion red (PR), anionic in
nature, and methylene blue (MB), a cationic one, were examined based on
the removal of dyes as a consequence of adsorption from their aqueous
solution onto PANI adsorbents [476].

Surface polymerizations of aniline and pyrrole have intuitively been
used for the coating of various materials, such as glass [477–480],
noble metals [481,482] and polymers [477–480,483–486]. Similar coatings
have been deposited on inorganic particles [487–489], polymer micro-
spheres [96,490–494], fibers and textiles [479,495], and even such small
objects as block copolymer micelles [496] and the edges of phospholipid
tubules [484]. Moreover, porous materials, such as porous glass [497], silica
gel [96,490,498–500], MMT [501,502] and polymer membranes [503,504],
can serve as templates for the coating.

In 1989, Gregory et al. [505] have observed that textile fibers introduced
into the reaction mixture during the oxidation of aniline and pyrrole become
coated with a smooth overlayer produced by the corresponding polymers.
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Silica nanoparticle has attracted increasing attention for its superior
properties over conventional micrometer particles [506]. It has been widely
used as filler in the manufacture of paints, rubbers, plastics, binders,
functional fibers, anti-virus materials and so on. There were several
attempts to achieve polymer grafted nano-sized silica composites [507,508].
Carbon chain polymer grafted silica nanoparticles had been prepared
successfully by one-pot method [509], free radical [510,511] copolymer-
ization of vinyl-modified silica nanoparticles with monomers, surface-
initiated free radical polymerization [512,513] and controlled/‘living’
radical polymerization [514–517] of monomers from the surfaces of silica
nanoparticles.

Several studies demonstrate how a different composite material can
be obtained from silica and PANI with a different purpose. However,
its agglomeration and incompatibility with organic matrix is an impeding
problem, which limits its efficient use. Surface modification by graft-
ing of polymers onto silica nanoparticles is an effective way to improve
its dispensability and compatibility with polymeric matrix, thus enhanc-
ing the properties of composite materials. A recent study demonstrates
how PANI-grafted silica nanoparticles were made by the in situ chemi-
cal oxidating of aniline with ammonium peroxodisulfate (APS) from the
surfaces of aminopropyl silica nanoparticles by dispersion polymerization
method [518].

The objective of the research was to keep the conducting polymer in a
stable colloidal form (pioneered work of Armes et al. [96]). They succeeded
in incorporating large silica particles �∼1 	m� into the core of PANI.
The purpose of this technique was to slow down the rate and degree of
polymerization and promote polymerization on the colloidal surface rather
than in the bulk.

The preparation of PANI/silica composites by sol–gel process [519],
ultrasonic irradiation [520], graft polymerization of aniline [521] and
template method [522] were reported. The resultant hybrids had good
dispersibility and self-assembly of the conductive PANI network in the
inorganic network.

Porous silica possesses high surface area. The size of pores can be
tuned from 2 to 10 nm in a narrow diameter distribution by changing the
experimental conditions. The synthesis of PANI in porous silica channels
has attracted increasing attention [80,370,371,520–524]. This composite
exhibits the property of electrorheology more than that of MCM-41 or
PANI alone as a result of anisotropic polarization of the PANI/MCM-41
composite.
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The enhanced hydrothermal stability and substantially larger pore dia-
meter of SBA-15 are expected to offer additional advantages in its potential
applications. Various semiconducting polymers and inorganic materials
have been used as particulates in ER fluids. Recently, an MCM-41-based
suspension in silicone oil, showing ER properties and conducting filament
of PANI, was reported [80,523]. Cho et al. have reported the preparation
of an organic/inorganic nanocomposite in which PANI was located inside
the channels of mesoporous SBA-15 (PANI/SBA-15) [524].

Materials with one-dimensional nanostructure and high specific surface
area can find applications as humidity sensors. Li et al. have synthesized
PANI in mesoporous silica SBA-15 with a two-dimensional hexagonal
structure and investigated its properties from the applied science point of
view. The unique features of PANI provide a basis for potential application
as a humidity control sensor [369].

A conducting fluorescent poly-N -[5-(8-quinolinol)ylmethyl] aniline/
nano−SiO2 composite was obtained by surface modification of nano-SiO2

particles using poly-N -[5-(8-quinolinol) ylmethyl] (PANQ) [525]. The
conductivity of this composite was 2�72×10−2 S cm−1 at 25�C, which con-
tained approximately 50% PANQ. It has potential commercial application
as a conducting film with PL property.

Lee et al. have, for the first time, reported the expansion distribution of
basal spacing of silicate layers upon the increase of PANI content in the
PANI/Na+-MMT nanocomposites using the analysis of the square of full-
width at half-maximum (FWHM2) of XRD patterns [526]. Nanocomposites
of polydiphenylamine (PDPA) with silica nanoparticles were prepared in
the presence of ultrasonic irradiation with the aid of multiple effects of
ultrasound to make processable nanocomposites [527].

Metal and metal oxide composites of PANI
Polymerization of ANI was studied by many authors over differ-
ent inorganic hosts, including SiO2, Al2O3, MnO2 [452 h,488,526,528,
529,530,531], CdS and Cu2S [532], TiO2 [488], ZrO2 [533], BaTiO3 [534],
molybdenum trisulfide [535], V2O5 [394,406–411,536], Nb2O5 [537],
�-RuCl3 [395b,538,539] and fly ash composites [540], for applications such
as electrorheological fluids [460–466], high-density information storage
devices [541] and piezo resistivity [534,542,543].

It has been reported that MnO2, PbO2 and NH4VO3 act as recov-
erable and recyclable oxidants for aqueous polymerization of aniline.
This is an advantage with respect to the conventional oxidant system
(NH4�2S2O8 [544,545]. These composites may find wide applications in
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catalysis due to the combination of redox properties of PANI and MnO2

in one component system.
To what extent the choice of nanodimensional metal oxide may affect the

stability of composite dispersion and bulk properties of various polymer-
based nanocomposites is not known. Ray and Biswas [546,547] have
recently shown that Al2O3-based nanocomposites exhibited higher conduc-
tivities and water dispersibility relative to the corresponding MnO2- and
ZrO2-based naocomposites. It was further observed that the particle sizes
of various oxides in PANI-based nanocomposite systems are in order of:
Al2O3 < MnO2 < ZrO2.

Copper, cobalt and nickel particles embedded in PANI matrices have
also been prepared by a polyol process in which the both reduction of
a precursor and polymerization are achieved in one step at 180�C [548].
Cu–PANI composite materials were prepared by using a sonochemical
synthetic route in which copper (II) acetate and aniline were irradiated
with a high-intensity ultrasonic horn under 1.5 atm of argon at 10�C for
3 h [549]. A simple, room-temperature one-pot chemical synthesis route
for the preparation of a poly-(3,5-dimethyl aniline) and copper nanoparticle
composite material, in which the copper particles are embedded in the
polymer [550], are the other studies carried out using copper.

The Wacker reaction is considered as a representative one because
it involves the conversion of alkene to ketone or aldehyde in a single
step, which is industrially important. Athawale et al. have synthesized a
copper/PANI nanocomposite and utilized it as a catalytic system to bring
in the oxidation of alkene to ketone, similar to that in the case of Wacker
oxidation reaction [551].

Capsules and hollow spheres have broad applications in catalysis, deliv-
ery and controlled release, optoelectronics, microcavity, resonance and
photonic crystals. They have been extensively synthesized using colloidal
particles as template. Recently, an emulsion template method has been used
to prepare micrometer-sized PANI hollow sphere [522,552].

The pumice-based composite of PAn has been reported [553] with
the aim of obtaining a more thermally stable material as compared
to PANI. High-temperature conductivity measurements show ‘thermal
activated behavior’.

Different kinds of materials are available that can be used as magnetic
parts of composite materials, such as Ni [554,555], Fe [556], Co [555],
Fe2O3, [531,557], Fe3O4 [558–560], CoFe2O4 [561], NiFe2O4, Co3O4 and
BaFe12O [562].
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Electromagnetic functionality of nanostructured conducting polymers
has attracted increasing attention because of their unique magnetic, elec-
trical and optical properties and promising potential applications in elec-
tromagnetic interference shielding [563], electrochromic devices [564] and
non-linear optical systems [565].

Among many magnetic materials, spinel ferrites exhibit remarkable
magnetic properties with respect to the radio-frequency region, physical
flexibility, high electrical resistivity, mechanical hardness and chemical
stability [566].

Until now, the preparation of PANI with ferromagnetic properties has
been mostly studied by Wan’s group through two approaches:

(a) blending the PANI solution with metal salt and precipitating metal
cation into metal-oxide magnetic particles [567];

(b) metal salts are used as oxidants to react with aniline, followed by
treatment with alkaline aqueous solution [568].

Recently, Yavuz et al. had reported a novel approach to synthesize
PANI-ferrite particles with a hybrid structure via oxidative electrochemical
polymerization of aniline in an aqueous solution [569].

Deng et al. have reported the preparation of PANI–Fe3O4 nanoparticles
with core-shell structure via in situ polymerization of aniline monomer in an
aqueous solution containing Fe3O4 nanoparticles and surfactant NaDS [570,
571].

Most of these methods require vigorous stirring of the solution to sus-
pend magnetic particles and prevent the aggregation of nanosize magnetic
particles during the reaction.

Lu et al. have reported a novel approach called aniline dimer-assisted
polymerization to synthesize PANI–Fe3O4 nanoparticles [572]. In this
approach, Fe3O4 nanoparticles were modified with aniline dimer–COOH
by chemical precipitation method, followed by the addition of aniline
monomer and oxidant to create PANI–Fe3O4 nanoparticles.

Zhang et al. have reported electrically and magnetically functionalized
PANI composite nanostructures containing magnetic nanoparticles, which
are spherical Fe3O4 (10 nm in diameter) or 
-Fe2O3 nanoneedles (30–60 nm
in diameter and 500–600 nm in length), prepared by in situ doping polymer-
ization in the presence of H3PO4 as a dopant in order to improve electrical
properties [573].

Sulfonated polyanilines (SPANs) have more stable and reproducible
electrical properties, better solubility and higher thermal stability than
PANI. SPANs possess self-doping, a different phenomenon in comparison
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to PANI, via the interactions of sulfonic groups in the main-chain phenylene
ring and nitrogen atom in the backbone. Fe3O4 (magnetite) nanoparti-
cles were incorporated into poly(aniline-co-8-amino-2-naphthalenesulfonic
acid) [574].

Although many reports have been published recently on nanocom-
posites of PANI with magnetic nanoparticles [531,557–560,567–573],
there are few reports dealing with PANI/NiFe2O4 nanocomposites [562].
NiFe2O4/PANI nanocomposites with core-shell structure were synthesized,
where NiFe2O4 was the magnetic core, and PANI had the conductive shell.

The soft magnetic Li–Ni ferrites have widely been used in microwave
devices, such as isolators, circulators, phase shifters and gyrators, due to
their high saturation magnetization, high electrical resistivity and low eddy
current losses [575,576].

Li et al. [577] have prepared La-substituted Li–Ni ferrites
�LiNi0�5-La0�02Fe1�98O4� by a novel rheological phase-thermolyzing oxalate
precursor method and fabricated the PANI-LiNi0�5-La0�02Fe1�98O4 nanocom-
posites by in situ polymerization in aqueous solution.

High-energy ball milling is also an important method in the preparation
of a wide range of materials. Kaiser et al. [578] have reported that PANI-
polyvinyl chloride (PVC), PAN-polyester (PET) and PAN-polymethyl
methacrylate (PMMA) composites can be prepared by high-energy ball
milling. Fe3O4–PVC nanocomposites have also been prepared by this
method [579]. Bao et al. have investigated the mixture of Fe3O4 and PAN
powders that are milled by high-energy ball milling, and microstructural
evolution and phase transformation of Fe3O4 occurred during the milling
process [387].

Core-shell nanoparticles (CSNP) consisting of metal core and polymer
shell [580] or polymer nanoparticles as the core and metal nanoparticles
deposited on the polymer surface [581] have attracted interest because
of their potential applications in catalysis, controlled delivery, artificial
shells, light fillers, low dielectric constant materials, acoustic insulation
and photonic crystals.

Among inorganic materials, gold nanoparticles have received great atten-
tion because of their unique electrical and optical properties, as well as
their extensive applications in diverse areas [57,582–584].

A new microemulsion-based method to form dispersed aqueous PANI as
well as Au-CSNP-PANI composites by introducing aniline monomer from
the vapor phase, while the reaction being performed in aqueous solution,
was also reported [585]. Microemulsion-based synthesis has previously
been used to obtain metal and polymer nanoparticles wherein the particle
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sizes were determined by the microemulsion ‘reactor’ sizes [586]. In a
different experimental approach, aniline was introduced into the reaction
mixture from the vapor phase with slow release from a separate container
kept under ambient condition. In this way, it was possible to obtain sta-
ble nanoparticles of PANI and Au-CSNP-PANI composites dispersed in
aqueous solution. For the composite to develop, H2O2 can be used both
for the reduction of HAuCl4 as well as polymerization of aniline in acidic
pH, thereby producing emeraldine salt of PANI in the composite.

In the resulting PAN-metal composites, metal nanoparticles are often
not effectively dispersed into the polymer matrix, because metal ions and
nanoparticles interact strongly with the imino groups of the polymer and
are reduced at the point of contact [587]. With the aim to overcome this
problem, Kinyanjui et al. have recently developed a procedure in which
gold salt is used both as an oxidizing agent to polymerize aniline and as
a source of metal atoms [588]. This procedure yields well-dispersed Au
nanoparticles in bulk PANI. Fiber synthesis does not require templates,
nor does it require large amounts of organic solvent [433] or preformed
nanofiber seeds [589]. Well-dispersed fiber-noble-metal (Ag or Au) com-
posites are produced in a single reaction set-up, and the morphology of
metal nanoparticles can be controlled by varying the aniline/metal salt
ratio [590]. The electrical conductivity of composites increased with the
loading of metal in the nanocomposites and can be up to 50 times greater
than that of PANI fibers alone.

The strong chemical affinity between CNTs and aniline has been
reported to impart solubility to CNTs [591]. As a result, CNTs have been
reported to be slightly soluble in aromatic amines. It has been reported that
the optical and electrical properties of PANI are influenced by the inter-
actions between CNTs and PANI [302,592–595]. An order-of-magnitude
increase in the electrical conductivity of a CNT–PANI composite over that
of pristine PANI has been noticed [596,597].

Metal/alloy-nanoparticle-embedded, multiwall carbon nanotubes
(MWCNTs)-based composite materials are expected to find applications
in molecular electronics and other applications. Composites of MWCNT
and SPAN were prepared through oxidative polymerization of a mixture
of aniline, 2,5-diaminobenzene sulfonic acid and MWCNTs. Fe, Pd or
Fe–Pd alloy nanoparticles were embedded into the MWCNT–SPAN
matrix by the reduction of Fe, Pd or a mixture of Fe and Pd ions with
radiation [598]. Metal-nanoparticle-loaded MWCNT–SPAN compos-
ites (MWCNT–SPAN–M; M 1/4 Fe, Pd, or Fe–Pd alloy) have shown
better thermal stability than pristine polymers. The conductivity of
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MWCNT–SPAN–M composites was approximately 1�5 S cm−1, which
was much higher than that of SPAN (2�46×10−4 S cm−1).

Composites of PANI and MWNT were prepared through chemical
oxidative and 
-radiation-induced polymerization of aniline in the pres-
ence of functionalized MWNT, and the composites were designated as
PANI/MWNTNC �c� and PANI/MWNT-NC �
�, respectively [599]. Dif-
ferences in the molecular-level interactions between PANI and MWNT
influence the properties of composites prepared by chemical and 
-radiation
polymerization.

Polypyrrole

Polypyrrole is one of the most studied conductive polymers because of
its environmental stability and unique properties, such as biocompati-
bility [600], redox-tunable conductivity and ease of processability. In
the absence of dopant, pristine PPy �Eg ∼ 3�2 eV� is an insulator and
has a benzoid structure [601]. However, once doped, it functions as a
polymeric semiconducting material whose conductivity can be altered to
varying extents via the incorporation of anionic dopants, such as perchlo-
rate �ClO4

–�, tetrafluoroborate �BF4
–�, sulfate �SO4

=�, chloride �Cl–�,
dodecylbenzenesulfonate (DBS) and p-toluenesulfonate (PTS) [602,603].
Additionally, depending on the charge and size of specific dopant added,
the conductivity may be reversibly modulated by external parameters, such
as temperature and pressure [604], as well as by ‘secondary dopants’, such
as water molecules [605], protons [606] and reducing oxidizing gaseous
molecules �NH3� I2� [607,608].

The main disadvantages in PPy are poor thermal stability and poor
processability in states of both melt and solution due to the nature of rigidity
of its backbone. The rigidity of its chain originates from the presence of
strong interchain interactions [609], which greatly limits the application of
PPy in many commercial fields. In 1995, Kim et al. [610] developed a new
strategy in which a dopant was used to stabilize PPy as a soluble state.
Soluble PPy synthesized from pyrrole monomer with no substituent group
has been synthesized chemically [611,612].

Various approaches have been utilized to make PPy processable, includ-
ing: (a) chemical and electrochemical modification of PPy backbone; (b)
co-polymerization with appropriate functional co-monomers; (c) use of
polymeric or surfactant-type dopant anions; and (d) preparation of stable
colloidal dispersion of PPy particles in an aqueous or non-aqueous medium.
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In the recent years, a great deal of research has focused on the latter
approach and has reported the use of a wide range of polymers for the syn-
thesis of sterically-stabilized conducting PPy. Another modification of the
technique that vigorously studied recently is formation of nanocomposites.
There are numerous reports describing the preparation and properties of
PPy nanocomposites, which are in fact some hybrite materials of inorganic
substances like porous glasses [497,613,614], inorganic oxides [615,616],
three-dimensional framework materials [617], layered materials [618,619],
metal nanoparticles [620] and inorganic gels [621,622].

Here nanocomposites of PPy with inorganic oxides or salts of different
metals and carbon materials in nanometer dimensions will be discussed.

Clay composites
PPy/clay nanocomposite may open a novel way to construct organic–
inorganic hybrid system showing good electrical conductivity and physical
properties. There are two main synthetic methods to obtain PPy/clay
nanocomposites. One is the intercalation of a monomer followed by sub-
sequent chemical in situ polymerization [623–627]. The other method is
direct intercalation of PPy chains into the gallery between silicate layers
from the solution [628,629]. In this method, water-soluble or colloidal
PPy should be first prepared for its penetration into the gallery of sili-
cate layers. Emulsion polymerization is also used for the preparation of
PPy/clay nanocomposite, where the emulsifier in polymerization system
contributes to maximizing the affinity between hydrophilic host (clay) and
hydrophobic guest (pyrrole) [461c,502,630–632] . Dodecylbenzene sul-
fonic acid (DBSA) is commonly used in such synthesis as dopant and
stabilizer [624,627].

Athough, in most attempts, the intercalative structure was obtained,
exfoliated nanocomposite has better physical properties, such as stiffness,
strength and barrier property, with far less inorganic content than the inter-
calative nanocomposite. It has been rationalized that the higher the degree
of exfoliation in polymer/clay nanocomposites, the greater the enhancement
of these properties [633–635].

More recently, the insertion of PPy chains into clay nanolayers
by a solvent-free mechanochemical route was also investigated [636].
The emulsion pathway [461c,502,630–632,637] or electropolymerization
method [638,639] has been employed to introduce PPy chains into clay
galleries since nonionic pyrrole cannot be intercalated by cation exchange.
These methods, however, basically require additive agents, such as an
emulsifier or electrolyte, and the reaction system becomes complicated
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accordingly. The mechanochemical route allows to insert PPy chains
without any additive agents.

Nanocrystalline silica has been incorporated into a variety of conjugated
polymers due to its excellent electrical and dielectric properties, which
are extensively used in dynamic random access memory and field-effect
transistors [640,641]. The change in conductivity with different composi-
tions of PPy and an understanding of the conduction process are important.
The influence of PPy on the superparamagnetic behaviur of nanosized
Fe3O4 [642,643] and conducting PPy wide-band-gap semiconducting silica
�SiO2� nanocomposites prepared by polymerizing pyrrole in the presence
of colloidal silicon oxide sol was investigated to obtain better physical
properties [644].

Techniques for the preparation of composites containing conducting
polymers have been recently reviewed [13,645]. Silica is the most com-
monly used inorganic support due to two main reasons. First, the synthesis
of monodispersed silica particles is quite easy to perform and well doc-
umented in the literature [645b]. Second, various potential applications
of silica-based systems are involved: gas–liquid chromatography, paints,
catalyst support, biosensor, etc. [645c,646]. However, since silica is ini-
tially hydrophilic, it is very difficult to form a hydrophobic PPy shell on
it by direct surface polymerization. Only ‘raspberry’ like composite was
possibly available in this case.

Recently, Armes and Maeda [647] described the synthesis of PPy-
nanocomposite colloids using ultrafine silica or Ti(IV) oxide particles
as particulate dispersants. It was found that only tin (IV) oxide sols
act as effective particulate dispersants; the other oxide systems failed to
prevent macroscopic precipitation of PPy. These PPy-tin (1V) oxide par-
ticles have a rather polydisperse ‘raspberry’ morphology as compared to
the relatively monodisperse ‘raspberry’ morphology found for PPy-silica
particles. The high density of tin (IV) oxide particles leads to PPy-tin
(1V) oxide nanocomposites with significantly higher particle densities
than PPy-silica nanocomposites. These nanocomposites are not as stable
as PPy-silica colloids with respect to pH-induced aggregation, but their
solid-state conductivities are higher by up to an order of magnitude. The
highest conductivity obtained for PPy-tin (IV) oxide nanocomposites was
23 S cm−1.

Confined polymerization is a very pertinent way to give conducting
polymers controlled shape and dimension, which addresses the question
of the availability of appropriate templates. The use of microtubules of
PPy rather than films is much more efficient for the immobilization of
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biologically active species such as glucose oxidase and, in this case, for
direct electron transfer between the enzyme and conducting polymer, thus
improving electrochemical detection [648]. Recently, commercially avail-
able particle track-etched membrane (PTM) templates [649], nanoporous
PTM’s as templates [650], microgels [651] and template-free methods [652]
were applied to synthesize microtubules for such purposes.

A general overview of polymer– and biopolymer–clay nanocompos-
ites showing attractive properties for electrochemical and electroanalytical
applications, including the latest advances in this field, is discussed in [653].

Polypyrrole is one of the most extensively used conducting polymers
in bioanalytical sensors as well as for other purposes. Electrochemically
generated and deposited PPy is successfully exploited for the development
of various types of electrochemical sensors and biosensors. Electrochemi-
cal sensors based on PPy are reviewed in Ramanavicius article [653b]. In
this review, significant attention was paid to immobilization of biologically
active molecules within PPy during the electrochemical deposition of this
polymer. The unique properties of this polymer such as prevention of
some undesirable electrochemical interactions and facilitation of electron
transfer from some redox enzymes were discussed. Recent advances in
the application of PPy in immunosensors and DNA sensors are presented.
Some new electrochemical target-DNA and target-protein detection meth-
ods based on changes in the semiconducting properties of electrochemically
generated PPy doped by affinity agents are introduced. The recent progress
and problems in the development of molecularly imprinted PPy are also
discussed.

Protein adsorption onto (polymeric) surfaces is very actively studied
for the development of biomaterials, biological assays and biosensors in
addition to fundamental research on its driving mechanisms. The primary
driving force of protein adsorption seems to be the hydrophobic interac-
tions. Electrostatic contributions also play an important role, particularly
in the more hydrophilic surfaces. In addition, surface geometry and topo-
graphic considerations are likely to play a role. Other contributions to
protein adsorption, such as those due to van der Waals forces, have been
known, but they are much lower in magnitude. Investigations on the role
of molecular forces governing protein adsorption were mainly conducted
in the case of classical materials, such as metals, minerals and polymers.
As far as the latter application is concerned, it has been shown that protein
adsorption rather than covalent grafting can be sufficient for the devel-
opment of a new assay using PPy-based material as a carrier for the
antibody. PPy powder was found to be a fairly strong bioadsorbent of DNA
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fragments. Electrostatic interactions were found to be the driving forces
for DNA-PPy interactions since DNA is negatively charged and PPy is
positively charged. Adsorption is favored on PPy-silica nanocomposites,
which bear positive charges at the surfaces or strong hydrogen-bonding
functional groups [654]. PPy/silica nanocomposites will have interesting
biological applications (e.g. as highly colored ‘marker’ particles in visual
agglutination immunodiagnostic assays).

Recent developments in this type of electrode make it one of the major
tools for nanobiotechnological applications [655]. A novel DNA biosensor
has been elaborated by means of an opposite-charged adsorption of Au-Ag
nanocomposite to a conductive polymer PPy modified platinum (Pt) elec-
trode and self-assembly of mercapto oligonucleotide probes onto the surface
of modified electrode via the nanocomposite. The potential for develop-
ment of reagentless DNA hybridization analysis in clinical diagnosis has
been pursued.

Considerable research activity was focused on the functionalization
of PPy and/or silica to developed nanocomposites for bioanalytical and
other applications [656–661]. In order to increase the interaction between
silica particles and pyrrole, they were modifed by aminopropyltriethoxy-
silane (APS) and acted as porous inorganic substrates for in situ synthesis
of Py. Aminopropyl silane (aminopropyltrimethoxysilane, APS) coupling
agent has been used to pretreat silica before PPy polymerization, and
silica–PPy composites with PPy-rich surface were obtained [656]. Using
the LBL self-assembly technique [657], the most common problem of
particle aggregation upon deposition of conducting polymers could be
overcome by localizing polymerization of the monomer within the poly-
electrolyte multilayers resulting in the synthesis of a novel sunflower-like
conducting polymer–inorganic composite [658]. For the first time, a nat-
ural biomacromolecule-chitosan was chosen as an adsorbent to alter the
surface properties of silica. The acetylamino group of chitosan was consid-
ered to form hydrogen bonding with hydrogen atom on nitrogen of PPy,
which ensures fixed-site growing of PPy on silica. Anchoring PPy particles
uniformly on silica to obtain novel surface morphology can optimize the
colloidal stability and conductivity of the silica–PPy composite particle.

The synthesis of carboxylated PPy-silica microparticles using a
3-substituted pyrrole-based co-monomer, pyrrole-3-acetic acid, in combi-
nation with a hydrogen peroxide-based oxidant system was described by
Yamamoto et al. [659].

SiC is a promising material for high-temperature and high-power appli-
cations. It is also used as a filler in polymer matrices for the preparation of
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composite materials [660]. Silicon carbide/PPy composites are considered
as novel conducting polymer-coated fillers. SiC is a well-known ceramic
material of scientific interest, because of its unique properties of high
chemical and temperature stability and hardness. Non-conductive alpha
modification of SiC can be modified by a conducting polymer for the
preparation of a new type of filler materials [661].

Metal and metal oxide composites of PPy
Polypyrroles may be obtained from several materials, such Fe3O4 and
Fe2O3 oxides [82,647d,662], FeOCl [82,663], V2O5 [83,394], WO3 [664],
MoO [665,666], VOPO4 [396–399] and porous vycor glass (PVG) [613].
These new hybrid materials, considered as innovative advanced materi-
als, promise new applications in many fields such as optics, electronics,
mechanics and biology.

The most common method to obtain conducting polymer nanocomposite
with oxide nanoparticles is the direct polymerization technique. Hetero-
geneous nanocomposites of conducting PPy have been synthesized from
different kinds of inorganic oxides, such as NiO, SnO2, CuO, ZnO, CeO2,
etc. [647b,d,667].

Fe3O4 and Fe2O3 oxides are good candidates to investigate PPy/oxide
composite films in view of their higher oxidizing power.

Magnetic composite materials comprise a new generation of multi-
functional materials that combine the properties of ordinary polymer and
magnetic materials (ferri- and/or ferromagnetic particles mixed or embed-
ded in a matrix), which are called magnetopolymeric materials. Although
research on granular materials started as early as 1970s [668], the more
recent studies on granular solids have focused on the unique magnetic
properties originated from dispersed nanoparticles embedded in mag-
netic insulating or metallic media [669]. In this context, metal/non-metal
nanogranular structures have been the subject of research interest, because
magnetic composite materials with nanogranular structure have potential
applications as magnetoresistance materials for high-frequency ranges. By
combining the electrical conductivity of CPs and the magnetic properties
of ferrite nanoparticles in a single material, new multifunctional materials
may be developed.

Several groups have demonstrated the syntheses of nanometer-sized
Fe3O4-PPy [662a,e] and 
-Fe2O3-PPy [82,647d,662,670] systems. How-
ever, an aqueous processing route at room temperature was commonly
used for the fabrication of either Fe3O4 or 
-Fe2O3 inorganic nanoparticles
in these reports. Since saturation magnetization is closely associated to
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the crystallinity of an inorganic nanocomponent, Sunderland et al. [671]
have replaced aqueous processing and further employed a high-temperature
organic solution approach [672] to prepare inorganic nanocrystals with
high crystallinity.

Chen et al. have presented a novel approach to synthesize core-shell
Fe3O4–PPy nanocomposites, where Fe3O4 is the magnetic core and PPy is
the conducting shell [673].

Several approaches to preparing nanocomposites consisting of magnetic
nanoparticles and conducting PPy have been reported [662a].

(a) electrochemical method to prepare PPy–ferromagnetic composite films;
(b) chemical method to prepare PPy–ferromagnetic composite in the pres-

ence of sodium p-dodecylbenzenesulfonate (NaDS), which functions
as a surfactant and dopant; FeCl2·4H2O and FeCl3·6H2O are used as
oxidants to react with pyrrole, followed by treatment with hot NaOH
solution;

(c) simultaneous gelation and polymerization to prepare PPy and iron oxide
nanocomposites;

(d) layer-by-layer self-assembly of conducting polymers and ferrite
nanoparticles in aqueous solutions.

Although Fe2O3–PPy composites have been successfully prepared
by various methods, they still have low-room-temperature conductivity
�10−4–10−1 S cm−1� and low coercive force. One promising approach is
the direct polymerization of pyrrole in the presence of Fe3O4 nanoparti-
cles. Novel nanocomposites with a well-defined core-shell structure may
be obtained [662a]. Gangopadhyay and De have reported easy chemical
synthesis of a Fe2O3-encapsulated PPy nanocomposite [674].

Nanocomposites of iron oxide–PPy obtained by simultaneous gelation
and polymerization [675] showed remarkable variation in magnetic and
electrical properties with different concentrations of the monomer [59].
These thermal studies on iron oxides can help in understanding the tran-
sition behaviur of iron oxide. It is known that iron oxide exists in
three forms – FeO, Fe2O3(
-Fe2O3 and �-Fe2O3) and Fe3O4. Transfor-
mation from one form to the other is possible by oxidation or reduction
mechanism [557].

A new method was applied to obtain PPy/zirconium nancomposite.
PPy/zirconium oxopolymer composites, using the sol–gel polymerization
process, have been prepared with five N-functionalized pyrrole deriva-
tives including specific zirconium complexing agents (carboxylic acid
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(CA) or �-diketone, acetylacetone (acac) or dibenzoylmethane (dbm) moi-
eties) [676]. The use of functionalized pyrrole derivative group allows to
control the polymerization rate of zirconium tetrapropoxide �Zr�OPr�4�.
The organic species entrapped in the resulting hybrid materials yield con-
ducting polymers by electropolymerization. The results show that the
formation of conducting polymers depends on the nature of the monomer.
Moreover, the presence of polysiloxane chains within the hybrid materials
improves the properties of the latter.

The interest in the irradiation of polymers with high-energy ions initially
came from their ability to register nuclear tracks and applications of poly-
mers as particle detectors or membranes [677–679]. Conducting polymers
like PANI, PPy and PTh were previously bombarded by beams of hydro-
gen, boron, fluorine, phosphorous and argon ions of low energy [680,681]
with the aim to observe the effects of implantation on the electrical con-
ductivity of polymers. Schiestel et al. [681] have observed the increase
in resistivity by several orders of magnitude when PPy was irradiated by
noble gas ions. The modification and structuring of conducting polymer
blends using 14 keV argon ions have been recently studied [682]. It was
shown that a lateral structure of micrometer scale can be produced using
irradiation. The effects of irradiation on pure PPy and PPy–ZrO2 nanocom-
posites with 12 C and 16 O beams of moderate energies were studied by the
measurement of electrical conductivity and through X-ray diffraction and
thermogravimetry, before and after irradiation [683]. The results indicate
that the electrical conductivity of nanocomposites is very slightly affected
by irradiation with heavy ions, but the conductivity of pure PPy is much
more susceptible to heavy ion irradiation.

There are numerous publications describing the preparation of
inorganic–organic hybrid materials, which contain PPy as the organic
component. For example, yttrium oxide �Y2O3� nanoparticles have been
intensively studied because of their good thermal stability as well as their
wide applications in the host matrices of phosphors, catalyst support or even
catalysts, and dielectric insulators of electroluminescent devices [684c].
Facile chemical synthesis of nano-Y2O3 encapsulated PPy composites
was also reported [685]. Thermogravimetric analysis has shown that the
composite has better thermal stability than that of pure PPy.

Conducting polymers have also been successfully prepared with the
combination of noble metals, such as Pd, Pt, Ag or Au [580a], for catalitic
applications.

The production of polyphenylpyrrole-coated silver nanoparticles at
the liquid/liquid interface by EC-type mechanism has been reported. In
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the electrochemical step of the reaction, N-phenylpyrrole facilitates the
transfer of silver ion from an aqueous to an organic phase. This step
was followed by a slow homogeneous electron transfer reaction from
N-phenylpyrrole to the silver ion followed by polymerization and metal
cluster growth [686].

As shown in literature [687], some efforts were made to enhance the
conductivity and stability of PPy for practical applications. For this purpose,
nanocomposite of 80 nm a Al2O3-incorporated PPy film was electropoly-
merized on a Au substrate. It was found that the nucleation and growth were
instantaneous three-dimensional processes before and after nuclei over-
lapping for pure PPy electropolymerization. However, a distinguishable
nucleation and growth mechanism before nuclei overlapping was shown
for the preparation of the nanocomposite. The nanocomposite demonstrated
an extremely high oxidation level. The conductivity of the nanocomposite
was increased substantially (∼5�4 times).

Conducting polymers have also been studied for their electronic pro-
perties. Recently, Cunnane and Evans [688] have generated conducting
polymers electrochemically at the interface between two immiscible elec-
trolyte solutions (ITIES). Furthermore, Cheng and Schirin [689] have
electrodeposited metal particles at the ITIES.

Inorganic ion-exchange materials based on polyvalent metals were found
to have applications in various disciplines, such as metal-ion separa-
tion, preconcentration, catalysis, environmental studies, medical science
(kidney dialysis), ion-selective electrode preparation, heterogeneous solid-
state membrane formation and ion-exchange fiber preparation. Systematic
studies on the adsorption behavior of hydroxides and hydrous oxides of
multivalent metals have indicated that crystalline antimonic acid acts as an
excellent cation exchange material [690].

The antimonic acid prepared by taking potassium pyroantimonate
KSb�OH�6 as the starting material showed a higher ion-exchange capacity
as against SbCl5 [691]. Preparation characterization and analytical appli-
cation of PPy–polyantimonic acid composite materials by simultaneous
gelation was also reported [617,692,693].

In various cases, the encapsulation of semiconductor metal oxides into
the core of conducting polymers to obtain novel core-shell nanostructures
has become the most alluring aspect of nanocomposite synthesis in the
past decade [12,13,694]. In this respect, well-defined nanostructures of
semiconductor metal oxides (e.g. high-aspect-ratio nanorods, tubes or belts)
with unique electric transporting characteristics would be more essential
than irregular particles in terms of their higher carrier mobilities [12,13,75,
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694,695] to be used in composite solar cell devices after the introduction
of conducting polymers.

Novel core-shell micro/nanostructured and electromagnetic functional-
ized composites of PPy were prepared by self-assembly process in the
presence of p-TSA as a dopant, in which spherical hydroxyl iron (Fe[OH],
0.5–5 ím in diameter) acted as the ‘core’ and self-assembled PPy nanofibers
(20–30 nm in diameter) served as the ‘shell’ (50–100 nm in thickness). It
was shown that micro/nanostructured composites exhibit high conductivity
(50.6 S/cm) and superparamagnetic properties [696].

It is well known that water-in-oil (W/O) microemulsions are low-
viscous, transparent, isotropic and thermodynamically stable liquid
medium, which can be formed spontaneously by mixing a surfactant, a
cosurfactant, oil and water. The micelles have been utilized as nanoreac-
tors because they are fairly thermodynamically stable even though, under
ultrasonic and vigorous agitation, chemical reactions may occur within the
macro droplets or at oil/water interfaces. In the recent years, many studies
have been conducted on the fabrication of inorganic, organic and inorganic–
organic nanoparticles [697] by reverse microemulsion-mediated methods.

In blends prepared by in situ polymerization, the low solubility of the
monomer in the insulating matrix can make the blend less conductive. To
obtain highly conducting polymer materials and to lower the percolation
threshold, different morphologies have been developed by in situ poly-
merization within the lamellar microdomains of block copolymers as well
as inside the void space of a (micro or nano) porous polymeric matrix
or inside the interstitial domains of a crystallizable host matrix. Hopkins
and Reynolds [15] have analyzed electrical conductivity in blends prepared
with PANI and an amorphous or a crystalline polyamide as insulating host.
They observed that the conductivity of a crystalline host is 10 times higher
than that of the amorphous one. Corres et al. have investigated the role of
the crystallization process on the electrical conductivity of the PPy-based
material [698]. Poly(3-caprolactone) (PCL) and PPy were used as crys-
talline and conductive polymers, respectively. Compared with amorphous
matrices, considerable conductivity �∼1 S/cm� was reached with the crys-
talline PCL matrix with a relatively low level of conductive polymer (w5%)
in the blend.

Electrochemomechanical deformation of CP films is significantly
affected by film morphology. Since a CP film typically has a symmetric
structure, it exhibits uniform volume changes during the redox process and
it cannot do bending movement as an actuator is distributed across the
cross-section. Therefore, most of the CP actuators have been constructed
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based on either bilayer or multilayer configuration. However, the inevitable
delamination in multilayer actuators shortens their lifetime, because the
physical adhesion between the inert layer and the CP layer(s) cannot
sustain repeated volume alteration at their interfaces. In comparison to
conventional multilayered actuators, monolithic actuators have advantages
of higher efficiency and better structural stability. Although actuators have
a very long lifetime (>3 25 000 cycles), they could operate only at a high
driving potential �±2 V� in acidic medium and not do uniform bending.
The main problem is low conductivity. Recently, an attempt was made to
develop new materials for this purpose. A PPy film grown in a slender pipe
of polytetrafluoroethylene has a considerable vertical anisotropy and can
perform bending movements. High-performance actuators can also be fab-
ricated from an anisotropic PPy-oxide nanoparticle composite film formed
by direct co-deposition of PPy and nanoparticles from an electrolyte with
or without TiO2 nanoparticles [699]. The volume content of TiO2 in the
composite film, when tested, was lower than 0.9%. The actuator fabricated
from this monolithic PPy film bends uniformly in two directions with
an increased bending angle and has a high response rate and a long life
time (>20 000 cycles) in a 1 M LiClO4 aqueous solution. The high per-
formance of this actuator resulted from non-delamination and the intrinsic
asymmetric structure and high conductivity of PPy film.

Miniaturization, integration and intelligentization are notable charac-
teristics of modern analytical chemistry, where micro electro-mechanical
system (MEMS) plays an important role in fabricating various miniaturized
analytical devices.

As a result of many recent advances in semiconductor manufacturing,
the gap between main memory and disks is constantly increasing. This leads
to significant performance bottleneck for Relational Database Management
Systems. Recent advances in nanotechnology have led to the invention
of based storage technology to replace disks. Many works are devoted
to investigate and integrate conductive polymer nanomaterial technologies
with MEMS processes for sensing applications with distinctive advantages
over other approaches.

The ease of processing, mechanical flexibility and resistivity control
make electrically conductive polymer films suitable for use in MEMS
devices (stiction reduction).

Polypyrrole is a promising candidate for applications aimed at reducing
electrostatic stiction in MEMS through reduced charge trapping because of
anti-static properties [700]. In addition, the high conductivity of PPy films
lends themselves well for use as electrical contacts between devices or
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microwire fabrication [701]. Before PPy can be employed successfully in
MEMS technology, a number of issues must be investigated, including the
electrical characteristics and physiochemical stability of conductive thin
films. Recently, materials based on PPy were explored as sensing materials
in MEMS applications [702].

Novel immunoassays for screening of disease markers in human serum
are presented by miniaturizing interdigitated array (IDA) of microelec-
trodes via MEMS on a silicon chip for multi-channel electrochemical
measurements [702b]. Different selected antibodies are incorporated site-
specifically into the electrochemically deposited PPy formed on the IDA
of silicon chip.

The chip-based immunoassay shows the advantages of high sensitivity,
good specificity, high throughput, low sample consumption and stability
offered via batch production by MEMS as well, which is expected to benefit
the multitarget screening of desired clinical analytes.

Peteu has reviewed smart materials configured for actuation, artificial
channels and pore sensing. The electroactive polymers are outlined with
PPy as the main example [702b]. PPy nanofabrication by template synthesis
is also briefly outlined. This review concludes with several recently reported
functionalized nanotube membranes as examples of artificial membrane-
supported ion channels.

The layer-by-layer processing technique is used to deposit alternate lay-
ers of oppositely charged polyelectrolytes, namely sulfonated PS (polyan-
ion) and PPy (polycation), onto a silicon or oxide substrate [702d]. This
technique allows the organization of conducting polymers into multilayer
films with the control of film resistivity, thickness and molecular architec-
ture through solution chemistry and substrate preparation. Roemer et al.
have reported the use of PANI and PPy for miniaturized actuators fabri-
cated by microstructural and electrochemical technologies. The potential
necessary to drive an actuator is typically less than 1 V, i.e., two to three
orders of magnitude lower than that necessary for piezoelectric actuator
devices. This low voltage is imperative for the future application of actu-
ators of micrometer dimensions [702f]. The volume variation of polymers
substantially exceeds that of piezoelectric materials. Different contributions
to actuator characteristics are discussed and evaluated semiquantitatively.

Polythiophene

Among conducting polymers, various derivatives of PTh have been inves-
tigated extensively because of their interesting semiconducting, electronic
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and optical properties, combined with processing advantages and good
mechanical characteristics. Compared with many other p-conjugated poly-
mers, they show sufficient stability for practical applications. Depending
on their doping level, PThs behave either as metal-like conductors or semi-
conductors. When doped to metallic level, PThs become highly conducting
and may find applications in batteries, electrochromic or smart windows,
antistatic coatings and various types of sensors. On the other hand, in the
semiconducting form, they exhibit similar electrical and optical properties
as inorganic semiconductors. High-performance electrical or optoelectrical
devices, such as LEDs, field-effect transistors (o-FET) and photovoltaic
cells, fabricated from conjugated polymers have been demonstrated [703].

A review by Roncali [704] refers to the work on some PTh–polymer
(poly (methyl methacrylate), poly (vinyl chloride), PS (PMMA, PVC, PS))
composites by direct electropolymerization of Th in the presence of the
respective host polymer and on other PTh composites using multistep
methods. Besides these procedures, polymethylthiophene–metal (Ag, Pt,
Cu, Pd) composites were prepared by electrodeposition. More recently, in
situ intercalative polymerization of Th derivatives in host matrices, such
as FeOCl, zeolite or xerogels, was also reported.

Recently, the combination of semiconducting and mechanical properties
of conjugated polymers with those of metals or semiconducting inor-
ganic particles has shown new prospects for applications [12,662b,705]. A
number of different metallic and metal oxide particles have been encap-
sulated into the shell of conducting polymers giving rise to a host of
nanocomposites [13,647b,673,706].

The properties of materials produced by electropolymerization of
monomers containing both transition metals and thiophene were
reviewed [707].

A series of publications have reported the preparation and evaluation of
nanocomposites of PTh with TiO2 and Al2O3 [706a,708]. PTh nanocompo-
sites combining both insulating and nanostructure properties, are available
now. The preparation of PTh/PS/silica nanocomposite (PTh/PS/SiO2) and
PTh/SiO2 materials by dispersing the inorganic nanomatrix SiO2, an organic
thiophene matrix, by in situ oxidative polymerization was reported [709].
TGA has revealed enhanced thermal stability of the PT/PS/SiO2 nanocom-
posite as compared to that of PTh. SEMs have shown globular particles
and the presence of clusters of composite particles. The conductivity of
the PTh/PS/SiO2 nanocomposite was measured to be 1�30 × 10−7 S cm−1,
and the conductivity value of PTh �1�02 × 10−4 S cm−1� decreased with
incorporation of PS and SiO2 to PTh structure.
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In view of the insolubility of Th in water, conventional procedures,
such as injecting water-soluble monomers into an aqueous dispersion of
metal oxide containing FeCl3 [36,91,96,533,710] in the case of PY- or
ANI-based systems, could not be applied for the preparation of PTh–metal
oxide composites. Yet another hurdle was that, unlike PY, Th is more
difficult to oxidize by FeCl3, which stands in the way of achieving high
yields of PTh during chemical oxidative polymerization.

Ballav et al. were able to develop a convenient procedure for the prepa-
ration of PTh with high yield in the presence of FeCl3 as the oxidant.
By applying this procedure, they have prepared PTh–Al2O3 nanocompo-
sites [708c]. Nanodimensional Al2O3 was chosen as the dispersant because
of its ultra-small size (∼10 nm) as compared to other oxides commonly
used, such as SiO2, SnO2, MnO2 and ZrO2. Dispersibility appeared to
be higher when polymerization was conducted in a suspension contain-
ing a higher amount of Al2O3. Transmission electron micrographic (TEM)
analyses revealed the particle size of the composite to be in the range of
22–74 nm. Thermal analyses (TG/DTA) revealed the outstanding stability
of PTh–Al2O3 composites as compared to that of PTh. The conductivity
of PTP and PTP–Al2O3 composite was of the order of 10−3 S cm−1 for
samples doped with I2.

Recently, PTh derivatives have been widely studied because of their
interesting properties and possible applications [703]. For example, poly-
3,4-ethylenedioxythiophene was used as a hole conductor in solid-
state solar cells [711]. Polybithiophene was also used in photovoltaic
devices [712]. Poly-3-methylthiophene was applied in diyotes [705c,713]
and solar cells [705b,714]. Exploitation of soluble PTh derivatives like poly
(3-alkylthiophene) in thin-film electronic devices, such as organic field
effect transistors (o-FET) [715], LEDs [716], photovoltaic devices [717],
was described. The solubility of poly (3-alkylthiophene) makes it easy to be
formed on thin solid films using spin coating technique. However, the sub-
stitution may deteriorate the electric properties by steric hindrance effects or
charge induction. Some applications based on insoluble PThs, such as poly-
3-methylthiophene, polybithiophene and poly-3,4-ethylenedioxythiophene,
have also been reported [703b,705,711–714].

Electrophoretic deposition (EPD) is essentially a two-step process. In
the first step, the charged particles in a liquid migrate towards an electrode
under an electric field (electrophoresis). In the second step, the particles
are deposited on the electrode surface forming a homogeneous film via
particle coagulation.
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In recent reports [718], the possibility of using EPD for the preparation of
photosensitive nanostructured layers composed of core-shell nanoparticles
with TiO2 core and about 3 nm thick PTh shell was investigated. The EPD
method used for the preparation of nanostructured layers was extended to
other core-shell systems based on various metal oxides and PTh with the
aim to test the suitability of EPD method, the influence of core material
on the EPD process and the quality of the resulting layers. The kinetics
and mechanism of the EPD of metal oxide nanoparticles with a shell of
conducting polymers were studied.

Poly(3,4-ethylenedithiathiophene) (PEDiTT) is completely soluble in
1-methyl-2-pyrrolidinone (NMP) and partly soluble in tetrahydrofuran (THF)
and chloroform [719], and it has relatively good stability and high elec-
trical conductivity due to the regular backbone structure. These properties
make this polymer suitable for electrochemical catalytic applications.

Among the novel metals, platinum fine particles show the highest catalytic
activity, but supporting materials (or matrixes) are required for their prac-
tical applications. By introducing platinum nanoparticles into the polymer
matrix by doping reaction, organic/inorganic nanocomposites can be formed.
Electrochemical catalytic character for methanol oxidation was investigated
by adopting various electrochemical methods because it is a very impor-
tant reaction in direct methanol fuel cell (DMFC), and methanol is one of
the most promising fuels for the future. PEDiTT/Pt nanocomposites were
prepared to give electrochemical catalytic character to the Pt fine particle
for methanol oxidation and the composite showed catalytic behavior [720].

Polyfuran is known for its outstanding electrical properties [721]. How-
ever, polymerization of furan would be expected to be restricted because
of its higher diene character rather than aromatic character relative to PY
(nitrogen analogue of furan) or Th (sulfur analogue of furan). In this back-
ground, PF homopolymer and nanocomposite of PF with Al2O3 and MMT
were prepared [722]. It is noteworthy that PF–MMT composite was directly
obtained via intercalative polymerization of furan in MMT clay without
any extraneous oxidant – a feature not reported so far in PANI–MMT or
PPy–MMT composite systems.

A number of different metallic and metal oxide particles have been
encapsulated into the shell of conducting polymers, giving rise to a
host of nanocomposites [13,706,708a]. For example, the morphology
and chemical structure of PTh/TiO2 core-shell nanocomposite particles,
prepared via Sugimoto’s oxidative polymerization of thiophene in the pres-
ence of nanoscopic titanium dioxide, were studied by TEM and Raman
spectroscopy [708a].
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Wang et al. have used thiolates with pyrrole monomers to cap gold
nanoparticles [723]. However, due to the fast and uncontrollable oxidation
rate of pyrrole units, the chemical oxidation of protected gold nanoparticles
leads to diffuse and disordered structure, which may hamper further appli-
cations of the material. Zhang et al. [724] have reported the two-step process
of preparing poly(3-(10-mercaptodecyl)thiophene)-coated gold nanoparti-
cle core-shell structure with uniform size of 6–8 nm. The nanoparticles can
be dispersed in usual organic solvents such as ethanol. These nanoparti-
cles can be easily processed and have potential applications in nanoscale
architectures and development of novel electronic devices.

Until now, much of research works on inorganic/conducting polymer
composites with good electrical and magnetic properties mainly focused
on magnetic PPy nanocomposites [674] and magnetic PANI nanocom-
posites [49]. However, few reports on magnetic PTh nanocomposites (a
novel chemical synthesis of 
-Fe2O3 encapsulated PTh (
-Fe2O3-PTh)
conducting nanocomposite [725]) are available.

There was considerable interest in the use of PTh sensors. PThs were
shown to detect ppb of hydrazine gas [726].

Ram et al. have used two approaches for improving the selectivity to
NO2 gas [727]. The first approach was connected to the use of layered
thin films of regioregular PThs and LBL or in situ self-assembled films
of PANI, PPy, PTh and their copolymers. The second approach involved
the preparation and investigation of a nanocomposite layer using in situ
self-assembly technique, allowing the specific detection of NO2 gas for the
first time.

Creative designs and development strategies for new PThs have led to
interesting new materials and enhanced performances in certain devices.
Generally, the template synthesis method, which involves a microporous
membrane as template for microtube formation, is an effective method for
synthesizing conducting tubular polymers. George et al. [728] first pro-
posed the template synthesis method, and other groups applied the method
successfully to the synthesis of poly(alkylthiophene) [729], PPy [730],
polyacetylene [731], and PANI [732] tubular forms.

SWNTs were coated with conducting PTh, and a new tubular material
(SWNT–PTh composite) was synthesized with in situ chemical oxidative
polymerization method [733].

n-doped CP/SWNT’s photoconductive response is interesting for a fun-
damental understanding of the n-doped CP/SWNT photo-induced process
and for the development of new photosensitive materials with unique
optical and conductivity features. In light of current requirements for
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photodegradation studies, as well as for the exploration of such compos-
ites as photovoltaic material, fundamental interactions between molecular
oxygen and thin films of n-doped poly(3-octylthiophene) (P3OT)/SWNTs
were studied [734].

CdS nanowires have considerable applications in optoelectronic devices,
such as LEDs, and optical devices based on non-linear properties. Regioreg-
ular poly(3-hexyl thiophene) (P3HT) is an important semiconducting
polymer with good luminescence properties. It was reported that CdS
nanoparticles can be embedded into P3HT to form a nanocomposite
in which mixed nanowire of P3HT with CdS of high aspect ratio is
present [63]. Both DC and AC conductivities of P3HT and CdS–P3HT
nanocomposites have shown semiconducting nature. The conductivity
of CdS–P3HT was much less than that of the pure P3HT conducting
polymer. The difference in the electrical behavior is attributed to the for-
mation of nanowires in the CdS–P3HT nanocomposite. The synthesis of
CdSe nanoparticles with poly(3-hexylthiophene) was also studied using
microscopic, electrochemical and spectroscopic techniques [735].

Polyvinylcarbazole

Poly[3,3′(vinylcarbazole)] (PVNC) is widely used in LEDs, xerography
and, in general, as an electro-optically active polymer [736].

Although this polymer has outstanding thermal stability and its pho-
tophysical characteristics might prove challenging materials, not many
researches are available in this regard. The observed conductivity values for
PNVC-based systems is not attractively high; however, this value can be
significantly improved by modification. Recently, hybrid composite materi-
als have attracted increased research attention due to remarkable change in
their properties. Following the developments on other conducting polymers,
it is possible to obtain processable aqueous dispersions of nanocomposites
of PNVC. Due to the insolubility of N -vinylcarbazole monomer (NVC)
in water unlike pyrrole or aniline, the procedures routinely adopted for
these latter momoners [35,36,96] could not be applied for the preparation
of water-dispersible composites of PNVC.

Sinha et al. have reported [710b] the preparation of stable aqueous dis-
persion of a PNVC-colloidal silica nanocomposite by using a biphasic NVC
(benzene)/FeCl3-impregnated silica alcohol/polymerization systems. How-
ever, in this system, the use of a polymeric stabilizer like polyvinylpyrrolli-
done (PVP) was essential. Relevantly, they failed to obtain a stable aqueous
dispersion of a PNVC–MMT nanocomposite even by using PVP [91].
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In this background, Biswas et al. have recently made an interesting
finding that colloidal Mn (IV) oxide could form stable water-dispersible
nanocomposites of PNVC, PPy and PANI without any polymeric stabi-
lizer [530]. The PNVC–MnO2 nanocomposite preparation was based on the
unique behaviur of NVC monomer to be initiated directly by 3D-transition
metal ions. However, direct initiation of PY or ANI polymerization by
MnO was not possible.

PVCZ nanocomposites with other nanodimensional metal oxides, such
as ZrO2 [533], were also reported. TEM analyses confirmed the parti-
cle sizes to be in the 300–500 nm range for PNVC–ZrO2 and in the
250–300 nm range for the PANI–ZrO2 composites, respectively. TG anal-
yses have revealed enhanced stabilities of nanocomposites relative to the
base polymers. DC conductivities of PNVC–ZrO2 composites were of the
order of �1–1�5� × 10−5 S/cm, which were 107–1010-fold improved with
respect to the base polymer. Similarly, the conductivity of PANI–ZrO2

composite was in the range of �0�03–0�35�× 10−2 S/cm, which increases
with the increase of polymer loading in the composites.

In the course of our ongoing research in this area, the development
of a simple method for preparing a nanocomposite of PNVC with nano-
dimensional alumina [737] by depositing PNVC from its solution in tetrahy-
drofuran (THF) on a dispersion of Al2O3 in water medium was also
repoted.

These procedures have been extended to preparing water-dispersible
nanocomposites of mixed polymer systems PPy–PNVC. Thus, by adding
pyrrole monomer to a suspension of PNVC–Al2O3 composite in water
prepared in the presence of FeCl3, a PPy–(PNVC–Al2O3) composite could
be readily prepared. Similarly, by adding preformed PNVC to a suspen-
sion of PPy–Al2O3 in water, a PNVC–(PPy–Al2O3) composite could be
prepared [738].

The resulting composites from such mixed polymer systems would
exhibit distinctive bulk properties of the individual polymer components.

However, the conductivity values of these PANI-, PPy- or PTP-
based composites were not so high, and for the PNVC-based com-
posites, particularly, the conductivity of 10−5–10−7 S cm−1 was realized
[43,530,533,708b,737–739].

In this background, Biswas et al. have reported the preparation and some
properties of a highly conductive composite of PNVC with acetylene black
(AB) via in situ polymerization of NVC by AB in bulk or solvent [43].
In their earlier report, they have found that several grades of CB, such as
Orient black (N220) and Vulcan XC-72, were effective for NVC initiation
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without any added oxidant [41,740]. Ohkita et al. [42], however, have
described polymerization vis-a-vis grafting of vinyl polymers on to CB in
the presence of free radical catalysts.

Among various transition metals, a distinctive feature of the chemistry
of vanadium (V), molybdenum (Mo) and tungsten (W) is their capacity to
form isopolymetallates (IPM) in aqueous acidic solution [741].

Colloidal molybdenum blue (MB) suspension is believed to be the
oxide/hydroxide species of mixed valance, forming a series between the
extremes of MoVIO3 and MoVO(OH)3. However, a precise explanation of
their color is lacking [742]. Attempts were made to explore the interaction
of NVC, PY, ANI and TP with various IPV (VV ion) and IPMo (MoVI ion)
species. Ballav and Biswas [722] have observed that IPMo could act as the
oxidant for polymerization of PY. During the course of interaction of PY
with IPMo moieties, simultaneous reduction of IPMo led to the formation
of a PPy–MB nanocomposite. Very recently, these authors [743] isolated a
conducting PNVC–MB nanocomposite from the NVC–MB polymerization
system.

In course of the ongoing research on molybdenum blue-based nanocom-
posites of polymers like PPy and PNVC, polymerization of NVC by
PPy–MB nanocomposite, resulting in the formation of a PPy–MB–PNVC
nanocomposite with appreciably high conductivity value, was achieved. A
high conducting variety of PPy–MB nanocomposite was also prepared [32].
In this study, some relevant features on the preparation of PPy–MB, PNVC–
MB and PPy–MB–PNVC nanocomposites and the results of evaluation of
some bulk properties of these composites were reported.

Recently, Ballav et al. have reported a procedure for polymerization of
NVC in an aqueous suspension in the presence of vanadium ion [744].
Thermogravimetric stability studies (TGA/DTA) have revealed that PNVC
underwent about 60% weight loss in up to 1000�C and suggested the forma-
tion of a structure different from that of conventional PNVC homopolymer
soluble in solvents. NVC-VV polymerization system was found to be
intractable in nature and confirmed to be due to the formation of a
cross-linked polymer structure. A possible pathway for the polymeriza-
tion of NVC via coupling of aromatic rings vis-a-vis in situ formation of
cross-linked PNVC (CLPNVC) has been proposed.

Among the different techniques used to obtain thin films, significant
interest has been centred on the utilization of techniques such as Langmuir–
Blodgett (LB), a vertical dipping method, and/or Langmuir–Schaefer (LS),
a horizontal dipping method, due to their potential to build up monolayers
or multilayers in which order at the molecular level can be controlled [745].
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The LB/LS techniques have an advantage that it uses a very small amount of
the material in contrast to the commonly used techniques, such as solution
cast and spin coating. Bertoncello et al. have investigated the functional-
ization and photoelectrochemical characterization of PNVC-MWNT thin
films prepared by the LS technique [736b]. The I/V characterization has
shown an increase in the conductivity of PNVC-MWNTs and I2-doped
PNVC-MWNTs as compared with PNVC and I2-doped PVK, respec-
tively. The electrochemical characterization has shown the formation of
an I2-doped PNVC-MWNT complex. These nanostructured PVK-MWNT
films have revealed an increase in the current density under the illumination
of about 500 nA cm−2.

Spange et al. have applied this technique, based on the facile and time
saving pathway towards nanoporous carbon, to PNVC. They have reported
cationic host–guest polymerization of N -vinylcarbazole and vinyl ethers
in MCM-41, MCM-48 and nanoporous glasses [746]. They have observed
that the molecular mass of enclosed polymer and the degree of load-
ing of host compounds can be adjusted within certain limits. Molecular
dynamics was investigated by using broadband dielectric spectroscopy.
Under the conditions of constricted geometry, molecular fluctuation as well
as a secondary �-relaxation was observed, which is hardly affected (in
comparison with the free melt) and which corresponds to the relaxation
between structural substates (dynamic glass transition). This process is sev-
eral orders of magnitude faster in its relaxation rate than in the free melt
and thus follows a confinement effect. This was already well known in
lower-molecular-weight systems with constricted geometry.

Others

Nanocomposites for membranes
A membrane that preferentially permeates a chemical species on the basis
of greater solubility, rather than mobility, is referred to as reverse selec-
tive [747] or solubility selective [748]. A solubility selective mode is
especially useful in applications where a light gas stream is contaminated
with a small amount of heavier species; examples include the removal
of higher hydrocarbons from natural gas [749] or hydrogen [750] and
the removal of volatile organic compounds (VOCs) from air [751] or
water [752]. In such cases, the solubility selective mode is more economical
than the mobility selective mode.

A nanocomposite material composed of an organic substance function-
ality attached to the mesoporous surface of an inorganic membrane would
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in principle be excellent for such applications [753]. The organic groups of
membrane material must be designed in terms of chemistry and structure
to favorably adsorb target VOCs without permanently sequestering them.

Javaid et al. [754] have designed nanocomposites that met these design
goals by manipulating molecular chemistry and structure, pore geometry
and adsorbed surface density. Modified porous (5–10 nm) alumina mem-
branes with alkyl trichlorosilanes having chain lengths ranging from C1
to C28 [753,755] were reported. Directly related [756] and similar [757]
nanocomposite membranes have also been discussed recently.

Catalytic membrane reactors (CMR) offer the possibility of producing
synthesis gas from methane and air while avoiding the need for either
initial separation of oxygen from air or post-separation of nitrogen from
synthesis gas. Dense oxide ceramic membranes with mixed ionic and
electronic conductivity (MIEC) have been extensively studied because of
their promising applications in oxygen separation, syngas production and
oxidative coupling of methane [758].

The application of mixed-conducting membranes is limited by some
disadvantages in the existing membrane materials.

Another group of membrane materials, called dual-phase composites,
is comprised of a mixture of an oxide ionic conductor and an electron-
ically conducting phase [759]. For a composite mixed conductor, it is
possible to choose good ionic and electronic conductors as components
and to control mixed conductivity by adjusting the fraction of constituents.
Composites based on CeO2 are considered the most promising. Gd-doped
CeO2 is a well-known oxygen-conducting electrolyte, which is receiving
much attention as a model material to investigate nanoscale effects in
conductivity [760].

Direct preparation of nanocomposites is possible by the Pechini pro-
cess [761]. A new strategy for the design of catalytic membranes with high
oxygen permeability is based on the application of the mechanochemical
approach (MA) for obtaining nanosize powders and composites with a
specific morphology. This technique allows superfast synthesis of mixed
oxide complex peroxites and fluorites with high conductivity in high-energy
planetary mills [759d,762].

The principle of fuel cell, discovered in 1839 by Sir William Grove,
using hydrogen and oxygen to generate electricity and water is applied to
many electrochemical devices [763]. They are promising energy-conversion
devices for future transportation due to their higher energy efficiency than
membrane fuel cells, a leading alternative to internal combustion and diesel
engines.
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Among the several kinds of fuel cells, proton-exchange membrane fuel
cell (PEMFC) and DMFC are known to utilize the proton-conducting mem-
branes. PEMFC is one of the best candidates of clean power sources for
mobile and stationary applications [764]. To improve fuel cell efficiency,
the polymer electrolyte should have better water retention properties espe-
cially in severe conditions. The membrane electrode assembly (MEA) is a
core component of PEMFC.

In general, a proton-exchange membrane (PEM) requires the following
properties:

(a) easily synthesized from available, low-cost starting materials;
(b) highly water insoluble and an ability to form films;
(c) highly proton-conducting 0.01 S/cm;
(d) chemically stable to acids and free radicals;
(e) minimized permeation to reactant gases �H2/O2�;
(f) thermal, hydroelectric stability at high temperature 120�C;
(g) ability to survive in H2 fuel cells for 5000 h vehicle application.

However, one limitation of the current PEMFC operating at about 80�C
is that 5–10 ppm of CO in the H2 feed gas is enough to poison the Pt anode
electrocatalyst. One way to improve the CO tolerance level is to increase
the operating temperature [765].

In the last decade, DMFCs have attracted considerable attention since
they offer numerous potential benefits, such as high efficiency, high power
density, low or zero emission and high reliability [766].

Direct methanol fuel cell is considered superior to PEMFC because of its
simple liquid fuel handling and improved safety. Despite these advantages,
there are several obstacles in preventing commercialization of DMFC,
such as high cost, poor chemical and thermal stability, reduced conduc-
tivity of the membranes and, finally, the so-called ‘methanol cross-over’,
i.e., methanol diffusion from anode to cathode across the polymer elec-
trolyte membrane. Recently, there has been intensive research effort to
develop new membranes for DMFC applications [767].

There were many attempts to reduce methanol permeability through
polymer electrolyte membranes, namely:

(a) treatment of the membrane surface to block methanol transport;
(b) control of the size of proton transport channels using different block

copolymers and cross-linkage;
(c) development of new types of electrolyte polymers;
(d) introduction of a winding pathway for methanol by making a composite

with inorganic fillers.
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Recently, a nanocomposite suitable for high-efficient catalysis with
enhanced anti-poisoning ability for electrochemical oxidation of methanol
was reported [768].

At present, the most widely used commercial PEM materials are devel-
oped by Du-Pont Nafion series and Dow. Both these materials consist of
perfluorinated copolymers with sulfonic acid functionalized side chains.
However, these materials limit large-scale applications, especially for
DMFCs, due to their high cost, complicated synthetic procedures, thermal
decomposition over 120�C and methanol crossover [769].

In recent years, many contributions have appeared in the literature
dealing with alternative low-cost membranes like sulfonated aromatic poly-
mer membranes, complexes of basic polymers with strong acids, such
as poly(vinyl alcohol)/phosphotungstic acid [770], temperature-tolerant
PEFC membrane materials, such as sulfonated polyethersulfone [771], or
silica-based nanocomposite membranes [158,159,772–774].

Layered silicates, commonly used for PEMFC applications, are Laponite
(Lp) or MMT since their composition and purity are very well controlled.

SiO2/polymers (PEO, PPO, PTMO) are the commonly used organic–
inorganic composite membranes prepared, in a method similar to that of
Honma et al., by acid catalyzed sol–gel processes for PEMFC due to
their enhanced mechanical and thermal properties and reduced methanol
permeability with appreciable conductivity [159,770a,774e,775].

Research activities are mainly focused on two different approaches:

(a) improving the performance of perfluorosulfonic membranes by inor-
ganic modification,

(b) finding new polymeric materials capable of replacing Nafion or even
surpassing its performance.

Jones et al. and Li et al. [776] have published the most relevant findings
regarding the above mentioned approaches. In their reviews, the mem-
branes are classified into three groups: (a) modified PFSA membranes, (b)
alternative sulfonated polymers and their composite membranes and (c)
acid-base polymer membranes.

Interest in these nanocomposites continues on the improvement in the
properties desirable for commercial applications [777].

Recently, studies on various classes of proton-conducting materials with
specific emphasis on their potential use as H2 separation membranes in the
industrial processes of coal gasification, natural gas reforming, methanol
reforming and water–gas shift (WGS) reaction have been reviewed. Key
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material requirements for their use in these applications have also been
discussed [3].

Crystal templates
Insulating polymers can be transferred into semiconducting ones by
adding conductive filler particles. A majority of studies concentrated on
carbon-black-based fillers, which is becoming an increasingly important
source for carbon fibers [778], carbon nanotubes [328,778], conjugated
polymers [779], inorganic semiconducting nanoparticles [15] and metal
particles [780].

Aquocyanophthalocyaninatocobalt(III) (Phthalcon 11) is an intrinsically
novel phthalocyanine semiconductive crystal, which may increase the con-
ductivity of many polymers at low filler concentrations. Thermosets with
(semi)conductive nanoparticles are of practical interest, for instance, in
static dissipative flooring, (semi)conductive adhesives and thin transparent
electrodes. Almost every publication on CPC containing (semi)conductive
fillers is focused on thermoplastic polymer matrices [781]. The use of
Phthalcon 11 as semiconductive filler in cross-linked epoxy polymer matri-
ces has been described [782]. Homogeneously thin Phthalcon 11/epoxy
layer can be made with low percolation threshold. The low percolation
threshold was explained by the formation of a fractal particle network
because of the large surface tension difference between the particle and
matrix.

Molecular aggregates have great potential in technological applications.
Recently, it was demonstrated that certain electroactive polymers doped
with organic molecular nanocrystals, known as J-aggregates, can exhibit
efficient electroluminescence when used as emitting layers in polymer
LEDs. J-aggregates exhibit a very narrow emission band with a maximum
at 815 nm. A dramatic increase in charge-carrier mobility was observed for
these layers containing the J-aggregate nanocrystalline phase [783].

4.4. Conclusion

Summarizing all the above examples, it is quite clear that, within the
inorganic/organic hybrid nanocomposites, speciality polymers as well as
conventional polymers used as organic components and various metal
oxides, MMT and allotropes of elemental carbon used as the inorganic
counterpart allow nanoscale materials to exhibit properties that are dis-
tinct from those of either pure component phases or the related macro- or
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microcomposites. Various possible combinations of components provide
the opportunity to invent an infinite set of new materials with a large spec-
trum of known and unknown properties. Template guided, intercalation,
sol–gel and nanoparticle incorporation are the methods used commonly
for nanocomposite preparation. The properties of nanocomposites strongly
depend on the type of interaction (covalent, ionic, cordination, H-bonding
and van der Waals) between the host and guest materials. The great ver-
satility of conducting nanocomposite system materials will certainly be
explored in future for various potential end-use applications. We hope this
overview will be a step in this long journey.
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Abstract. Nanosciences in general and nanobiophysics, in parti-
cular, have taken much advantage of the advent of scanning probe
microscopies. These instruments have enabled real space visualiza-
tion of atoms and molecules allowing the retrieval of unprecedentedly
accurate information. Nevertheless, the most powerful implementa-
tions of scanning probe microscopies should also enable a full control
of the phenomena taking place at solid–liquid interfaces (e.g., elec-
trochemical reactions). In this chapter, we will review the applications
of scanning probe microscopies (STM and SFM) under electrochem-
ical control. In particular, we will firstly present the fundamentals of
electrochemically controlled scanning tunnelling microscopy, as far
as basic concepts and possible set-ups are concerned, and proceed
to the basic applications involving characterization of clean surfaces,
study of underpotential deposition of metals, potential-induced phase
transitions in molecular layers. The further paragraphs will be devoted
to reviewing biophysical applications of electrochemical scanning tun-
nelling microscopy (EC-STM) as far as investigation on redox met-
alloproteins is concerned. A discussion on the state-of-the-art video
rate EC-STM is provided. In the last sections, we will present the cur-
rent and future efforts aimed at further developing electrochemically
assisted scanning probe microscopy towards the implementation of an
electrochemically controlled current sensing atomic force microscope
with the fundamental contribution of state-of-the-art nanotechnology.

Keywords: ECSTM; AFM; redox molecules; electron tunneling in
water
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5.1. Introduction

The introduction of scanning probe microscopy (SPM) techniques in the
early 1980s [1] has represented a genuine revolution in surface science and
solid-state physics. For the first time, the atoms, until then only postulated
and studied just by indirect spectroscopic evidences or in ordered lattices
in the Fourier space, were available for observation and manipulation in
the direct space. This remarkable achievement gave access to a large num-
ber of novel experimental evidences and approaches in those disciplines.
However, the most relevant effect of the introduction of the scanning probe
microscopies has been probably not on the disciplines that gave rise to
them. Rather, it was that of paving the way to completely new topics: those
gathered under the umbrella of Nanosciences and Nanotechnologies [2]. It
is, in fact, possible to date back the beginning of the nowadays interest
and vigorous development of nanosciences to the introduction and rapid
spreading of that class of novel microscopes. Visualization and manipula-
tion of molecular and atomic details of surfaces and surface adsorbates are
since then available, and the introduction of novel imaging techniques and
operating modes appears, to date, almost endless.

Soon after the first exciting results were obtained typically in ultra high
vacuum on conducting or semiconducting substrates by the scanning tun-
nelling microscope (STM), the early advent of the atomic force microscope
(AFM) [3] paved the way, among others, to biological applications.

Particularly, the investigations of single biomolecules both at confor-
mational and functional levels are among the most intriguing opportunities
available to nanobioscientists. For the first time, it became possible to visu-
alize important biomolecules in an environment very similar to that present
in living beings. By imaging biomolecular adsorbates in a proper, water-
based buffer, it made it possible to preserve not only their structure but also
their functional features often connected to the modulation of molecular
conformation. Molecular interactions (e.g., protein-DNA interaction) were
real time visualized and studied in great detail.

One remarkable feature of the SPM techniques is that they can probe
a large ensemble of different sample properties according to the physico-
chemical parameters that are measured in the particular experiment. The
range of measurable parameters spans from tunnelling current, to surface
repulsive or attractive interactions, to local temperature, surface poten-
tials, friction force, specific biointeractions, etc. In light of the large set of
measurable physical characteristics, the term ‘microscope’ for this kind of
instruments appears at least inadequate. Rather, one should regard scan-
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ning probe instruments as complete tools for space-resolved spectroscopy,
microscopy and single molecule/atom manipulation.

In the described general frame, one more aspect enters the game in a
very crucial way: the electrochemical control of electrode potentials at the
solid–liquid interface. When metal or semiconductor electrodes are placed
in an electrolytic solution, their potential vs a reference electrode can be
controlled by using an external source of free energy, say a potentiostat,
connected to a sacrificial (counter) electrode. Such a setup configures an
electrochemical cell whose general features are those of being able to force
the electrochemical potential of electrons in a metal electrode (i.e., its Fermi
level, at T = 0 K) at a desired value. As a consequence, it is possible to drive
electrochemical reactions (electron exchange or ion adsorption/desorption)
at that electrode.

Particularly, such kind of control enables also the possibility of acting
on the redox state of molecules adsorbed at an electrode surface, whose
electronic coupling to the metallic states of the substrate is strong enough.

The coupling of electrochemical control with the capability of scanning
probe microscopes to produce high-resolution images of surfaces allowed
to visualize the surface of electrodes at atomic scale and to perform a
large variety of investigations at the single molecule level. Moreover,
electrochemically assisted scanning probe microscopes can be used for
nanostructuring surfaces by exploiting deposition and/or dissolution [4].
Apart from the investigation of typical electrochemical systems, the liquid
environment prompted the extension of the researches also to biomolecules
on surfaces. For example, by performing SPM experiments on redox
metalloproteins adsorbed at metal electrodes in an electrochemical cell
(i.e., proteins whose physiological functional tasks consist in exchang-
ing electrons with molecular partners by changing their oxidation state
reversibly), it is possible to learn much on the fine mechanisms ruling
electron transport through these crucial life-sustaining molecules.

In this chapter, along with a general description of the operating
principles and techniques of the electrochemically assisted SPMs, their
potentialities in imaging electrochemical interfaces and molecules of dif-
ferent nature adsorbed on atomically flat metal surfaces will be reviewed.
We will concentrate on electrochemically assisted STM, where the probe
can play an active role. Furthermore, a full account on the achievements
regarding the behaviour of redox metalloproteins at surfaces will be pro-
vided as studied by EC-STM. The recent instrumental developments and
future trends, as enabled by the advent of nanotechnology, will be taken
into consideration; particular emphasis will be given to those attempts
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which tend to empower scanning force microscopy with the possibility of
measuring electronic and ionic currents in water-based environments and
which are likely to represent the future of these exciting techniques in the
electrochemical environment.

5.2. Electrochemical Scanning Tunnelling
Microscope (EC-STM)

Soon after the first demonstrations of the enormous potentiality of STM
imaging on conductive surfaces in vacuum and air, the possibility of operat-
ing in a liquid environment for the STM was demonstrated [5]. Afterwards,
STM imaging in water was also operated in a three electrode electrochemi-
cal cell in which the substrate acted as a working electrode and a reference
plus a counter electrode completed the cell [6]. This configuration resem-
bled the usual three electrode configuration equipped with a potentiostat, in
which the potential of the working electrode can be controlled with respect
to a high-impedance reference electrode, while the current is allowed to
flow between the working and the counter electrode. In this case, the tip
was not an active electrode in the cell, but was used only to image the
surface morphology, even if it had to be under potential control in order to
apply a voltage drop to drive the tunnelling current. The implementation
of a liquid STM represented a great breakthrough for the in situ study of
surface electrodes, which was till then mainly limited to optical spectro-
scopic techniques, which are unable to supply real-space information with
high spatial lateral resolution. Since the beginning of liquid STM imaging,
the technical problem of collecting mainly the tunnelling current flowing
between the tip and the sample, keeping other current sources (Faradaic
currents) to a negligible level, had to be faced. This fundamental technical
problem will be extensively discussed in Section 5.2.2. An improvement
in the control of the in situ STM has been obtained with the introduction
of the bipotentiostatic approach, in which both tip and sample potentials
are independently controlled with respect to a reference electrode in solu-
tion [7,8]. The following section deals with some basic concepts about
electrochemical scanning tunnelling microscopy (EC-STM), including the
bipotentiostatic approach, some technical aspects such as tip preparation
and characterization and electrode substrate preparation, and some fea-
tures specific to tunnelling in water which are of fundamental interest to
understand contrast formation mechanism.
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5.2.1. Bipotentiostatic Approach

In a standard potentiostatic approach, the potential of a working electrode is
controlled with respect to a reference electrode by injecting current through
a low-impedance auxiliary or counter electrode. In such a configuration,
the potential of the working electrode is well defined. When applied to
in situ STM, the potentiostatic approach is able to control the potential
of the substrate with respect to a reference electrode in order to control
electrochemical reactions taking place at its surface, but it is not able to
control the potential of the other polarizable electrode present in solution,
i.e., the tip. In the STM configuration, it is assumed that the only relevant
charge transfer mechanism which enters the current measuring system is the
electron tunnelling current between the tip and the substrate. If the potential
of one of the two electrodes is not controlled in the electrochemical cell,
then electrochemical charge transfer mechanisms might become relevant
and contribute to the measured currents. This phenomenon implies a strong
source of noise in the STM control circuit. Besides involving unwanted
electrochemical currents, the absence of control on the electrochemical
potential of one electrode in an electrochemical cell might lead to phase
variation in the surface composition of the electrode. In this framework,
the use of a bipotentiostatic approach, with an independent control on
the potential of both the tip and the substrate with respect to a reference
electrode in solution, represented a milestone in the development of the in
situ STM (Fig. 5.1).

The basic operating concept of a potentiostat is the possibility of control-
ling the potential of an electrode in an electrochemical cell independently
from the variations in the impedances connecting the other two electrodes.
Usually, the system operates to maintain the potential of the reference
with respect to the working electrode, which is virtually grounded being
connected to the inverting end of a current follower. Due to this configu-
ration, the potential of the working electrode with respect to the reference
is exactly opposite to the controlled potential, which is independent of the
fluctuations of the impedances. The simultaneous control of the potential
of two electrodes with respect to a reference electrode is performed by
a bipotentiostat. One possible approach to realize this situation is that of
controlling the potential of one electrode in the same way as in a poten-
tiostat, while measuring the current through the second working electrode
to control its potential with respect to the first one [9]. While setting the
potential of one electrode, it is possible to independently set the potential
of the second working electrode with respect to the first one. The second
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Figure 5.1: Schematic representation of the EC-STM setup based on a
bipotentiostatic approach. The four electrodes in the cell are the sample (working
electrode, WE), tip (WE), reference electrode (RE) and counter electrode (CE).

electrode will also have a defined potential with respect to the reference
electrode, and the counter electrode will support the sum of the currents
through the two electrodes. The circuitry in the case of the bipotentiostat
is designed in such a way that applying a potential to one of the two
working electrodes does not interfere with the potential of the other one
(Fig. 5.2). In the context of EC-STM, the bipotentiostatic approach has
been applied according to different strategies [7,10,11]. Usually, the tip is
virtually grounded and the tunnelling current is measured via a high-gain
current follower or it is fed to the STM control unit via a preamplifier.
In all configurations, the tip and substrate potentials are controlled with
respect to a currentless reference electrode. Usually, the counter (sacrificial)
electrode in EC-STM setup is obtained by a Au or Pt wire which assures
enough stability. The choice of a suitable reference electrode is instead
limited by the cell design of the microscope. Ideally, a good reference
electrode is obtained when a metal is used in electrochemical equilibrium
with the corresponding metal cation in solution. For example, a silver wire
in equilibrium with a solution containing Ag+ could be a good choice [12].
The use of reference electrodes like saturated calomel electrode (SCE) or
the classical reversible hydrogen electrode (RHE) is in most cases unsuit-
able for an STM setup, whereas an Ag/AgX electrode, where X− is an
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Figure 5.2: Schematic illustration of the electric circuit connections for a
bipotentiostat. CE: counter electrode; WE: working electrode; RE: reference

electrode; iF: electrochemical current, iT: tunnelling current. Reprinted from [7].
With permission of Elsevier.

anion forming a limited soluble salt phase with Ag, appears more suit-
able. In EC-STM setups, an Ag/AgCl electrode in equilibrium with a Cl−

containing solution is currently used with the sample cell separated from
the reference electrode solution by a double frit-shielded salt bridge which
allows to reduce the diffusion potential arising from different concentra-
tions of the two solutions. Another strategy is that of using Pt or Ag wires
as ‘quasi reference’ electrodes, which means that the wires are directly
immersed in the sample solution. This situation is acceptable if in the cell
solution no change occurs during the imaging process. This circumstance
assures that, even if the potential of the electrode is not known, it does not
change during the experiment. The actual potential of the ‘quasi reference’
electrode must be calibrated vs a true reference electrode by using a redox
couple whose standard potential is known with respect to that of reference
electrode under the same conditions. Typically, the ferrocene/ferrocenium
couple is used to calibrate the electrode.

5.2.2. Tip Preparation

A crucial aspect of the operating principle of EC-STM is that of being
in the situation in which the current entering the STM feedback circuit is
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mainly due to tunnelling electrons flowing between the tip and the sample.
In an electrochemical cell, both the substrate and the tip are prone to elec-
trochemical charge transfer reactions. When these Faradaic charge transfer
mechanisms occur at the tip surface, they will contribute to the current mea-
sured by the feedback system. If their contribution is relevant with respect
to the current setpoint, instabilities will occur and the imaging capability of
the microscope will be corrupted. Moreover, if electrochemical reactions
at the tip and the substrate entail transport of chemical species involved
in both reactions, then the current arising from this process will enter the
feedback system too. The latter contribution will be strongly dependent
on the separation between the two electrodes accordingly to the diffusion
models for the involved species. Typically, the presence of dissolved O2

could give rise to steady-state currents disturbing the imaging process.
The bipotentiostatic approach described earlier can be exploited to control
electrochemical reactions at the sample surface and the tip. However, in
order to reduce the Faradaic contribution to the current as much as possible,
the tips used for EC-STM are coated with an insulating layer which leaves
only the very apex of tip exposed to the solution. Moreover, a coating
of the tip results also in a decrease of the capacitance associated with
the interface between the tip and the electrolyte, which would contribute
a capacitive noise to the current. The thickness of the coating layer can
greatly reduce the capacitance of the interface allowing to perform exper-
iments in which the voltage or distance between the tip and the surface is
modulated.

Different approaches have been exploited for coating the tips for
EC-STM. The first step in the tip preparation procedure is the electrochem-
ical etching of metal wires in order to obtain sharp tips [13] using the same
techniques developed for the preparation of tips for vacuum or air STM.
Usually, the electrochemical etching involves the anodic dissolution of the
metal wire at the air–electrolyte interface using an alternating-current (ac)
or a direct-current (dc) approach. In most of the cases, these techniques
result in a tip with a conical shape which has several asperities at the very
apex. It is the asperity closest to the surface which establishes a tunnelling
current with the sample surface. Typically, tips for in situ STM are fab-
ricated from metal wires: tungsten (W), platinum–iridium (Pt/Ir) or gold.
The etching solution differs according to the metal wire. In the case of
W tips, an aqueous base (typically 1 M NaOH or KOH) is used for the
electrochemical etching, whereas for Pt/Ir, different strategies have been
used. Hazardous chemicals such as a mixture of NaOH and NaCN [14]
can be used for etching Pt–Ir tips or, alternatively, electrochemical solu-
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tion based on CaCl2 [15] or molten salt etchants can be used. For gold
tips, either cyanide solutions or HCl solutions can be used to perform the
electrochemical etching.

After conferring a conical shape to the tip, it has to be coated in order
to leave only the very apex exposed. At the beginning of the in situ
STM activity, the tips were coated with melting glass [16]. This technique
requires the tips to be heated to over 1000 �C, limiting the choice of the
materials which can be used. Gewirth et al. [17] developed a method to
coat the tip by an epoxy coating. In this case, an electrochemically etched
Pt/Ir tip is dipped into an epoxy varnish solution and returned upright
in order to obtain a dewetting of the very apex of the tip. Dewetting is
obtained as a consequence of the surface tension of epoxy solution. So,
by adjusting the solvent/epoxy ratio, it is possible to control the degree
of dewetting and the final portion of the tip which remains exposed to
the solution. A very important requirement for every coating material is
the range of potential which can be applied to the tip in solution without
decomposition of the insulating material. For example, glass-insulated tips
cannot be used in concentrated alkali solutions and epoxy-insulated tips
cannot be used at tip potentials less than −200 mV vs SCE. Apiezon wax is
another material which can be efficiently used to insulate the tips [14,18].
This procedure consists in letting the tip go through a film of melted wax.
The dewetting properties of the wax–metal tip system at the very apex of
the tip are controlled by the temperature of the wax. Moreover, the Apiezon
wax appears to be inert in most electrolytes and stable in a potential range
between the oxygen and hydrogen evolution of typical electrolytes used in
EC-STM experiments.

Another strategy which is currently exploited to insulate the tips is that
of using insulating polymer films which are electropainted (typically by
anodic deposition) on the STM tip [19,20]. Electrodeposition occurs as a
result of oxygen evolution induced by the tip potential. After the deposition,
heating of the tip leads to a further polymerization and hardening which
assures better stability to the insulating coating. It is probably the heating
of the polymer with the induced polymer film shrinking which leads to
the exposure of the very apex of the tip. A scanning electron microscopy
(SEM) inspection of the coated tips has shown that the polymer coating
thickness is in the order of a few microns. The small thickness means
that the capacitor established between the biased tip and the electrolyte
might have a very high capacitance which increases the noise pickup of
the system. In order to reduce the capacitance of the system, the dielectric
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layer thickness can be increased by coating the tip with an Apiezon wax
layer after the electropolymerization step.

5.2.3. Tip Characterization

Characterization of the coating quality refers to an assessment of the resid-
ual Faradaic current of the tip in the electrolyte solution along with the
leakage currents due to capacitance modulation. The aim of the character-
ization procedure is that of establishing if the residual current, measured
as a function of different tip voltages, is negligible with respect to the tun-
nelling current setpoint value. Different tip characterization techniques can
be used to evaluate the exposed tip area, such as microscopic inspection
by SEM and experiments based on the ultramicroelectrodes (UME) theory.
Moreover, techniques based on the tip current noise measurement can be
used to in situ characterize the exposed tip area [21].

In order to evaluate the quality of a coated tip, the electrochemical
steady-state tip current as a function of the tip potential outside the tun-
nelling region (tip far from the sample) can be measured (Fig. 5.3). A
full characterization allows to establish the potential range which assures
an electrochemical contribution to the tunnelling current below a certain
threshold, assuming that the electrochemical current is not influenced by
the tip/sample distance [10]. For example, in establishing a tolerance limit
of ±10 pA, a corresponding potential range for the tip potential was found
as shown by the marked interval in Fig. 5.3.

Scanning electron microscopy images can be used to inspect the exposed
tip area for a coated tip. Figure 5.4 shows two images of Pt/Ir tips coated with
Apiezon wax (Fig. 5.4(a)) and with an electrophoretic paint (Fig. 5.4(b)). Both
images have been acquired exploiting back-scattered electrons, obtaining a
strong compositional contrast. The different scattering between the coating
and the tip material is responsible for the observed contrast.

To establish the exposed tip area, methods based on the steady-state
Faradaic current cannot be used because the current is not proportional
to the area, but, due to geometrical considerations, it depends linearly on
the radius of the hemispherical terminal part of the tip. According to the
UME theory, in the presence of an electroactive species, the current in the
electrochemical cell as a function of the tip potential reaches a stationary
value which is given by:

IS = nFCD2�r
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Figure 5.3: Steady-state current–voltage plot measured for a Au epoxy-coated tip
in electrolyte solution with the tip outside the tunnelling regime. If the residual
current has to remain inside the range ±10 pA, then the corresponding potential

window for the tip is defined by the interval I . Reprinted from [10] (slightly
modified). With permission of Elsevier.

10 µm 50 µm15 kV
BSE

(a) (b)

Figure 5.4: SEM images of Pt/Ir coated tips. (a) Back-scattered electron image of
an Apiezon wax coated tip; (b) Back-scattered electron image of a tip coated by

an electropolymerized layer.

where n is the number of electrons involved in the oxidation or reduction
reaction, F is the Faraday constant, D is the diffusion coefficient of the
electroactive species, C is its concentration in the solution, and r is the
radius of the hemispherical exposed tip. This behaviour is due to non-linear
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diffusion effects which lead to sigmoid-shaped cyclic voltammograms. By
measuring the limiting current, it is possible to determine the exposed
tip area as 2�r2. Also, capacitance measurements of the tip–electrolyte
interface can be used to characterize insulated tips. Coating a tip by an
insulating layer leads to a dramatic decrease of the capacitance associated
with the interface. A high value of the measured capacitance can be an
indication that a significant area of the tip is left exposed to the solution
or a penetration of the electrolyte between the insulating layer and the tip.
It is to be stressed again that a low capacitance of the interface also means
a low pickup noise of the system during normal operation.

5.2.4. Substrate Electrode Preparation

The development of in situ EC-STM relied on the development of tech-
niques to prepare well-defined surfaces which had to remain outside UHV
environment. Methods developed for UHV analysis of surfaces, based on
ion sputtering and/or high-temperature annealing, could not be used in
this case.

Different electrode substrate can be used in EC-STM experiments
depending on the aim of the particular study. Most of the studies involving
EC-STM concentrate on the behaviour of an electrode surface at atomic
resolution level in contact with an electrolyte or on the behaviour of single
molecules adsorbed on a substrate electrode. Both applications require an
electrode surface which is flat at atomic level, because only in this case
atomic resolution is attainable and single molecules can be imaged over the
surface. Moreover, most of the studies by EC-STM involve ideal electrode
surfaces to carry out fundamental analysis of electrochemical processes.
Based on these considerations, it is clear that the electrode surfaces of
choice are monocrystalline surfaces which can be obtained according to
different procedures.

To obtain single crystal electrode surface, the technique of choice is the
flame-annealing technique, which has been pioneered by Clavilier et al.
for Pt [22] and then extended to Au by Hamelin [23]. The technique is
based on the melting of the extremity of metal wires such as Pt, Au, Rh
and Pd in an appropriate flame (usually hydrogen–oxygen flame) in order
to obtain single crystal faces with wide atomically flat areas in the order
of hundreds of nanometers separated by monoatomic steps. In the case of
gold, it is possible to obtain Au(111) surfaces by thermal evaporation of the
metal on freshly cleaved mica [24]. By exploiting flame annealing after gold
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Figure 5.5: (a) EC-STM image of a Au(111) surface obtained by thermal
evaporation of 150-nm Au film on freshly cleaved mica and flame annealing. (b)

EC-STM image of the Au(111) �
√

3×22� surface reconstruction.

evaporation, larger terraces can be obtained. Figure 5.5 reports an example
of an Au(111) substrate prepared by the thermal Au evaporation and flame
annealing imaged by STM. After the flame annealing step, the surface struc-
ture of Au(111) usually shows the �

√
3 × 22� reconstruction pattern [25].

Surface reconstruction is a phenomenon which has been extensively stud-
ied in vacuum. It is due to reorganization of surface atoms with respect
to bulk atoms to minimize their surface energy. Electrochemistry offers
an invaluable opportunity to vary the surface electronic state and so to
study surface rearrangements at the atomic scale by means of EC-STM.
The �

√
3×22� reconstruction involves a compression of the lattice so that

23 atoms on the surface fit into the space of 22 atoms in the bulk (every
23rd atom, the surface is in register with the underlying bulk). Due to this
discrepancy, the surface appears with waves forming paired rows which
make turns at multiple of 60�. At sufficiently positive potential, this sur-
face reconstruction is lifted and, due to extra amount of surface atoms
in the reconstructed surface with respect to the non-reconstructed one,
monoatomic Au islands are formed resulting in an increase of the surface
roughness. Under water, the lifting of the reconstruction is not reversible
and care should be taken when the interest is to study adsorbates on the gold
surface.

The flame annealing procedure can be applied only to a limited set of
metals such as Au, Pt, Rh and Pd. For other less-noble metals such as Ni,
Co and Cu, exposure to a flame would lead to a strong oxidation of the
surface. For these metals, electrochemical etching methods can be used to
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produce atomically flat terrace-step structures even if the dimensions of
the terraces are restricted to the order of some nanometers [26].

Especially, if the focus of the in situ EC-STM investigation is on molecu-
lar adsorbates, layered materials such as graphite (highly oriented pyrolytic
graphite, HOPG) can be used, providing at the same time conductivity and
an atomically flat surface.

5.2.5. Tunnelling in Water

Electrochemical scanning tunnelling microscopy operates by tunnelling
electrons across solvent molecules. Experiments made in order to measure
apparent barrier height for electrons tunnelling between tip and substrate
established that the barrier height is lower than that found in UHV [27–30].
Typical heights for the barrier are about 1–2 eV in water, whereas a fea-
ture of about 4–5 eV is found for vacuum. Figure 5.6 shows the behaviour
obtained by Vaught et al. for the tunnelling resistance as a function of the
distance when the tip was moved towards the substrate (negative displace-
ments) starting from a position corresponding to a tunnelling resistance of
109 �. The tunnelling barrier can be characterized by the associated inverse
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Figure 5.6: Plot of the tunnelling resistance as a function of the distance the tip
has moved from the position at which R = 109 �. Negative displacements means
approaching the surface. The inset shows the data obtained for vacuum tunnelling.

Reprinted from [30]. With permission of Elsevier.
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decay length �, which is related to the tunnelling current as exp�−�s�,
where s is the distance of the tunnelling gap. The first theoretical approaches
considered the solvent as a continuous dielectric medium in which the
tunnelling electrons interact with the medium polarizability, predicting a
decrease in the inverse decay length of about 0�03 Å−1 with respect to
the vacuum value �1�9 Å−1�, corresponding to a lowering of the barrier
by about 1 eV. The feature experimentally obtained by Vaught et al. [30]
depends on the tunnelling resistance, and it is about 0.92 or 0�76 Å−1.
Depending on the polarity of the barrier, at 109 �, the first feature cor-
responded to tunnelling from the substrate to the tip, almost independent
of the substrate potential vs SCE. Moreover, the junction was found to be
almost Ohmic in the limit of low bias, making it possible to consider the
single parameter of the tunnelling resistance in the plot of Fig. 5.6. In this
figure, two data sets, for the positive and negative substrate potentials, are
shown, which both have a change in the resistance slope as a function of
tip–substrate separation at about 108 �. The comparison of the extrapo-
lation to 104 � for the 109 � region with the extrapolation for the two
cases in the 108 � region shows how the change in � leads to a change in
the tunnelling gap. In practice, the inverse decay length for tunnelling in
water decreases to about 0�5 Å−1 when the tunnelling resistance is in the
order of 108 �. As a result, the tunnelling behaviour has a non-exponential
trend which extends to distances of several Angstroms, at variance with
the behaviour in vacuum, where the non-exponential trend is restricted to
a few Angstroms.

The theoretical interpretation of this behaviour is still not completely
understood. It has been clarified that a continuum dielectric model for the
medium separating the tip and the substrate is able to give a reasonable
description of the tunnelling behaviour, but it cannot take into account the
effects due to the discrete nature of the separating medium at this separa-
tion distance. Moreover, the presence of localized electronic states in water
has to be taken into consideration. Some theoretical investigations con-
sidered the possibility of tunnelling via intermediate states. The decrease
in the apparent tunnelling barrier can be understood by considering that
in a sequence of tunnelling steps, the overall tunnelling probability will
be governed by the smaller one of the two tunnelling probabilities. If the
overall distance between the two electrodes is changed by a certain amount,
the distance among the minima in the intervening medium will change
by a quantity which is a fraction of the overall variation, explaining the
apparently reduced barrier height. Schmickler [28] simulated the tunnelling
region between two metal plates through an aqueous solution composed of
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three layers of water molecules by molecular dynamics and by numerical
calculations of the scattering of electrons by a three-dimensional potential
energy barrier. The simulation results in a distribution profile for the parti-
cle density which has three maxima both for the hydrogen and the oxygen
atoms, with the two maxima nearest to the two surfaces higher than the
one in the middle, and with a small net orientation of the water molecules.
The resulting potential surface in the gap has maxima corresponding to the
position of oxygen atoms and minima near hydrogen atoms. Tunnelling of
electrons through the water layer proceeds throughout a barrier represented
by a three-dimensional grid endowed with maxima and minima. The posi-
tions of the minima, corresponding to the hydrogen positions, represent
localized states for the electrons which can enhance the tunnelling probabil-
ity. Tunnelling is represented by the scattering of an incoming wavepacket
by this potential configuration. The model is based on the assumption that
the characteristic time for electron tunnelling is negligible with respect
to the time scale of water movements, and the water configuration can
be considered static. Peskin et al. [31] considered a narrow water barrier
between two Pt surfaces and obtained, by molecular dynamics simulation,
an enhancement of the tunnelling due to the presence of molecular cavi-
ties between repulsive oxygen cores promoting transient resonances. The
simulation was further improved by considering a more realistic geometric
configuration for the STM tip and the substrate, by introducing the presence
of a bias voltage between the two metal electrodes and by considering the
image effect between tunnelling electrons and electrons in the metal [32].
In this model, the calculated order of magnitude of the tunnelling current
is in good agreement with the experimental values, and the decrease of
the tunnelling barrier as a consequence of the water presence is properly
reproduced. Moreover, it has been found that the tunnelling electron flux
is not influenced by the scattering of water molecules in the off-resonance
regime, but the scattering can be of relevance in the case of resonance,
leading to an effect on the STM resolution.

In this context, it is worthwhile to note that the presence of oxygen
in the EC-STM cell has a strong influence on the obtained contrast. This
has been demonstrated especially in the case in which the imaged sys-
tem is oxygen sensitive [33]. The presence of oxygen disturbs EC-STM
imaging, sometimes preventing the imaging of the real structure on the
surface. This effect could be due to oxygen-bound species acting as centres
for inelastic electron scattering and oxidation/reduction reactions which
could introduce barrier features for the tunnelling electrons. In the case of
oxygen-free imaging, in situ EC-STM is able to reproduce the same sur-
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face features observed for UHV STM imaging, demonstrating that water
molecules represent a transparent medium for the tunnelling electrons.

5.3. EC-STM for Studying Underpotential
Deposition

Underpotential deposition (UPD) refers to the deposition of
(sub)monolayers of metals on foreign metal substrates occurring at a poten-
tial more positive than that predicted by the Nernst equation. From a
thermodynamic point of view, UPD arises when the free energy of the
interaction between the deposited metal and the metal substrate is less than
the free energy involved between two of the atoms to be deposited (bulk
deposition). In the opposite situation, nucleation and bulk phase growth
of the metal takes place [34]. The work function difference between the
two metals plays a fundamental role in the UPD determining the potential
shift. Usually, UPD occurs for the deposition of lower work function metal
on higher work function metal. The phenomenon has been studied since a
long time by electrochemical techniques such as cyclic voltammetry [35],
where the occurrence of UPD is inferred from the presence of two sepa-
rated peaks, one corresponding to bulk deposition and the other one, more
positive, corresponding to monolayer formation. The mechanism of UPD
is controlled by (a) the metallic substrate, (b) the metal to be deposited, (c)
the presence of dipoles due to the solvent and (d) the presence of adsorbed
ionic species. The investigation of UPD by EC-STM appeared immedi-
ately as a means to retrieve structural information at the atomic level about
the (sub)monolayer formation controlled by the substrate electrochemical
potential [36]. The presence of regular structures on the surface of single
crystal metal substrates has been inferred by diffraction techniques, but it
has been only with the introduction of in situ scanning probe techniques
that atomic structure in the real space has been observed. The interest in the
deep comprehension of this phenomenon is dictated also by the fact that
the deposition of foreign metal layers may cause a considerable change in
the electrochemical behaviour of the surfaces, leading to positive or nega-
tive catalytic effects. For example, it has been demonstrated that the UPD
of Bi and Pb adlayers considerably accelerate the electroreduction of H2O2

and O2 on Au surfaces, the surface coverage also having a dominant role.
The deposition of Cu on low-index Au single crystal substrates was one

of the first systems studied by EC-STM [37,38]. Cyclic voltammograms
of Au(111) in the presence of Cu show two well-defined pair of peaks
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corresponding to different processes for adsorption and desorption. Speci-
fically, cyclic voltammetry in H2SO4 + 1 mM CuSO4 shows two different
waves for UPD before starting the bulk deposition. Hence, there is an elec-
trochemical evidence that two different Cu adlayer structures are present
corresponding to the two deposition peaks. In situ diffraction techniques
demonstrated the presence of a �1×1� structure after the second UPD peak,
corresponding to a surface coverage of 1. The surface structure of Cu atoms
after the first UPD peak was studied by EC-STM [39]. Ordered structures
have been identified in this case corresponding to a �

√
3×√

3�R30� pattern
with respect to a surface coverage of 0.33 for the Cu atoms if the maxima
seen in the image are to be interpreted as Cu atoms. However, complemen-
tary studies using different techniques (EC Quartz Crystal Microbalance
and chronocoulombmetry) had shown that the surface coverage for Cu was
0.67 in this potential range. The apparent contradiction was later solved
by observing that the surface has a �

√
3×√

3�R30� structure in which the
coverage is 0.67, and the (bi)sulfate anions occupy the centres of the hon-
eycomb protruding well above the Cu plane [40]. This finding explained
that the maxima observed by EC-STM corresponded to (bi)sulfate anions
and not to Cu adatoms.

The important role played by the presence of coadsorbed anions on the
Au(111) surface for Cu UPD has been demonstrated by EC-STM [41]. In
the presence of Cl− anions, EC-STM images showed the formation of an
incommensurate structure identified as �5 × 5� after the first UPD peak.
At a more negative potential, with a low concentration of Cl ions (below
10−5 M), the structure transforms to a �2×2� pattern corresponding to the
appearance of an additional peak in the cyclic voltammogram (Fig. 5.7).

Other UPD systems have been studied by in situ STM. Among them
are Cu on Au(100) [42], in which the role of both the crystal surface
and the presence of anion species in the electrolyte has been elucidated,
as well as Ag on Au(h,k,l) electrodes [43,44]. In situ STM investigation
of the silver deposition on Au(111) from sulfuric acid solution revealed
the presence of ordered structures of increasing surface coverage as the
potential was changed to lower values in the UPD region [45]. Figure 5.8
shows the �

√
3 × √

3�R30� structure due to silver adatoms observed on
Au(111) in 0.05 M H2SO4 + 1 mM Ag2SO4 at a potential of 500 mV vs
Ag/Ag+ corresponding to the region immediately after the first UPD peak
observed by cyclic voltammetry.

Herrero et al. [36] have published an extensive review on many UPD
systems, in which many references to in situ STM works on this topic can
be found. As a general rule, in situ STM investigation of UPD systems
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Figure 5.7: EC-STM images of Cu UPD on Au(111) in 0.1 M
HClO4 +0�01 M Cu�ClO4�2 solution containing small amount �10−6 M� of Cl−

ions. The three images correspond to a time sequence of images on the same area
over a period of 25 s following a change in potential of the substrate from +0.3 V
to +0.13 V vs SCE. The strucure evolves starting form �2×2� islands in a �5×5�
pattern (first image on the left) to a complete �2×2� pattern. Reprinted from [41].

With permission of Elsevier.

500 mV

12 × 12 nm2

Figure 5.8: EC-STM image of silver adatoms structure on Au(111) in 0.05 M
H2SO4 +1 mM Ag2SO4 obtained for a substrate potential immediately after the
first UPD peak. Reprinted from [45]. Permission of Royal Society of Chemistry.
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allows to visualize the surface structures in the real space and to understand
the role played by the presence of anions, but care must be paid to the
interpretation of the maxima observed in the images. Depending on the
particular case, metal adatoms or coadsorbed anions are visualized by STM.

5.4. Visualization of Potential-Induced Molecular
Assembling and Phase Transitions

Control of the molecular assembly on surfaces has recently received a
great deal of attention, both from fundamental and technological points
of view [46]. The capability of controlling the ordering of molecules at
the atomic scale deals with the understanding of the adsorbate/adsorbate
interaction and adsorbate/surface interaction. When the assembling is per-
formed at the liquid–solid interface, the overall structure of the molecular
edifices is the result of the interplay of several different types of contribu-
tions in which the solvent and the substrate play a pivotal role together with
the intermolecular interactions. The electrolyte–solid interface offers the
unique opportunity to control the adsorbate/surface interaction by means
of the electrochemical potential. This possibility can be considered as an
external control to induce different types of 2D molecular organization
on the surface simply by changing the surface potential, i.e., the surface
charge density [47]. In this context, in situ scanning tunnelling microscopy
is the technique of choice to induce and visualize 2D phase transitions of
molecular adsorbates in the real space and at atomic level.

Cunha and Tao have visualized the order/disorder reversible phase tran-
sition of 2	2′-bipyridine on Au(111) induced by changing the surface
potential in an electrochemical cell [48]. Intermolecular interaction is in this
case due to stacking between � electrons, and the molecules assemble each
other forming roll of coins whose main axis is randomly oriented on the
surface for low surface charges but align following surface atomic orienta-
tion for surface charges above a certain threshold. Ordered domains start to
form by increasing the surface charge, and the ordered domains component
increases with the potential. The phase transition has been interpreted to
have a consequence of the increased interaction between molecules and
the substrate at high surface charge, which leads to an increased surface
concentration and the assembly of the molecule to avoid the hard-core
repulsion between rods.

Potential control of the surface charge represents a method to modu-
late the surface mobility of adsorbates in the same way high temperature
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induces surface reorganization in vacuum. Systems that have been studied
comprehend large planar structures composed of � systems, such as por-
phyrins and phthalocyanine, and polar molecules, such as 2	2′-bipyridine
or 4	4′-bipyridine, which can undergo orientational transitions with respect
to the substrate at different values of the surface potential. In the first case,
molecules are expected to lie always flat on the surface independently of
the surface charge [49] due to their tendency to maximize � interactions
with the substrate. Moreover, due to polarizability of these systems, it is
possible to modulate adsorbate/surface interaction by means of a varia-
tion in the surface charge (i.e., potential), controlling in these ways their
surface mobility. With this type of molecules, it is, therefore, possible
to concentrate mainly on adsorbate/surface interaction to understand the
mechanism of self-assembly, neglecting intermolecular interactions by �
stacking which may arise if the molecules would change their orientation.
He et al. [49] have studied the self-assembling of porphyrin molecules
on Au(111) electrodes and they have found a strong dependence of the
substrate/adsorbate interaction on the surface potential. The capability of
modulating the interaction leads to a control of the surface mobility of
the molecules, which assemble according to an ordered structure only in
the case of potentials between −0�2 and +0�2 V vs SCE. This situation is
intermediate between the case in which molecules are weakly bound to the
surface and cannot be visualized by EC-STM due to their high mobility,
and the case in which molecules are too strongly bound to the surface can
be visualized by EC-STM, but do not assemble in an ordered structure.
The role played by the different redox state of the adsorbed molecules at
the different values of substrate potential is not clear.

Yoshimoto et al. [50] have studied the molecular assembly of a mixed
layer of porphyrins (copper octaethylporphyrin: CuOEP) and phthalocya-
nine (cobalt phthalocyanine: CoPc) molecules on Au(111) as a function
of the substrate potential and history. Both types of molecules lie flat on
the surface, but different surface structures were observed by EC-STM by
changing the substrate potential. Figure 5.9 shows two images obtained for
the same mixture of CuOEP and CoPc at two different substrate potential
values. The different electronic configurations of the two transition metals
allow for a strong contrast between the molecules, and it is easily possible
to discriminate between the species in an EC-STM image. From Fig. 5.9, it
is evident that at 0.45 V vs RHE (Fig. 5.9(a)) domains constituted by bright
spots in a squared lattice and domains of darker spots in a quasi-hexagonal
structure are present. Brighter spots are associated to CoPc. At 0.65 V
vs RHE (Fig. 5.9(b)), one-dimensional chains of darker spots are found
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Figure 5.9: Two EC-STM images obtained on the same mixture of CuOEP
and CoPc (see text) at different substrate potential: (a) 0.45 V vs RHE,

(b) 0.65 V vs RHE. Reprinted from [50]. With permission of the American
Chemical Society.

between the brighter rows of CoPc with square unit cell. These results
show that the surface structure of mixed adsorbates and phase separation
between them is controlled by surface potential, even if the mechanism by
which this happens is not completely understood.

Dealing with molecules which are able to modify their orientation with
respect to the substrate, Mayer et al. [51] have studied the structure adopted
by 4,4′-bipyridine, a bifunctional molecule employed as a bridging ligand
in coordination chemistry, on Au(111) surfaces as a function of the applied
substrate potential. They have found that the molecules may exist in three
different types of organization on the surface. Starting from a high surface
coverage with densely packed molecular stacks, by decreasing the surface
potential, a first-phase transition corresponds to a loss of parallel stacking
rows and an orientational transition from perpendicular to a tilted position
of the molecules. This phase implies a lower surface coverage. A third
surface phase is found by further decreasing the surface potential. With
these molecules, a pivotal role is played by intermolecular interactions
(�-stacking), solvent molecules, hydrogen bonding and metal-ion-ligand
coordination. Figure 5.10 shows two EC-STM images obtained in the high-
surface coverage phase for different values of the bias voltage, obtaining
a sort of molecular switch, being the contrast inverted in the two images.
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Figure 5.10: Two EC-STM images of the high-surface coverage phase of
4	 4′-bipyridine for two different applied biases: (a) −0�40 V, (b) −0�60 V.

Reprinted from [51]. With permission of Elsevier.

It is clear from this behaviour that the electron transfer between the tip and
the sample is mediated by the � system via through-bond tunnelling.

5.5. EC-STM on Redox Adsorbates: First
Evidences

Electrochemical scanning tunnelling microscopy can also be exploited for
its capability of probing electronic properties of molecules. This capability
endows the microscope with spectroscopic abilities. However, to be able
to extract molecular electronic information from EC-STM, the imaging
mechanism of the microscope has to be understood, which is particularly
appealing in the case of redox active adsorbates.

The first experimental study of electron tunnelling via a redox active
molecule by EC-STM was performed by Tao [52]. In his pioneering
work, Tao investigated a peculiar molecular system: Fe(III)-protoporphyrin
(FePP) with respect to a protoporphyrin (PP) reference molecule adsorbed
on a highly oriented pyrolytic graphite electrode. The difference between
the sample and the reference lies in the presence of a Fe ion which is able
to change its oxidation state reversibly from Fe(III) to Fe(II) as a function
of the substrate potential value. The possibility of distinguishing between
FePP and PP appears to depend, at a given constant bias voltage, upon the
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value of the substrate potential. When the substrate potential was held close
to the redox potential of FePP (−0�48 V vs SCE), the molecular species
bearing Fe appeared brighter than the reference ones (Fig. 5.11).

Tao has outlined that the dependence of the imaging contrast on the
substrate potential was due to the redox level made available by the Fe
ion. The presence of this redox level assists, in a way which has to be
inferred, the electron tunnelling between the tip and the substrate. This
experiment has shown, for the first time, a new spectroscopic feature of
the STM, confirming the possibility of exploring the density of states of
a surface-adsorbed redox molecule, as proposed first by Schmickler [53].
Moreover, Tao has measured the apparent height increment of FePP vs
PP as a function of substrate potential. The observed resonance-like trend
reached its maximum at a substrate potential value very close to the redox
potential of FePP, and was interpreted in terms of resonant tunnelling
between the tip and the substrate, assisted by molecular levels. In a later
work, Schmickler and Tao [54] have translated the apparent height changes
in current changes assuming constant height imaging and a suitable value
for the exponential tunnelling decay constant. They have also interpreted
Tao’s experimental work according to a resonant tunnelling phenomenon
using Gerischer’s terminology of density of oxidized states. According to
this theory, electrons flow via the molecule without being trapped in it,
and the maximum in the tunnelling current should occur when the density
of oxidized states is centred between the tip and the substrate Fermi levels.
The difference in energy between the centre of the density of oxidized
states and the standard reduction potential of a redox species is given by the
reorganization energy 
, which is, in turn, related to the extent of thermal
fluctuations of the redox level and thus determines the width of the i�Vs�
curve, where Vs is the substrate potential.

The use of the resonant tunnelling model to explain this experiment
had led to an inconsistency: 
 obtained by the width of the i�Vs� curve is
0.2 eV, which should lead to a maximum in the tunnelling current for a
substrate potential equal to −0�73 V vs SCE instead of the experimentally
obtained value of −0�42 V vs SCE. This discrepancy was attributed both
to an uncertainty in the ‘quasi reference’ electrode potential and to the
uncertainty in the decay constant which has to be considered to obtain a
fitted value for 
. The reorganization energy for a redox species in these
conditions is small as compared to that of the same species in solution, due
to both solvent exclusion from the tip–substrate gap and the high electric
field experienced by the molecules in this particular configuration. More
recently, Schmickler and Kuznetsov have re-interpreted the results of this
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Figure 5.11: EC-STM images of FePP/PP adsorbed on a HOPG substrate from
solutions containing FePP and PP at the ratio of 0:1 (a), 1:4 (b), 4:1 (c) and 1:0

(d). All the images were acquired at a substrate potential of −0�41 V vs SCE with
a tunnelling current of 30 pA and a tip-substrate bias of −0�1 V. The percentage
of brighter spots increases from (a) to (d) accordingly with the increase in the

presence of FePP in the solution. From (e) to (h), the corresponding cyclic
voltammograms of the adsorbed samples are reported. Clearly, the redox current

increases with the presence of FePP. Reprinted from [52]. With permission of the
American Physical Society.
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experiment in the framework of stochastic adiabatic model, according to
which the maximum in tunnelling current takes place at a substrate potential
corresponding to the redox midpoint of the couple [55].

5.6. EC-STM on Biological Redox Adsorbates:
Metalloproteins

FePP is the prosthetic group of many heme-based proteins such as
cytochrome c and hemoglobin. One of the first applications of the EC-
STM technique directly to a metalloprotein is that by Friis et al. [56],
where the authors have investigated the behaviour of azurin chemisorbed
on Au(111) under double potentiostatic control in aqueous solution. Azurin
is a redox metalloprotein belonging to the family of blue copper proteins,
whose functional task is to shuttle electrons between molecular partners
along a free energy cascade involved in the oxidative phosphorilation of the
bacterium Pseudomonas aeruginosa [57]. In situ STM images showed that
azurin is able to form a submonolayer on gold which can sustain repeated
scans of the STM tip. Moreover, a submolecular feature in the images,
represented by a central brighter spot on each molecule, was attributed to
electron tunnelling enhancement due to the presence of copper in the active
site. Remarkably, even if the theories for sequential and coherent electron
transfer between the tip and the substrate predict a contrast dependence on
the substrate potential, no such effect was reported in the work. The authors
have interpreted the lack of such a result as a consequence of competing
tunnelling mechanisms and the reduced value for the reorganization energy
in this particular configuration.

5.6.1. First Evidences of Potential Dependent EC-STM
Contrast in Metalloproteins

The first evidence of potential-dependent EC-STM contrast in azurin was
provided by an experiment in which azurin was chemisorbed on Au(111)
substrates grown by thermal evaporation on a freshly cleaved mica sheet
and studied by EC-STM and EC-SFM [58]. CV measurements were
recorded on sub-monolayers of azurin to confirm that protein retained its
redox activity once chemisorbed (Fig. 5.12).

The marked peak separation suggests a certain slowness in the ET
process [9], likely due to redox-induced conformational changes or to an
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Figure 5.12: Cyclic Voltammogram of an azurin (sub)monolayer chemisorbed on
a Au(111) electrode in NH4Ac 50 mM, pH 4.6 at a sweeping rate of 5 mV s−1.

Redox midpoint +120 mV vs SCE, peak separation 160 mV. Reprinted from [57].
With permission of the Royal Society of Chemistry.

oxidation state-dependent mobility of the redox centre with respect to the
working electrode. This could be due to electrostatic coupling between
charged or polar groups of the proteins and the charged substrate. Nonethe-
less, the resulting redox potential (+120 mV vs SCE) matches well with
that measured in diffusion experiments, confirming the retention of azurin
native redox properties.

Afterwards, EC-STM imaging was performed showing a bumpy struc-
ture above the atomic terraces of the Au(111) film (Fig. 5.13). The imaged
features, 3–4 nm in lateral size, could be ascribed to single azurin molecules
chemisorbed on the gold surface. In order to provide a deeper insight into
the mechanism ruling, the appearance of the aforementioned features and
previously reported in the literature [56,59,60] when imaging azurin by
in situ EC-STM, a parallel STM–SFM experiment under electrochemical
control was carried out. Figure 5.14 shows a sequence of SFM (upper set)
and STM (lower set) images acquired at −225	 −125	 −25 and +75 mV,
i.e., on the negative side of the redox midpoint of azurin and in a potential
range where the Au(111) surface structure is not affected by buffer ion
adsorption [61].

While the SFM images showed spots corresponding to azurin adsorbates
in the whole set of potential values, the STM data appeared completely
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Figure 5.13: EC-STM image of azurin molecules adsorbed on a Au(111)
substrate. The image has been obtained with a substrate potential value

of −25 mV vs SCE, a tunnelling current setpoint of 2 nA with a bias voltage
of 400 mV (tip positive). Scan area, 92�7×92�7 nm2. Vertical range, 1, 7 nm.

Reprinted from [57]. With permission of the Royal Society of Chemistry.

(a) (b) (c) (d)

(e) (f) (g) (h)

Figure 5.14: Upper set: EC-SFM images obtained in contact mode at different
values of substrate potential with respect to SCE: −225 mV (a), −125 mV

(b), −25 mV (c) and +75 mV (d). Scan area 200×200 nm2. Vertical range, 1 nm.
Lower set: EC-STM images of the same sample recorded at the same substrate

potential as for EC-SFM: −225 mV (e), −125 mV (f), −25 mV (g) and +75 mV
(j). Imaging conditions: tunnelling current 2 nA, bias 400 mV tip positive. Scan

area 70×70 nm2. Reprinted from [57]. With permission of the Royal
Society of Chemistry.
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different. In fact, the typical bright spots which were repeatedly imaged
when tuning the substrate potential to the proper region appeared to
be markedly potential-dependent, switching on only between −125 and
−25 mV. Therefore, while the topographic SFM images were not affected
by changes in the electrochemical potential of the substrate, STM images
appeared to be unambiguously dependent on tuning its value with respect
to that of the azurin redox midpoint. The limitations imposed by the par-
ticular experimental system did not allow to follow the sample behaviour
at more positive substrate values.

Interestingly, it can be noted that as far as the potential remained in
the aforementioned range, it was possible to step back and forth its value
and switch on and off the visible spots, accordingly. Figure 5.15 reports
such an example, in which the potential was stepped by 100 mV to a more
negative value (from −25 to −125 mV) and then the original value was
re-established. The molecular features, clearly visible in the first image
(a), disappeared in the second (b) for reappearing only once the potential
was re-established (c). It is also remarkable that in the image at −125 mV,
some darker zones appeared in correspondence to the brighter spots in the
other two images. These effective depressions could be interpreted as a
consequence of the STM feedback response to the local variation in sample
conductivity, suggesting that when the substrate potential is not tuned to
the redox midpoint of azurin, the protein itself cannot elicit a current flow

(a)

16 × 16 nm2

(b) (c)

Figure 5.15: Sequence of consecutive EC-STM images obtained on the same
sample area for three different values of the substrate potential with respect to
SCE: −25 mV (a), −125 mV (b) and −25 mV (c). (Other imaging conditions:

tunnelling current setpoint 2 nA, bias 400 mV tip positive). Azurin molecules are
clearly visible only at −25 mV. Even if at −125 mV the molecules appear as
darker spots, they again reappear if the substrate potential is brought back to

−25 mV, highlighting that the molecules are not removed by the tip. Reprinted
from [57]. With permission of the Royal Society of Chemistry.
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through it; rather, it behaves as an insulating barrier. This evidence was
also confirmed by the occurrence of a sort of blurring in Fig. 5.15(c), which
was consistently due to the interaction of the tip apex with the protein
globule when scanning the surface at de-tuning potentials.

5.6.2. Further Evidences

A further experiment [62] has confirmed the role of the particular metal ion
at the redox-active site in determining the dependence of the contrast upon
substrate potential. In this work, a reference sample represented by azurin
molecules bearing a Zn ion instead of Cu in the active site was mixed
with the usual Cu-azurin. Due to the fact that Zn is not electroactive in the
potential range explored, the performed experiment represents a situation
very similar to that of Tao’s first experiment. A spectroscopic-like imaging
at different substrate potential was performed on a mixture of Cu and Zn
azurin molecules (Fig. 5.16).

When the substrate potential value was varied, some of the proteins
changed their apparent height while others remained unchanged. Being
the percentage of varying vs non-varying spots equal to that of the Cu vs
Zn azurin molecules, the varying ones were attributed to Cu-azurin, also
in light of previous investigations [58]. To further confirm that spots not
varying their intensity were due to Zn counterparts, a control experiment
with a sample consisting of only Zn azurin was carried out. This test has
shown no dependence of the apparent height of the spots on the substrate
potential, corroborating the aforementioned interpretation of the experi-
ment with the mixed sample. Focussing just on a single contrast-varying
spot, the behaviour of its apparent height with respect to non-varying ones
highlights a resonance-like behaviour with a maximum at −0�21 V vs SCE.
The location of the maximum in the tunnelling current vs substrate potential
is considerably different from the redox halfway potential of azurin immo-
bilized on gold (+120 mV vs SCE), in contradiction to Tao’s experiment.
The position of the current maximum, in principle, provides a criterion
which helps to clarify the involved electron transfer mechanism. In fact,
the different mechanisms proposed for the electron transfer between the tip
and the substrate through the redox adsorbate lead to different equations for
the position of the current maximum [57]. However, from the experimental
data, the authors were unable to assess the exact mechanism for the elec-
tron transfer. The uncertainty was mainly ascribed to the unknown value
of the azurin reorganization energy in their experimental configuration. A
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Figure 5.16: (a)–(g) EC-STM spectroscopy-like-imaging of a mixture of Cu- and
Zn-azurin molecules adsorbed on a Au(111) substrate. The value of the substrate
potential with respect to SCE is reported in each image. Some molecules do not
change their apparent height upon substrate potential, whereas others do. In (h)

the apparent height increment of a spot (in the black circle in (a)) with respect to
the non-varying ones is reported. The inset to (h) reports the apparent height
increment averaged over six molecules. (Other imaging conditions: tunnelling

current setpoint 1 nA, bias 400 mV tip positive, scan range 130×130 nm2).
Reprinted from [57]. With permission of the Royal Society of Chemistry.

theoretical investigation aimed at evaluating the reorganization energy of
azurin in the particular configuration of an EC-STM experiment reported a
value which makes a two-step electron transfer mechanism more plausible
than resonant tunnelling [63].
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5.6.3. A Novel Setup for Direct Access to Current

In order to achieve a direct access to tunnelling current, thus enabling
an effective comparison between experimental results and theoretical esti-
mates, a different experimental configuration was needed, always referring
to EC-STM-based setup.

In a further experiment [64], a modified configuration with azurin
molecules chemisorbed on an EC-STM gold tip facing a Au(111) substrate
(Fig. 5.17(a)) was adopted. The gold tip, bearing azurin molecules on its
surface, was brought within tunnelling distance from the gold substrate and
stabilized at a set-point current of 100 pA. Afterwards, the feedback was
switched off in order to measure the current as a function of the tip potential
at constant bias voltage and distance from the substrate. This configuration
allowed the authors to investigate directly the dependence of tunnelling
current on tip potential for different values of the bias voltage. Moreover,
given the exponential dependence of the tunnelling current on distance, it is
conceivable that the current flows just through the single, most protruding
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Figure 5.17: (a) Schematic representation of the setup in which azurin molecules
are chemisorbed on an EC-STM gold tip facing a Au(111) substrate. Electrically
biased tip and substrate are fed by a bipotentiostat that controls their potential in

an electrochemical cell with respect to the reference electrode. The fourth
electrode in the cell is the counter electrode. (b) Black lines: six repeated tip

potential sweeps (initial conditions: Vbias = +100 mV, tunnelling current = 15 pA,
tip potential = −225 mV vs SCE) showing current peaks compared to the
behaviour of a bare insulated gold tip (hollow circles) and to that of a Zn

azurin-coated tip (triangles). Reprinted from [57]. With permission of the Royal
Society of Chemistry.
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molecule, being the contribution of molecules positioned away from the tip
apex negligible. The behaviour of the tunnelling current via the azurin as a
function of tip potential showed a marked current maximum (Fig. 5.17(b))
due to temporary population of azurin redox states aligned with the Fermi
levels of the gold electrodes. It is to be stressed that the measured current
maximum was reproducible and reversible, assuring that the phenomenon
was not related to irreversible structural modifications of the molecule.
The experimental setup allowed to study the dependence of the observed
behaviour on the bias voltage, simply repeating the measurement for dif-
ferent bias voltages. This investigation showed that the current maximum
and the width of the curve increased with bias, while the position of the
maximum shifted to positive tip potential values. The behaviour of the tun-
nelling current in this experiment gave insight into some theoretical aspects
of the electron transfer mechanism. In particular, the experimental I/�Vtip�
results are nicely fitted by the sequential two-step curve (see Fig. 5.18).
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Figure 5.18: Current intensity as a function of tip potential for azurin in the
EC-STM setup [64]. Dots: experimental data; Lines: fitting to the sequential

two-step model. The different curves refer to different Vbias (from 50 to 300 mV
via 50 mV steps). For each curve, a different �0

loc and a different electronic
coupling matrix element has been used in the fit, while reorganization energy is
the same for all the curves (
 = 0�13 eV). The electronic couplings (taken equal

for tip and substrate) range in the interval ±15% around their mean value.
Reprinted from [57]. With permission of the Royal Society of Chemistry.
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The resulting �0
loc (abscissa of the maximum of the curves in Fig. 5.18)

is linearly dependent on Vbias, as expected. However, the results of the
fitting leave some doubts on the transport mechanism: first, the fitted value
of 
. is quite small (0.13 eV) and second, the range of values of �0

loc

(60–100 meV vs SCE) is relatively far from the known redox midpoint
for azurin; even if one extrapolates �0

loc to Vbias = 0, it remains ∼0.15 eV
more positive than what expected. Regarding 
 we remark that the fit is
not very sensitive on its value (larger values give fit of reasonable qual-
ity). As for �0

loc, one possibility is that the local environment modifies the
protein redox midpoint via other effects (e.g., conformational changes due
to protein squeezing, electrostatic effects of the applied voltages). Another
plausible explanation is that the two-step vibrationally coherent mechanism
is working. In fact, the position of the current maximum appears, in this
model, at �0

loc + 
 which would be consistent with the data assuming 

to be about 0.2 eV (again a quite small value). A pure resonant tunnelling
mechanism is unlikely, if one considers that the mean residence time of
the electrons on the protein (estimated from the values of the tunnelling
current) is about 10 ns, which is much larger than typical water longitudinal
relaxation times (tens of ps). It is to be stressed that no loss of functionality
has been observed up to an applied bias voltage of 350 mV. However, this
value should not be considered as the true voltage bias felt by the protein,
because in EC-STM setup much of the voltage drop occurs very close to
the polarizable electrodes. After the first demonstration of the possibility
of controlling the tunnelling current through a metalloprotein by means
of electrochemical potential in solution, configuring a wet biomolecular
transistor, another work by Chi et al [65] has reported a similar behaviour,
characterized by a resonance-like curve of the tunnelling current as a func-
tion of substrate potential. In this case, azurin was immobilized exploiting
its hydrophobic patch located around the copper site on a gold substrate
functionalized with a self-assembled monolayer of methyl-terminated alka-
nethiols. The resonance-like behaviour was, in this case, interpreted in
terms of a two-step electron transfer process in the limit of weak elec-
tronic coupling between the redox centre and the electrodes. Remarkably,
the value of the reorganization energy of azurin obtained as a fit to the
experimental curve of the tunnelling current is in the range 0.35–0.45 eV
and is consistent with the theoretical prediction of 0.43 eV performed by
Corni [63].

It is worthwhile to note that, depending on the particular experimen-
tal conditions, a different type of response is observed for the tunnelling
current-substrate potential dependence. In fact, in the first work of Facci
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et al. [58], a sigmoidal behaviour of the tunnelling current has been reported,
with an increase followed by a saturation level. In the subsequent experi-
ment [62], a resonance-like behaviour was reported in which the tunnelling
current decreased after reaching a maximum. In light of the sequential
two-step electron transfer process, the different behaviour can be ratio-
nalized. In fact, the relative values of the bias voltage and reorganization
energy for the azurin molecule in the EC-STM configuration determine
which is the relationship between tunnelling current and substrate or tip
potential. When the bias voltage is small with respect to the reorganization
energy, the two-step electron transfer mechanism predicts a resonance-like
behaviour. When the azurin redox level is brought near the Fermi level
of one of the two electrodes (depending on the polarity of the bias), an
electron flows from the metal to the vacant redox level of the molecule.
The molecule relaxes to its reduced configuration, and, after a second ther-
mally activated transition, the electron is passed to the second electrode.
When the bias voltage becomes higher than the reorganization energy, once
the redox level of the molecule is near the Fermi level of one electrode, the
first electron transfer takes place. However, at this point, the energy of the
molecular redox level is still within the Fermi level of the second electrode,
and the molecule transmits electrons without the need of a second thermally
activated transition. This means that, upon further variation of the substrate
or tip potential, the current intensity does not change, reaching a plateau.
However, if the overpotential continues to increase, a situation in which the
reduced level begins to lie below the Fermi level of the second electrode
will be reached and the current will decrease. Different experimental condi-
tions may shift the conditions between one of the two situations. In the first
experimental investigation [58], a setpoint current of 2 nA was used along
with a bias voltage of 400 mV, at variance with a setpoint current of 1 nA
that was used in the second one [64]. A higher setpoint current requires a
lower tip–surface distance. Decreasing the tip–substrate distance can lower
the reorganization energy for the azurin molecule [63], thus leading to
the situation where a plateau, rather than a peak, is obtained. In addition,
when the tip–surface distance is lowered, the electrostatic coupling of the
molecular redox level to the electrodes increases, and the effective overpo-
tential decreases accordingly. This means that a larger overpotential must
be applied to reach the point where the current starts decreasing, leading
to a more extended plateau (Fig. 5.19). In light of these considerations, the
different observed behaviours in the two experiments can be understood.
It is worthwhile to note that in a recent paper, Wandlowski et al. [66]
have shown that a redox active molecule (a viologen derivative) can follow
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Figure 5.19: Current intensity i as a function of the substrate potential Vs for
different choice of Vb (sequential two-step model). Parameters of the calculations:

 = 200 meV, Ts�s = Tt�t	 E0 = 100 mV. Currents have been scaled to give the

same maximum value. Reprinted from [57]. With permission of the Royal
Society of Chemistry.

both a resonance-like behaviour and a sigmoidal trend upon increasing the
coupling of the molecule to one electrode.

Recently, in the case of small redox molecules, it has been possible to
analyze the ET mechanism in the EC-STM setup in a more quantitative
manner [67]. Albrecht et al. measured for the conductance of a single
pyridyl-based Os complex a feature of 9 nS for 100-mV bias. The occur-
rence of a maximum in the tunnelling current close to the redox potential of
the redox active species is explained by assuming that the electron transfer
mechanism occurs via a two-step electron hopping with full vibrational
relaxation in between (Vbias smaller than the reorganizational energy). The
behaviour of single molecules observed in the EC-STM configuration was
compared to the behaviour of a monolayer obtained by electrochemical
methods confirming again that the transfer mechanism is a two-step elec-
tron tunnelling. A quantitation of the maximum tunnelling current obtained
allowed to establish that the current for a single molecule is 0.32 nA. In the
limit of strong electronic coupling between the redox molecules and the
electrodes, the number of electrons exchanged in a single nuclear relaxation
time is >> 1. By measuring the tunnelling current per molecule for differ-
ent values of the current setpoint (which establishes the distance between
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the tip and the molecule, decreasing with an increase in the setpoint), it
was possible to establish the maximum current per molecule (for a bias of
0.1 V) and, assuming a rate constant for the molecule/substrate interaction
similar to that determined by electrochemical measurements, a figure for
the number of electrons exchanged in the range between 60 and 600 was
obtained. Even if the procedure used by Albrecht et al. for determining the
number of electrons exchanged and the electronic transmission coefficient
can be considered as a crude approximation for several aspects, it repre-
sents the first attempt to compare the theories of electron transfer in the
EC-STM setup with experiments in a quantitative manner.

The electron transfer properties of biological molecules can be probed
also by conductive atomic force microscopy (C-AFM). This technique has
been extensively applied to the study of the conduction properties of single
alkanethiols and other organic molecules with impressive results [68–70];
it has also helped elucidating the role of contacts to the electrodes in
the quantitative measurements of the current. Even if currently available
experimental techniques prevent these experiments from being performed
in an aqueous environment, useful information can be obtained on the
electron transport properties of metalloproteins in spite of the lack of control
on the molecule’s oxidation state. Using a conductive AFM [71,72], Davis
et al. have measured the dependence on the applied force of the tunnelling
barrier on an azurin molecule immobilized on a gold electrode. Under
low force conditions (<2–3 nN), azurin molecules are highly insulating
due to the lack of a reliable electrical contact to the protein by the AFM
tip. By increasing the applied force (>3 nN), the current through azurin
increases with bias, showing a linear relationship for low-bias regime,
while the overall current–voltage behaviour is well described by a Simmons
tunnelling model where the protein resembles a featureless continuum
tunnelling barrier. Upon further increase of the applied force (5–50 nN),
the current is enhanced till a breakdown takes place, pointing out a direct
contact between the tip and the sample. However, these experiments usually
reveal a lack of measurement reversibility. After a cycle in which the force
is increased to the breakdown limit, the electron transport does not go
back to the initial value upon force releasing. Interestingly, the variation
of the transported current upon the applied force can be deconvoluted into
a contribution from the variation of the barrier height and the variation of
the tunnelling distance. More relevant to the presence of an active redox
site and to the redox properties accessibility is the case in which a negative
differential resistance (NDR) is observed by C-AFM for low applied force
and high bias (±3–4 V) [73]. This behaviour is related to the presence of



274 The New Frontiers of Organic and Composite Nanotechnology

the copper ions as evidenced by a control experiment with Zn-substituted
azurin molecules for which no such phenomenon was observed. However,
a clear correlation between the potentials at which NDR happens and the
potentials typically encountered in electrochemical investigations of azurin
has not been established and the phenomenon is still poorly understood.

5.7. Video Rate EC-STM

In the study of surface reactions at an electrified interface, many phenomena
occur on a time scale which is too fast to be followed by conventional
STMs. This is true, for example, for surface reconstruction phenomena or
for dissolution/deposition reactions. The coupling of high spatial and time
resolution in EC-STM is of great interest for the investigation of many
electrochemical surface events. Magnussen et al. [74] have developed a
high-speed EC-STM which is capable of 25 frames per seconds. They have
used this microscope to study the mechanism of Cu(100) surface dissolution
in diluted HCl solution and have demonstrated that the metal dissolution
proceeds via removal of atoms at atomic kinks on the crystal surface. The
local kink structure and the dynamics of the dissolution mechanism have
been studied with the high spatial and time resolution afforded by their
microscope. The dissolution rate can be controlled by the surface potential,
and it takes place when the surface is covered by an ordered Cl adlayer
with a c�2 × 2� structure, which induces a faceting of the Cu steps and
stable and straight steps along the {001} direction. On this surface, the STM
images show the corresponding Cl adlayer rather than Cu atoms. When
the potential is higher than −0�25 V vs SCE, Cu dissolution as CuCl2

−

and redeposition start. The process proceeds both in a row-by-row fashion
and in a way involving collective �

√
2×√

2�R45� rows wide segments of
terraces. Figure 5.20 shows a sequence of high-speed EC-STM images in
which the collective growth and dissolution are clearly visible.

In another work, Magnussen et al. [75] have studied the Cu(100) dis-
solution/deposition in Cu-containing solution under equilibrium conditions
showing fluctuations at the Nernst potential.

High-speed EC-STM has been exploited also to investigate adsorbate
diffusion at metal–electrolyte interface [76], for which it is known that the
diffusion behaviour depends on the liquid phase and the surface potential.
Surface ‘tracer diffusion’ (corresponding to the case in which adsor-
bate/adsorbate interactions can be ignored) of adsorbed sulfide on Cu(100)
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Figure 5.20: Two series of high-speed EC-STM images of a Cu(100) surface in
diluted HCl solution at −0�23 V vs SCE showing the collective dissolution (a) and
the collective growth of a several �

√
2×√

2�R45� rows wide segment of a terrace
(b). Reprinted from [74]. With permission of Elsevier.

has been studied in HCl solution. For this system, the Cu(100) is cov-
ered by an ordered chloride adlayer for a large potential range, and the
adsorbate diffusion is sufficiently low due to the strong interaction with
the surface. EC-STM images allowed to establish that the surface diffu-
sion phenomenon is a thermally activated hopping between neighbouring
adsorption sites with an activation energy dependent on the surface poten-
tial. In particular, it has been found that the diffusion barrier increases
linearly with the surface potential probably due to a change in the adsorbate
dipole moment and the contributions from coadsorbates.

5.8. Possible Future Trends and Developments

The future of SPM with full electrochemical control relies on the devel-
opment of suitable nanotech-based probes for implementing the electro-
chemically controlled current sensing AFM: EC-AFM. This device would
gather the advantages of both EC-STM and those of current sensing AFM.
In particular, it would be able to measure electronic features out of a single
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molecular adsorbates (as EC-STM can do), allowing a fine control of the
force (pressure) applied by the probe to the molecule, as can be achieved
by AFM. Such kind of instrument would enable molecular investigation of
electron transfer properties without the unknown aspect related to the struc-
ture of the probe-molecule interaction region in terms of reorganization
energy as well as preservation of molecular conformation.

To achieve such an implementation, however, several crucial steps have
to be overcome, namely:

• Fabrication of insulated conductive AFM probes, i.e., probes which have
a conductive apex and leads but which are largely insulated as the
aforementioned STM counterparts.

• Implementation of a bipotentiostat setup similar to that used in EC-STM
experiments.

In scanning probe microscopies, the demand for studying not only
topography but also other local properties of surfaces has prompted the
development of different techniques, able to probe a rich set of different
interactions between tip and sample [77]. Critical items to the development
of these new applications is the design of specific probes, having improved
spatial resolution, sensing the desired sample properties and operating in
different environments. In this respect, focused ion beam (FIB) has proven
to be a powerful tool. Its capability of removing and adding material with
sub-micrometre resolution, by ion milling and beam-induced deposition,
respectively, has allowed probe tailoring in many SPM fields [78–81].

Several SFM applications exist taking advantage of conductive probes,
for instance electric force microscopy (EFM) [82], which probes the elec-
tric force between a conductive cantilever tip and the sample, Kelvin probe
force microscope (KPFM) [83], which maps the local surface potential, and
current sensing AFM (cAFM) in air, controlled atmosphere, and possibly in
liquid. Usually, EFM, KPFM and cAFM cantilevers have a uniform metal
coating on the tip side. With this configuration, not only the interaction
between the whole tip and the sample plays a role in forming the image
contrast but also the cantilever–sample interaction [84,85]. The latter inter-
action is a limiting factor for resolution, especially when working at large
(tenths of nanometers) tip–sample distances [86]. In fact, it is well known
that capacitive forces can affect EFM cantilever deflection [87] when oper-
ating in the static mode. Reducing the capacitive force on the cantilever
could also find useful application in other SPM implementations requiring
a conductive tip, such as local oxidation nanolithography [88].
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A crucial step for improving conductive cantilever performance for any
of the above mentioned applications is to develop a procedure for obtaining
probes with a sensing area limited at the very tip and a reduced cantilever
contribution to the contrast. This task can be accomplished by means of
FIB milling and FIB metal deposition steps, integrating a nanoelectrode at
the tip apex and drawing the electrical connection to the cantilever backside
through the inner of the tip [89].

5.9. Fabrication of EFM Probes

To obtain EFM probes with conductive area limited at the tip apex,
Facci et al. have developed a FIB-based nanomachining technique on
conventional AFM cantilevers. The FIB apparatus is incorporated in a
FEI 235M Dual Beam workstation, combining a Ga+ FIB and a thermal
field emission SEM working at coincidence on the sample. The system
is equipped with a gas injector system, supplying �CH3C5H4��CH3�3Pt
(methylcyclopentadienyl-trimethyl-platinum) metallorganic molecules for
beam-assisted (either electrons or ions) Pt deposition. All milling and depo-
sition steps were performed with an ion beam energy of 30 keV and with
the sample normal to the beam. Silicon nitride cantilevers, V-shape type,
were coated on both sides with a 5-nm chromium layer and 20-nm gold
layer in a thermal metal evaporation system, to prevent charging during the
FIB machining. A sketch of the probe design and the different steps of the
probe processing are shown in Fig. 5.21. The overall process was divided in
back-side (Fig. 5.21(b–d)) and front-side (Fig. 5.21(e,f)) processing, where
frontside means that the tip is facing the ion beam. By using a 10-pA beam
current, the pyramidal tip was milled through at the apex to enable an elec-
trical connection between back- and frontside of the cantilever. As shown
in Fig. 5.21(b), a circular aperture with a diameter of 170 nm was obtained.
Then, with the same beam current and a �0�3×0�3� 
m2 rastering pattern,
a Pt pillar was deposited onto the aperture to fill in the hole. Afterwards,
a Pt connection was brought from the bottom of pyramid up to the sur-
face of cantilever along an inner edge to ensure the electrical connection
(Fig. 5.21(c)). To reduce the capacitive force component, the metal layer
coating the cantilever backside was removed by FIB milling, leaving only
a narrow conductive line between the tip and the cantilever chip, as shown
in Fig. 5.21(d). For front-side processing, the chip was mounted with the
pyramidal tip facing the beam. As the first step, a �0�2 ×0�2�-
m2 trench
was milled at the tip apex until the backside deposited material was reached.
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Figure 5.21: (a) Sketch of the modified AFM tip. (b), (c) and (d) are
normal-view SEM images of backside processing, (e) and (f) are tilted-view

images of front-side processing. (b) Aperture milled at the centre of the tip; (c) Pt
depositions over the hole and along an inner edge of the reversed pyramid; (d)

conductive line between the tip region and the chip left after gold removal;
(e) deposition of the Pt nanoelectrode at the tip apex; (f) final tip shape after
remodelling the deposited material by FIB cutting; (g) back-scattered electron

image of the tip (tilted view) which shows the presence of platinum confined to
the very apex of the tip. Inset: top view of the same tip (scale bar: 200 nm).

Reprinted from [89]. With permission of Elsevier.
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Then, a nanoelectrode was deposited by rastering a 10-pA beam within the
trench, over a �0�1×0�1�-
m2 area, obtaining the protruding pillar shown
in Fig. 5.21(e). Deposition into the trench ensured a firm mechanical basis
and a good electrical contact for the metal electrode. The following step
was a tip-shaping procedure. The deposited material was machined such
that the pyramid tip was restored to its original shape. To this end, the
FIB was aligned along each of the four walls of the pyramid, and a line
milling pattern was superimposed onto each side of the square basis, at
the middle, in order to intersect the deposited pillar and to cut away the
material above the line. The result (Fig. 5.21(f)) is a shape very similar
to the original one, before processing. Finally, the topmost region of the
tip was cleaned of the gold layer around the apex to cut any electrical
connection between the electrode and the cantilever. Figure 5.21(g) shows
a top view back-scattered electrons image of the same tip.

5.10. Conductive Probe Performance Test

The probes nanofabricated so far can be used for various SPM techniques
among those requiring a conductive tip. The first task, therefore, was that
of testing their performances as conductive probes per se.

Scanning probe microscopy measurements were performed using a Pico
SPM (Molecular Imaging), as far as cAFM was concerned (0�1 nA V−1

preamp. Module) and a Bioscope Nanoscope IIIa (Veeco Instruments) for
EFM measurements and force volume imaging. Silicon nitride cantilevers
with a spring constant of 0�06 N m−1 (Veeco Instruments) were used as the
starting point for FIB nanomachining.

To try out the improved performances of the FIB-modified cantilevers
and tips over uniformly coated probes for electric force measurements,
a test sample was prepared. A glass substrate was coated with 5-nm
chromium layer and 100-nm gold layer by thermal evaporation. After coat-
ing, the sample was processed with FIB in order to obtain conductive lines
on an insulating substrate. Line structures were 15 
m wide with 30 
m
periodicity.

The tip was characterized by different techniques. Using C-AFM, I-V
curves recorded on an evaporated gold film have confirmed the presence
of the electrical connections between the apex of the tip and the can-
tilever chip. The curves were reproducible even after several contact mode
scanning of the tip on the sample surface, confirming the mechanical sta-
bility of the deposited Pt at the tip apex. In Fig. 5.22, C-AFM image of a
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Figure 5.22: Current contrast image on a polycrystalline gold sample with 0.1
and −0�1 V bias applied. Reprinted from [89]. With permission of Elsevier.

polycrystalline gold film is shown. The current contrast is due to the shape
of gold grains causing a variation of the tip–sample contact area and, conse-
quently, a variation in contact resistance. The image contrast, as expected,
reverses upon voltage bias reversal.

To show the reduced capacitive force between the modified probe and a
conductive sample, the electric force above a biased gold-coated substrate
was compared, at the same distance, to that of the electric force probed by
a uniformly coated probe. In Fig. 5.23, the cantilever deflection, measured
with respect to the zero-bias force curve, is reported for the modified
probe (squares) and for a uniformly coated one (triangles) as a function of
the applied bias voltage at the same distance of 15 nm above the sample
surface. The data have been fitted with a parabola as expected for a bias-
dependent capacitive force. The spring constant of the two cantilevers used
has been measured using the thermal method [90] and has been found to
be the same �k = 0�09 N m−1� within experimental errors. Due to the equal
spring constant, the difference in the deflection can be translated into a
difference in the probed force. It is clear that the capacitive force in the
case of the FIB-machined cantilever is greatly reduced due to the fact that
only the tip apex is sensitive to electric forces and the capacitive force on
the cantilever is strongly decreased.

To show the improvement in EFM performances, gained with the FIB-
modified probe, we mapped the electric forces on the FIB-patterned sample.
Bias voltage (3 V) was applied between the conductive lines and the can-
tilever, and the electric force was mapped by the force volume (FV)
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Figure 5.23: Capacitive-induced deflection for a uniformly coated tip (triangles)
and a FIB-machined tip (squares) as a function of the applied bias voltage. The

capacitive deflection reported is the difference with respect to the zero-bias
deflection of the cantilever at a constant distance of 15 nm above the sample

surface. Reprinted from [89]. With permission of Elsevier.

technique [91]. In a force volume image, a two-dimensional matrix of force
curves is acquired. Each force curve can be assigned to a defined pixel of
a topographic image acquired at the same time as a result of the z-position
at which a predefined force setpoint is reached. Recording all the force
curves, it is possible to recover a map of the cantilever deflection at a
specific constant distance from the point of maximum applied force, which,
in the case of a rigid sample, means a constant distance from the sample
surface. The measurement setup is reported in Fig. 5.24(a). In Fig. 5.24(b),
the topographic AFM image of the structure is shown. The FV images at a
distance of 15 nm from the point of maximum force and with a bias voltage
of 3 V are reported in Fig. 5.24(c,d) with the same deflection scale for
the uniformly coated and FIB-machined cantilevers, respectively. Each FV
image is displayed along with its averaged cross section, centred around the
mean value. It is quite evident that, in the case of uniformly coated probes,
the border between electrically biased regions and insulating regions are
rounded, whereas, in the case of the FIB-modified tips, the borders are
sharper and the contrast between conductive and non-conductive areas is
higher.
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Figure 5.24: (a) Scheme of the test structure used to characterize the
FIB-modified tip in EFM; (b) topographic AFM image of the test structure; (c)
force volume image relative to a distance of 15 nm from the point of maximum

force (approach portion of the force curve considered) and 3 V bias voltage for a
uniformly coated cantilever. In the bottom, the averaged cross section of the force

volume image is reported. (The ordinate reports the deflection in nm of the
cantilever centred around its mean value); (d) same as (c) for the FIB-modified

cantilever. Reprinted from [89]. With permission of Elsevier.

So far, SPM cantilevers with tiny conductive pathways through the
probe and along the back of the cantilever arms have been implemented
by FIB nanofabrication. These probes show improved performances over
completely metallized ones in terms of reduced capacitive coupling as well
as improved imaging contrast. However, they are not yet suitable for EC-
SFM applications, since they require to be insulated in order to minimize
leakage currents in liquid cells. This task is partially accomplished by the
particular design chosen for the conductive pathway (running through the
tip pyramid) but requires the back lead to be insulated from the contact with
the liquid. Technological efforts are still underway against this problem
since insulation, performed with a solid-state or organic flexible coating,
have to preserve mechanical properties of the cantilever. Among the most
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promising approaches, that are however both underway, we can recall the
use of a electropolymerizable organic varnish which can be deposited just
on the conductive leads of the cantilever exposed to the solution and insu-
lation with inorganic oxides deposited by chemical vapour deposition [92].
Both the approaches show advantages and disadvantages. The first one
coats only the conductive pathway and, therefore, can in principle pre-
serve the mechanical characteristics of the cantilevers more effectively; it
is, however, more difficult to optimize and standardize its features at the
technological level. The second one is a well-established approach, but
it tends in general to cause alteration in the mechanical and geometrical
properties of the cantilever and so far has not given acceptable results.
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Abstract. This chapter describes a strategy for the realization of
adaptive networks based on polymer molecules and electrochem-
ical mechanisms. As biological benchmark, the main elements of
the nervous system are considered. The basic principles of neuron
network realization are also presented. Constructions of individual ele-
ments are discussed. Finally, demonstration circuits and perspective
developments are described.
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6.1. Introduction

Despite the fact that adaptive networks have features similar to neuron
networks, we will avoid calling them in this manner, because the name
neuron networks is mainly used considering software realization of adap-
tive systems, capable of learning and decision-making. In this chapter, we
are more interested in the hardware realization of such systems, both from
the fundamental point of view, allowing better understanding of the archi-
tecture and working principles of nervous systems of living organisms, and
from the application point of view, suggesting new ways of computational
paradigms and entirely new computer organization architectures.

Systematization of chaos and new knowledge creation are among the
most miraculous events in the world. Processes involving accumulation
of information, which appears to be a random event, and its processing,
leading to the performance of generalized conclusions and decision-making,
are among the greatest mysteries ever existed.
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Modern progress in computer science can be considered as a new tool
allowing to understand the processes that are essential in information pro-
cessing, at least to some extent, in the living systems, even if the direct
parallel is quite questionable. Starting from the simplest single-task pro-
cessing of task-specific algorithms, the current status of computer hardware
and software allows multi-task problem solutions, where certain priority
can be attributed to an individual task or a group of tasks. Moreover, neuron
network algorithms are widely used in modern software for the execution
of several specific tasks, such as image and voice recognition, analysis and
forecasting, etc.

The area of neuron networks had attracted the attention of numerous
researchers for more than two decades and, at the beginning, they were
used mainly in the framework of hardware realization. A fundamental rea-
son for this was the attempt to understand how living objects, even the
simplest ones, can treat information obtained from outside and perform
decision-making. The progress in biophysics and biochemistry has allowed
to reconstruct the scheme of organization of nervous system circuit respon-
sible for the treatment of signals coming from the sensoristic elements
(eyes, ears, nose), accumulation of information, learning, and producing
adequate signals to the executive elements (muscles, for example). It was
established that the system must contain numerous nonlinear elements with
very complicated network of interconnections capable of signal transfer. In
other words, the system must provide many possible pathways for signal
propagation from each input to each output.

An essential difference in biological nervous systems with respect
to usual electronic circuits is the possibility to transfer adaptively and
reversibly certain signal pathways in preferential ones. It means that the
whole system, during its operation, can accumulate the experience, estab-
lishing preferential pathways, by decreasing the resistance of the ‘wires’,
connecting defined sets of nonlinear elements (neurons), according to the
frequency of their involvement into the signal transmission process. Such
a property is known as the Hebbian rule [1], which states that ‘When an
axon of cell A is near enough to excite cell B and repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place
in one or both cells such that A’s efficiency, as one of the cells firing B,
is increased’. Probably, this property can be considered as a fundamental
difference of the nervous system form the traditional electronic circuits. If
we consider the circuit as one containing active elements (transistors, for
instance) and wires, the wires, in the case of nervous system, must be much
more intelligent than transistors. The nervous system of real biological
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objects can be considered as a reference point. Nonlinear elements (‘tran-
sistors’) are neurons. The neuron body plays a rather simple role. It can
be considered even more simple than a transistor, namely, as a trigger. Its
function is to allow any signal input, while its further propagation will be
performed only when some threshold level will be overcome. Axons and
dendrites are also rather simple elements (they can be considered as elec-
trolytic conductors). However, there are some specific objects (synapses)
that cannot be considered as simple elements and that have no analogies
in the traditional electronic devices. They can be considered as variable
electrochemical bridges between ‘wires’, which can be established and then
they can exist for long time periods. Synapse provides the change to the
signal passing from one possible pathway to the other, allowing, there-
fore, the possibility of experience accumulation (learning) and external
forced training (teaching). The realization of such ‘bridges’, which must
permit multiple adaptations also, is a rather difficult technical task for the
available materials and technologies. Therefore, the alternative approach,
based on the variation of ‘wire’ conductivity according to the frequency
of its involvement into signal transmission, was considered for adaptive
network realization. This property was taken as the basis for the orga-
nization of systems capable of learning and decision-making. Frequently
used pathways, according to the previous experience resulting into correct
decision-making, will be more probably used for signal transfer when the
new decision must be done.

Learning, or the accumulation of processed experience, is one, but not
the single, essential feature of adaptive systems. The entire system must
include elements and systems allowing the possibility of the external train-
ing – ‘teaching’, which is usually referred to as supervised learning. In
fact, even the simplest animal, such as a pond snail, can be externally
trained.

Last but not least, a feature necessary for adaptation and, moreover, any
living system’s existence is bringing the whole system out of equilibrium
even in steady-state environmental conditions. To understand the funda-
mental importance of the above statement, we must again make parallels
with living organisms. According to Schrödinger, life is a situation that
is far from thermodynamic equilibrium. He wrote, ‘Living matter evades
the decay to equilibrium’ [2]. Similar statements were also claimed by
Prigogine [3], emphasizing that each living system must have at least one
element, performing rhythmic features at fixed environmental conditions,
providing, therefore, living cycles necessary for maintaining the organism
out of equilibrium.
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This chapter is organized in the following manner. We will often refer
to the organization of nervous system of simple animals, particularly; we
will consider the pond snail Lymnaea stagnalis as a representative example.
The main reason for this choice is that the system of L. stagnalis is
simple enough to be considered as a model, on one hand, and it is rather
complicated to allow learning, on the other hand. Moreover, the role of
its constituent elements is already studied and well defined, simplifying,
therefore, the attempts to substitute them with synthetic analogs. It is also
important that adequate theoretical models of the system behavior are
developed, which will make easier comparisons of the artificially realized
elements with those exhibited by real biological structures. However, we
will not consider the organization of pond snail nervous system in detail
here, as it is beyond the scope of this chapter. Readers interested in knowing
more details can find them elsewhere [4]. However, some concepts of
neuron system organization will be presented in Section 6.2.

After considering the structure and properties of biological benchmarks
briefly, we shall proceed to the principles and basic features of the modern
status of neuron network architectures. Much attention will be paid to their
similarities and differences with features provided by biological systems.

A significant portion of this chapter will be devoted to the realization
of polymer-based electrochemical element, which is supposed to be used
as the principal node of adaptive network. The choice seems to be well
grounded. In fact, all living systems are organized from organic materials,
and they use electrochemistry as the main tool for signal transfer, its
processing, decision-making, and generation of actions. Therefore, we will
describe the structure, fabrication methods and properties of such elements.

The subsequent section will be dedicated to the realization of simplest
model systems that can represent some learning features demonstrated
by living organisms. It will also be considered as a network capable of
demonstrating multiple adaptive behaviors in response to external training
actions (supervised learning).

The successive part of this chapter will give some ideas and possible
approaches for the development of adaptive networks. It will describe an
alternative approach to the straight line of device fabrication, based on the
realization of mesoscopic structures, having sizes comparable with that of
the fundamental blocks of cell biology that can bring to the realization of
intellectual systems, at least comparable with existing silicon-based elec-
tronic devices. This approach will be based on the formation of statistically
organized polymeric fiber structures that, due to extremely high number
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of elements and interconnections, are expected to form a system that can
demonstrate more complicated adaptive behaviors.

Finally, the conclusion summarizes the perspectives of applications of
polymer-based electrochemical elements for the realization of networks
with adaptive behavior. A comparison of structure and properties of these
elements and networks based on them in biological systems will be
performed.

6.2. Biological Benchmark

The nervous system of living organisms is, of course, the most effective
adaptive network that we know. Despite the fact that each operation of
signal processing is very slow compared to that performed by a computer
(as it is based on rather slow electrochemical processes), the overall per-
formance of the system is so high that it is much more superior to the
latest generation computers. Our brain is able to perform image and sound
recognition even when the signal is superimposed to the significant noise
level. This is due to the very high level of parallel processes in the brain.

Neuron is the key element of the nervous system [5]. It is schematically
shown in Fig. 6.1. It contains the neuron body, axon, and dendrites. Den-
drites provide signal income to the neuron body, while the axon serves as
a drain signal wire. Signals from dendrites are summarized in the neuron
body and, if this sum is more than some threshold value, the neuron gen-
erates an output signal and allows further propagation through the axon. It
is important to note that each neuron has only one axon. Signal transfer
from one neuron to the other takes place in points where the axon of one
neuron is connected with a dendrite of the other. This contact point is called
synapse. This element seems to be extremely important in the nervous
system as it can change the signal pathway, which will consequently result
in the variation of properties of the network as well as the system output.
New synapses can be created during the learning process. Moreover, no
synapse is equal to the other. Efficiency of signal transfer from the axon to
dendrite depends on the state of a particular synapse (which corresponds
to the weight function in terms of artificial neuron networks) and can be
varied during the system working.

We are still very far from fully understanding the learning mechanisms
in the brain. However, we have some ideas about the pond snail L. stagnalis,
which we will refer to throughout this chapter. It is well known that the
flexibility of synapses is one of the most important properties allowing
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Cell body
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Nucleus
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Figure 6.1: Schematic representation of the part of the nervous system.
Numerous dendrites provide the income of signals to the neuron body. Income

signal is summarized in the neuron body and, when the threshold value is reached,
the signal is transmitted further through a single axon. Transfer of the signal from
one neuron to the other takes place in synapses that can be considered as contact

points of axons and dendrites.

learning in the system. One may say that it adjusts the weight functions of
the efficiency of signal transfer from one neuron to the other based on the
experience gained during the previous events of information processing.
Thus, while considering artificial systems that must mimic the properties
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of the nervous system, significant attention must be paid to the realization
of some elements that will be able to imitate the properties of synapses.

6.3. Some Aspects of Artificial Neural Networks

In this section, we will consider some specific features of artificial neuron
networks. Of course, we limit ourselves to present only the material that
will be necessary for further considerations. We cite here some books [6]
from the numerous literatures available on this topic.

Let us begin with the initial studies in this field and proceed to the
very popular works of Minsky and Papert [7]. These researchers have
demonstrated the limited learning capabilities of the single-layer neuron
organization. In the beginning of 1980s, the interest on artificial neuron
networks increased as a result of the many new approaches developed in
this period. A detailed description of the problem is available in [6].

The term ‘neuron’ means that the network must imitate some features
of the nervous system based on neurons. In order to correspond to the
biological neuron networks, artificial neuron networks must have several
properties that a usual computer does not have. One of the main properties
that these networks must have is the capability to perform parallel execu-
tion of a large number of tasks. Therefore, the execution of a single task
can be rather slow, just like how the brain performs even simple calcula-
tions slower than a simple computer or a calculator. This drawback will
be compensated by the very large number of operations executed simul-
taneously. Comparing again the computer with a human brain, we can
claim that such parallel data processing results in a fact that even the most
powerful computer cannot perform, for example, the recognition function
faster and more efficient than a man and even animals. The second impor-
tant property is that the system must have the intelligence to learn. This
property is closely connected to an other important property, namely the
integration and mutual influence of memory and processing functions. It
means that the processing of information results in the modification of the
state of local processors (learning), and the next processing events will
be performed by the processors whose properties are varied based on the
previous experience (memorization of processed information). Finally, the
system must be self-protected from errors in a generic sense. It means that
errors unavoidable during complex parallel processing of information will
not result in the blocking of the system, and they can be corrected during
successive processing events.
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Currently, most of the artificial networks are realized on the software
level. A rapid development in this field has resulted in wider applica-
tions of neuron networks in such fields as image recognition, forecasting,
optimization, and management.

The key element of the neuron network must play a role similar to
that of the neuron body – it accumulates the incoming signals and pro-
vides further propagation of information if the sum of the signals is more
than some threshold level. According to McCulloch and Pitts [8], this
mathematical neuron must summarize all incoming signals and generate
signal 1 (otherwise 0) when the predetermined threshold level is reached.
A schematic representation of artificial neuron is shown in Fig. 6.2.

Mathematical models that are used for such neuron behavior description
employ the sigmoid (or logic) function to describe the signal pass through
the neuron. This function is described by the following formula (Eqn 6.1).

y = 1
1+ e−x

(6.1)

A graphical representation of this function behavior is shown in Fig. 6.3.
As you see, the function can be considered as 0 and 1 value with rather high
coincidence in practically the whole range of parameters, performing some
smoothing of the break near the threshold level. Artificial neuron networks
are constructed from elements (artificial neurons) having the described
properties and capable of generating output signals.

There are several possible architectures of neuron networks; however,
some important features are common for all of them. The network must
have layered structure where each neuron of the lower level is connected
to all neurons of the successive layer. The earliest artificial networks were
based on single-layer organization. However, such structures were shown

W in

y = f (neti 
)

fΣ
W i 2

W i 1

Figure 6.2: Schematic representation of the artificial neuron. Input signals
multiplied on weight coefficients are summarized and output signal ‘1’ is
generated when the threshold level is reached, otherwise its value is ‘0’.
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Figure 6.3: Graphic behavior of sigmoid function.

to have significant limitation in signal processing. Therefore, multilayer
architectures are considered now in artificial neuron networks. An example
of such an organization of artificial neuron network is shown in Fig. 6.4.
As you see, the signal from any neuron of the lower level can be trans-
ferred further through the network choosing one of the numerous possible
pathways, because it was connected to practically all neurons of the suc-
cessive layer. However, this possible signal transfer is not equally probable
between all pairs of neurons. Weight functions must be attributed for each
neuron pairs. Considering these weight functions, we assume that the char-
acteristics of the system will be more closer to that of a real nervous
system when the connections between neurons are performed with ‘smart’
wires that are able to increase conductivity if the previously performed

in 1 out 1

out 2

outn

in 2

inn

Figure 6.4: Schematic representation of the layered organization of the neuron
networks. Input receptors transfer the signals to all neurons of the first layer. Each

of these neurons is connected to all neurons of the successive layer. Number of
layers depends on the complexity of the task that must be solved. Finally, a set of

outputs is generated as a result of the processing.
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connection has resulted in the correct response, or decrease conductivity if
this connection has resulted in wrong output. Special procedures have been
developed for the software realization of this property (weight function
adjustment). However, as we are interested in hardware adaptive network,
these procedures will not be considered here. Making parallels with bio-
logical objects, we can say that this feedback, in the simplest case, plays
the role of a sensoristic system. In living organisms, the input signal comes
from biological sensors (eyes, ears, noise). The signal must be processed
by the nervous system for some decision making. Some actions will be
generated according to this decision. A correct decision will mean that
some good response appears as a result of the action (clear vision, good
taste, pleasant smell, etc.), while pain, for example, can be considered as
a result of wrong decision. As a result of the accumulated experience, the
weight functions of signal transfer between neurons of different layers will
be adjusted by modifying the signal pathways of the whole system resulting
in a new decision at the same input conditions.

In the simplest case of artificial neuron networks, there is only one
direction of signal transfer. A more complicated network involves the
possibility of back signal propagation, which is mainly used as the feedback
allowing to perform more effective learning in the system.

We must underline the principle difference of architecture described in
this part with respect to that considered later based on polymeric electro-
chemical elements. Neuron analogs are the key elements for a network as
shown in Fig. 6.4. Weight function variation in this case can be realized
only at the software level. Instead, as it was mentioned in the previous part,
in biological systems and in networks that will be considered later, neuron
analogs play rather passive role. The key elements are synapse analogs,
which can vary their properties according to the learning or external train-
ing. Thus, we intend to realize a system whose performance is connected
to not only the possibility of further signal propagation after overcoming
the threshold level after the summarization of income signals at the neuron
body analog, but also varying the conductivity of the ‘wires’ connecting
different neuron analogs. It will imitate the synapses behavior (variation of
weights of transfer functions) at the hardware level as it occurs during the
interactions of axon with different dendrites. These conductivity variations
must be rather stable, on the one hand, but they must be flexible enough
to allow multiple adaptations, on the other hand.

Learning paradigms can be divided into three main types, namely super-
vised learning (with teacher), unsupervised learning (without teacher) and
combined learning, which has some features of the two former methods. It
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is clear that combined learning is the most perspective one as it seems to
be similar to the human learning.

There are four main roles in the organization of a system capable of
learning. In this chapter, we will consider only one of them, the oldest
one – the Hebbian role. Hebbian role was postulated based on the data
obtained from neurophysiology. It highlights that the force of the synaptic
bond (or, in terms of artificial neuron networks, the value of weight func-
tions) increases when the neurons involved into this synapse are activated
frequently and simultaneously. Reformulating the role to be more suitable
to the strategy used in this chapter, we can say that the more frequently
(or longer in time) the pathway between two neurons is involved into
signal propagation, the more probably it will be used, among all other
possibilities, as a pathway of new signal propagation.

To summarize, the following properties of artificial neuron networks are
most essential for further considerations of hardware realization of adaptive
networks constructed from polymer molecules and based on electrochem-
ical working principles – the systems that seem to be the most similar,
at least considering the composition and working mechanisms, to natural
biological adaptive systems – nervous systems:

• Very high level of parallel processing: Multiple inputs, or analogs
generated by sensory systems in living organisms (vision, sound, taste,
smell, touch), are connected to the network of neuron analogs orga-
nized into a complicated layered network and interconnected through
smart wires (synapses analogs), capable of increasing their conductiv-
ity (weight function analogs) according to the frequency of the signal
passing through them. Thus, the input information will be processed
simultaneously providing complex mutual variations of possible signal
pathways and, therefore, generating the output signal (organ activation)
as a result of the processing of the whole input information.

• Integration of processing and memory properties for network ele-
ments: This property implies that variations in the processing element
characteristics will take place during the learning process (increase or
decrease in the conductivity of smart wires or, in terms of neuron net-
works, the variation of weight functions). These variations must be
temporally stable. Therefore, the processors will act in different ways
according to the experience (processed information) accumulated during
previous acts of processing, thus performing the memory functions.

• Learning procedure of the developed network must be based on
combined learning paradigm: It allows for both supervised learning
(with teacher) and unsupervised learning (without teacher) algorithms.



298 The New Frontiers of Organic and Composite Nanotechnology

In fact, learning of rather complicated systems (children, for example)
implies critical analysis of the environmental situation by themselves
and establishing causal relationship (unsupervised learning) as well as
forced external teaching (supervised learning). In the successive portions
of the chapter, ‘with teacher’ learning will be called ‘training’.

• Hebbian role: It will be used as the main learning role for developed
adaptive networks based on polymer molecules.

Note that one other essential property will be considered later in the
discussion on polymer-based adaptive network realization. This property
is essential for some internal elements in the system to perform nonlinear
rhythmic signals in steady-state environmental conditions. In biological
nervous systems as well as in artificial neuron networks, signal propagation
takes place in the form of pulses. However, in the case of artificial neuron
networks, we do not need to fabricate a special element that will bring the
system out of equilibrium. This function can be performed through a simple
external generator. In our case, however, such an element must be realized
within the system as we intend to mimic, at least at the qualitative level,
the features of the nervous system of living organisms, and if we allow
to use some external element, the system will no longer be a closed one.
The processes in the nervous system of biological organisms are of electro-
chemical origin (ionic currents). Thus, the information signals must be in
the form of pulses; otherwise, mass transfer will occur (the accumulation
of some ions in particular restricted areas). In the case of pulse propaga-
tion of information, however, no mass transfer will take place, and only
the excitation will be transmitted. Therefore, we must realize the element
preferentially with the composition that is rather similar to other elements
in the network, which will act as a generator in fixed environmental con-
ditions, preventing the system from saturation and avoiding mass transfer
(selective ion redistribution) during network functioning.

6.4. Electrochemical Element

6.4.1. Molecular Layers

All devices and elements considered in this chapter are based on diffusion-
controlled ionic flow processes. Therefore, the thickness of their working
layers is an extremely important parameter. It means that the working
structure must be thick enough to allow a macroscopically high value
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of conductivity, much higher with respect to the noise level at working
(room) temperature, on the one hand. On the other hand, the thickness
must be as thin as possible to allow ionic drift through the whole depth of
working molecular layers, providing rationally fast response during signal
processing.

Two main methods are currently used to realize molecular layer assem-
bling. The first method, called self-assembling (SA), is based on the
properties of some classes of molecules to be organized in regular arrays
on solid surfaces. The other method, called Langmuir–Blodgett (LB)
technique, is based on successive transferring of monomolecular layers,
previously formed at the water surface, onto the surfaces of solid supports
as they pass the air/water interface.

Both these techniques allow the fabrication of structures with molecular
resolution in one direction (thickness); however, there are significant dif-
ferences between the techniques. The SA method is based on the chemical
and biochemical affinity of different molecules and parts of molecules to
the solid substrate surface and to each other. The method is rather general,
simple and, therefore, widely used. It allows the statistical organization of
materials on thin films. To some extent, the resultant layers have some fea-
tures similar to biological membrane-like systems. The LB technique, on
the other hand, is a more artificial method. Nevertheless, it allows manipula-
tion at the molecular scale with long-chain amphiphilic molecules, allowing
the realization of very complicated structures with desirable alteration of
functionally active molecular layers. (Readers may find more details on
these techniques in [9], [10] and [11] and other chapters of this book.)
However, we would like to present in brief the very basic features of these
approaches with respect to their advantages and disadvantages as well as
the areas of their applicability.

Self-assembling

Generally speaking, SA involves the utilization of molecules that have
affinity to the adequately modified solid substrate surface, on the one hand,
and provide the binding site for the next molecular layer deposition, on
the other hand. A typical SA process is illustrated in Fig. 6.5. Different
approaches have been developed taking into account the different pro-
perties of various surfaces and a wide variety of molecules considered for
immobilization. However, we can consider at least two different approaches
generally used for SA layer formation on the surfaces of different materials.



300 The New Frontiers of Organic and Composite Nanotechnology

Figure 6.5: Schematic representation of the SA process. The first layer molecules
have special groups with the affinity to the substrate surface, and other functional

groups served for providing binding sites for the attachment of the successive
molecular layer.

Suppose we wish to assemble a layer of some molecules on the oxide-
terminated substrate surface. Glass or silicon may be a typical example of
such substrate (silicon always has the native oxide layer on its surface). In
working with such surfaces, we need molecules containing some reactive
groups that must interact with the surfaces of those materials. Let us
consider silicon or glass surface as example. From the surface composition
point of view, they are very similar, thus terminating the silicon oxide layer.
In normal conditions, the surface oxygen is hydrated, thus terminating the –
OH groups, as shown in Fig. 6.6. Suppose we wish to transfer the initially
hydrophilic glass or silicon substrate surface into a hydrophobic state. Thus,
on the one hand, we must take a molecule that can react anisotropically
with the terminal –OH group of the surface and to have hydrocarbon
hydrophobic groups, on the other hand. Dimethyldichlorosilane is one
example of such kind of molecules (of course, other molecules may be used,
but they must have groups capable of providing the reaction of covalent

HCl

CH3 CH3 CH3 CH3

CH3 CH3 CH3 CH3

Cl Cl Cl Cl

O O O O

Si

SiSi
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OHOHOHOH

Figure 6.6: SA of dimethyldichlorsilane layer at the glass or silicon surface.
The molecules are attached covalently to the substrate surface and make it

hydrophobic.
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bonding to the substrate surface and must be terminated with hydrocarbon
or fluorocarbon chains of any length from the opposite side). Thus, if
we treat the surface of oxide-terminated material with such molecules,
we can achieve surface modification according to the scheme shown in
Fig. 6.6. Note that the properties of the modified surface will practically be
maintained forever. Methyl groups are attached covalently to the surface,
and its properties can be reversed to their initial hydrophilic state only
by mechanical polishing of the surface. This method was successfully
used to prepare surfaces for successive deposition of patterned layers of
nanoengineered polymeric capsules [12].

An other example of SA process is connected to the assembling of layers
on conducting surfaces composed mainly of gold, silver or platinum [13].
The assembling, performed generally using thiol-containing molecules, is
based on the high affinity of these groups to the surfaces of noble met-
als. Some examples of self-assembling using S-containing compounds are
shown in Fig. 6.7. The main characteristic feature of all these processes
is the final modification of metal substrate surfaces with groups that will
be successively used for the attachment of molecules or particles, which
cannot be directly placed onto metal surface or regular arrays with definite
orientation of functionally active groups. One important example of the
application of this method is the immobilization of proteins, as in most
cases the direct contact of protein molecules with metal surfaces will result
in protein denaturation.

The SA process based on biotin–streptavidin interactions [14] is widely
used due to the extremely high level of affinity between these two biological
molecules. Streptavidin is a protein molecule having four binding sites for
biotin attachment. Biotin is a rather small molecule, which allows effective
attachment to practically any molecule or nanosized object. Thus, a layer of
molecules derivatized by the specific attachment of biotin to allow desirable
orientation can be assembled on the surface where streptavidin layer is
already formed. It is worthwhile to mention that streptavidin can form
two-dimensional crystals permitting regular organization of practically any

S S S S S S
Ag Au

Figure 6.7: SA of thiol containing molecular layers on metal surfaces.
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Biotin–lipid Lipid Streptavidin

Biotinated object

Figure 6.8: Example of the SA process based on biotin-streptavidin interactions.
Biotinated molecules are mixed in a desirable concentration with nonbiotinated

ones. Such mixed layer is deposited onto the specially prepared substrate surface,
forming particular features (in the case shown in the figure – lines). Streptavidin
layer is assembled on this substrate, forming the desirable density of the binding

sites for the next layer. The next layer can be formed from any other objects
(molecules, including proteins, particles). The only requirement is their performed
modification by biotin. If the biotin will be attached to the well-defined part of the
object, we will have not only the predetermined density of objects on the sample

surface, by also their desirable orientation.

substance conjugated with biotin. The streptavidin-biotin based SA process
is schematically presented in Fig. 6.8.

Currently, a large variety of applications is based on the polyelectrolyte
self-assembly [14], involving sequential adsorption of polyanions and poly-
cations on the solid support surface. The process is schematically presented
in Fig. 6.9.

The polyelectrolyte SA technique is based on the deposition of succes-
sive layers of oppositely charged polymers onto a solid support by placing
it into solutions of these polymers. With every step, the charged molecules
are adsorbed on the surface due to electrostatic interactions. The thickness
of each successive layer is limited to 1 nm. Further layer growth does not
occur due to electrostatic repulsion of charged polymer molecules from
that already adsorbed on the solid surface. Placing the sample into the
solution of oppositely charged polymers would result in the adsorption of
molecules that compensate the surface charge induced by the previously
deposited layer. The main advantage of this technique is its simplicity and
the possibility to cover solid substrates of any shape. The main disad-
vantage with respect to the LB technique, which will be discussed later,
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Figure 6.9: Polyelectrolyte self-assembling (the other frequently used name of the technique is ‘layer-by-layer self-assembling’).
Successive dipping of the sample into solutions containing polyanions and polycation with washing of the sample after each

successive layer adsorption allows to deposit films with thickness resolution control of about 1 nm.
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is the statistical nature of the structure of deposited layers. There is no
sharp boundary between adjacent monolayers, and we can consider only
the statistical increase of the total film thickness. Moreover, even mutual
interpenetrations of deposited layers can take place.

Langmuir–Blodgett technique

The LB technique was developed by Irving Langmuir, who studied the
behavior of insoluble monolayers at the air/water interface [15]. How-
ever, its practical application was taken into serious consideration after
the suggestion of K. Blodgett to use the technique for the monolayer suc-
cessive transfers onto solid substrates [16]. A slightly modified method
of film deposition was developed by V. Schaefer [17]. Initially, this last
method was applied mainly for the deposition of protein layers. Later,
it found a lot of applications, such as the transfer of rigid and polymer
monolayers. Despite the obvious usefulness of the LB method, it attracted
enormous attention only after the popular works of Kuhn et al. [18], where
all possibilities of the technique were demonstrated. In particular, systems
with adequate molecular orientation to allow energy and electron transfer
were realized and studied. These works laid the basis of future molecular
architecture.

More details on this technique are available in [9,12,19]. Here,
we present the very basic features useful to introduce the method of
electrochemical element realization.

Surfactants or amphiphilic molecules are a wide class of molecules,
which reveal an interesting behavior when placed at the air/water interface.
Fatty acids are classic representatives of this kind of molecules (Fig. 6.10).
Their general formula is written as shown in (Eqn 6.2):

CH3�CH2�nCOOH (6.2)

where 14 < n < 20 for acids forming stable monolayers at the air/water
interface. Too short chains would result in the significant solubility of
molecules, while too long chains make it very rigid and, therefore, not
processible.

O

OH

Figure 6.10: Stearic acid as an example of amphiphilic molecules.
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After spreading at the air/water interface, the polar hydrophilic head-
group of these molecules penetrates the water volume, as there is a
very strong interaction of these head-groups with water molecule dipoles.
Hydrophobic chains, on the other hand, cannot penetrate into water;
otherwise, the surface energy must be increased.

Suppose we have spread some rather small amount of a solution of such
molecules in organic volatile solvent at the water surface in a special device
called Langmuir trough (the same results may be obtained practically on any
water surface, but with a Langmuir trough we have possibility of control and
directed manipulation with the molecules spread at the air/water interface).
After the solvent evaporates, we will observe the situation, which may be
considered as a two-dimensional gas. The molecules are far away from
each other and practically do not interact. In order to manipulate such layer,
we need two devices: a system of compression, allowing to induce phase
transitions in such layer, and a monitoring device to reveal some parameters
characterizing the monolayer state. Surface pressure (difference of the
surface tension of pure water surface with that covered with monolayer)
can be considered as the monitoring parameter. Wilhelmy balance is the
most frequently used tool to measure this parameter. The construction and
working principles of this device can be found elsewhere [20]. One or
two barriers moving along the trough length can be used as a compression
system. Characteristics, that can be considered as 2D analog of the phase
diagram for 3D materials for the monolayer at the water surface, was called
compression isotherm or, more frequently, �-A isotherm, where � is a
surface pressure and A is the area per one molecule, usually expressed in
Å2 or nm2. A typical �-A isotherm for stearic acid monolayer at air/water
interface is shown in Fig. 6.11 (for other fatty acids, the isotherm will
be same).

A comparison of this curve with phase diagrams for three-dimensional
systems reveals several similar features. At the beginning of compression,
we have very small variation of surface pressure, which can be described
with linear dependence of the surface pressure upon the area per molecule
as it occurs in the case of an ideal gas (pressure volume relationship).
This 2D state is called the two-dimensional gas – the situation when
distances between molecules are much higher with respect to the actual
dimensions of the molecules. Further compression would result in the
more or less pronounced (depending on the type of molecules and the
composition of the subphase) phase transition (it is clearly visible in
the case of stearic acid isotherm (Fig. 6.11)). Diminishing the area per
molecule in this phase reveals significant variations of surface pressure.
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Figure 6.11: Compression isotherm (�-A isotherm) of the stearic acid monolayer
at the air/water interface. Two-dimensional phase transitions are clearly visible in

the isotherm. It must be mentioned that the shape of this characteristics is very
sensitive to the water subphase composition and pH.

Molecules begin to interact with each other in the monolayer. This state
is called two-dimensional liquid. Further compression would result in
another phase transition. The new state is characterized by the very sharp
increase of surface pressure as a result of very small variation of the
area per molecule. This phase is called the two-dimensional solid state.
Molecules are closely packed at the air/water interface. In practice, we
can even form (for some kinds of compounds) a 2D crystal. This crystal
exists in the form of domains, separated by boundaries, very similar to
the case of normal 3D crystals. The sizes of the domains may be large
or small depending on the purity of the initial compounds and conditions
of monolayer preparation. Further compression would result in the layer
collapse – no monomolecular layer anymore. Noncontrollable structures
of three or more layers can be formed at the air/water interface.

When comparing with biological systems, it is interesting to note that
practically all lipids must be considered as amphiphilic molecules (the only
exception is bipolar lipids from membranes of extremophile bacteria that
have two hydrophilic head-groups on opposite sides of the molecule), and



Polymer-based adaptive networks 307

their monolayer can be formed and studied at the air/water interface. In
other words, the Langmuir monolayer at air/water interface is a model
representation of half of the biological membranes. Variations of its com-
position and surface pressure under feedback control can be used for the
organization of some specific conditions useful in studying the different
aspects occurring during membrane functioning and their further utilization
in, for example, drug design investigations.

An important step toward various possible technical applications of this
method was performed after the discovery of the possibility of transfer
of such monolayers from the air/water interface onto the surfaces of solid
surfaces. Two main methods are used for layer transferring onto the solid
substrate surface, namely Langmuir–Blodgett (LB, vertical lift) method
[16] and Langmuir–Schaefer (LS, horizontal lift) technique [17]. These
methods are schematically presented in Fig. 6.12. The difference between
these methods is in the geometry of air/water interface passing. Initially, the

(a) (b)

Figure 6.12: Methods of the Langmuir monolayer transfer onto the solid
substrate surface. (a) Langmuir–Blodgett (LB, vertical lift) technique. The sample
is passing vertically the interface covered by the monolayer in the 2D solid state
phase at a surface pressure rather far from that of the collapse. The sample can

move upward and downward. The deposited films have bilayer structure
(‘head-to-head’ and ‘tail-to-tail’). (b) Langmuir–Schaefer (LS, horizontal lift)
method. The monolayer is in a very rigid solid state 2D phase and the surface
pressure is only slightly less than the collapse pressure. After the monolayer

formation, it is better to divide the layer into sections with sizes corresponding to
the sample sizes with a special grid in order to prevent the formation of breaks and
defects during the transfer of the layers. The sample touches the layer horizontally.
The technique is used not only for the rigid monolayers deposition. This method
is often used also for the transfer of layers that cannot be deposited by the LB

technique, such as films of proteins, some lipids, polymers, etc. For both
deposition techniques, the surface pressure must be maintained at the certain fixed
value by the feedback system, compensating by the compression the area already

deposited onto the solid support, during the layer transfer onto solid supports.
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LB method was mainly used for deposition. However, the LS technique has
currently found a lot of applications due to its applicability in the deposition
of practically all types of substances and the possibility to significantly
increase the speed of sample formation.

A very important property of these methods is the possibility of so-called
molecular architecture. We can use multisectional trough and even multiple
troughs for the deposition of LB and LS films. In this case, monolayers
of different molecules will be formed in different sections and/or troughs.
After their formation and activation of the feedback, a specially developed
dipping system will be required to pass from one trough (or section) to the
others in a programmed sequence. This possibility will allow to realize het-
erostructures containing predetermined sequences of monomolecular layers
of different molecules. Consequently, very complicated molecular struc-
tures can be realized. The potentialities of this approach were demonstrated
as early as 1980s through the works Kuhn et al. [18], when heterostructures
of donor and acceptor molecules were realized and the importance of their
mutual orientation and spacing between them was demonstrated.

It seems interesting and useful to compare LB (including LS) and SA
methods. The main advantages of SA methods are their simplicity and
readiness to industrial applications. In fact, these methods allow to cover
any number of samples simultaneously with practically all possible surface
shapes. However, significant difficulties can arise at the stage of chemical
synthesis of adequate molecules that must guarantee the expected structure
and properties of the resultant layers. The LB technique, on the other hand,
especially concerning the vertical dipping method, is rather time consuming
and demands several strong requirements to the solid support properties.
On the other hand, in the case of LB method, we are dealing with crystal-
like 2D structures. Thus, when depositing heterostructures, we can, to some
extent, be sure of the mutual arrangement and orientation of functional
groups in adjacent layers. In the case of SA, especially polyelectrolyte
layer-by-layer deposition, we cannot expect perfectly distinct boundaries
between different functional layers. We can only claim the realization
of some average layer thickness during each cycle of film formation.
The orientation of molecules can be random. Therefore, we must always
consider the objectives when deciding what method must be used for
molecular structure realization. If we wish to fabricate a structure with fixed
mutual orientation of functional groups and well-defined spacing between
different layers, we must use the LB technique, even if it consumes more
time, requires special equipment and can limit the class of possible solid
supports. If the mutual arrangement of active groups is not necessary, and
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we need only to have the statistical distribution of molecules in the layer
with their preferential orientation and averaging of the structure properties
for the desired performance of the structure, SA is the preferred method.

6.4.2. Building Blocks

As mentioned earlier, the only known effective hardware realization of
adaptive network is the nervous system of biological organisms. It is con-
structed with organic molecules and is based on electrochemistry principles,
in particular, redox reactions. All living organisms are mainly constructed
of a water-containing material that is a very effective medium for carry-
ing out such kinds of reactions. Unfortunately, with the present status of
technology development, we cannot allow the utilization of quasi-liquid
elements for the construction of working systems dedicated to practical
applications. Thus, the choice of appropriate materials is of crucial impor-
tance. We can a priori claim that we need at least two materials, one of
which must have rather high electrical conductivity and the possibility to
vary it by appropriate redox reactions. Conducting polymers are the best
candidates for playing the required role. The electrochemical properties of
thin polymer layers are rather well studied [21]. However, there are not so
many examples when the electrochemical variation of polymer conductiv-
ity was used for device fabrication [22]. The second material must provide
a suitable medium for carrying out electrochemical reactions. Therefore, it
must be an electrolyte in any case and a solid electrolyte, in particular, if we
wish to realize the whole system in the solid state. In this chapter, we will
concentrate on the elements constructed from two particular polymers –
polyaniline (PANI) and polyethylene oxide (PEO). PANI is a well-studied
conducting polymer, whose conductivity can reach several tens of S/cm,
and PEO is often used as a matrix for solid electrolyte realization, in par-
ticular, for solid-state lithium batteries. However, other materials can also
be used for element construction, and we will not consider them here.

Some derivatives of the PANI molecule structure are shown in Fig. 6.13.
Such derivatization is performed in order to give special properties to
the molecule (for example, improving the solubility in standard organic
solvent) for practical reasons.

Several different forms of PANI (Fig. 6.14) were considered beginning
from a completely reduced one (pernigraniline form) to a completely oxi-
dized one (leucoemeraldine form [23]). However, not all of them revealed
a high value of conductivity. Significant values of electrical conductivity
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Figure 6.13: Different derivatives of the polyaniline molecule.
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Figure 6.14: Different states of PANI molecule starting from the completely
reduced one (pernigraniline form) to completely oxidized one (leucoemeraldine
form). (Reprinted from Progress in Polymer Science, Vol. 23, E.T. Kang, K.G.

Neoh, and K.L. Tan, ‘Polyaniline’ pp. 277–324, Copyright 1998, with permission
from Elsevier.)

were obtained only on the emeraldine form of PANI. However, even the
emeraldine base does not conduct. The specific resistance of the material
in its native undoped form is about 109 � cm. The material must be doped
in order to transfer it into a conducting state. The difference in conduc-
tivity between the conducting and insulating states of PANI can reach
about 10 orders of magnitude. Acids are usually used as doping agents.
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Figure 6.15: Doping induced and redox controlled changing of the electrical
property of the PANI layers [23]. The molecular state that we are working with is
in the second line from above. The basic principle of our electrochemical element
functioning is illustrated by the right double arrow in the right part of the reaction

cycle. (Reprinted from Progress in Polymer Science, Vol. 23, E.T. Kang, K.G.
Neoh, and K.L. Tan, ‘Polyaniline’ pp. 277–324, Copyright 1998, with permission

from Elsevier.)

If, for example, the emeraldine base is treated with hydrochloride acid, it
can be transferred into a conducting emeraldine salt form (Fig. 6.15, left
double arrow).

As reported in the literature, the specific resistance of highly conducting
forms of PANI is about 0�01 � cm. However, in our experiments, we found
that the reported value is hardly reachable and the real value of conductivity
is about one order of magnitude less with respect to the reported one. The
conductivity of PANI is due to the delocalized pi-electrons (polarons and
bipolarons). It may be understood as the displacement of electron from the
polymer chain due to doping. One event of such displacement is called
polaron. The presence of two correlated polarons in the same chain is
called bipolaron. Electrical current through the PANI chain is due to the
motion of polarons and bipolarons in the electric field. As the electrons are
displaced, the conductivity can be considered as the conductivity of p-type
in comparison with inorganic semiconductors.
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For our purposes, the very important characteristic of PANI is its ability
to vary conductivity not only due to performed doping but also electro-
chemically. The different transitions varying the conductivity of PANI
are illustrated in Fig. 6.15. After doping (left double arrow), the initially
insulated molecular film transfers itself into the conducting form. The
conducting state corresponds to the oxidized form. However, when the
appropriate reduction potential is applied to the material that is placed into
the electrolyte environment, it will be reduced and its conductivity will
diminish for at least seven orders of magnitude. Generally, the vanishing of
conductivity can be illustrated by Eqn 6.3 (of course, this formula represents
a case when the lithium ions are present in the electrolyte medium):

PANI+ � Cl− + Li+ + e− ⇔ PANI +LiCl (6.3)

Metal ions (in the particular case of Eqn 3, Li+ ions) from the electrolyte
can penetrate the PANI layer and bind the Cl− ions. Thus, the Cl− ions
cannot perform doping properties anymore. Such behavior was directly
demonstrated using spectroscopy techniques, in particular, micro-Raman
spectroscopy [24]. This possibility to vary the conductivity of the layer
for several orders of magnitude due to the redox state of the material is
an intrinsic property of conducting polymers. No material of traditional
semiconductor electronics has this property. On the other hand, all biolog-
ical objects are constructed from organic (including polymer) molecules.
Therefore, the processes of signal generation, transmission and processing
are based on redox reactions. The slow kinetics of these processes is com-
pensated by extremely high degree of parallelism in signal elaboration. A
huge number of tasks can be performed simultaneously. Thus, being slow
in individual task execution, the system is very fast when multiple tasks
are carried out for a fixed time interval.

The other essential counterpart of the structure we intend to realize is
solid electrolyte. Why do we need electrolyte? We need an electrolyte to
serve as a suitable medium where all redox reactions can be performed.
Why must it be a solid one? As it was stated above, currently, we are too
far from the natural capabilities, allowing a system, where water is the main
compound (like nervous systems of biological organisms, including human
bodies) to operate effectively for a rational period of time not only without
degradation of main properties but even accumulating the experience after
all essential events.
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Polyethylene oxide was taken as a matrix for solid-state electrolyte
construction (the formula of the molecule is shown in Eqn 4):

�−CH2CH2O−�n (6.4)

This material was considered as a very perspective one for the construc-
tion of secondary lithium batteries [25]. It was also tested for high-value
capacitor realization with very good performance [26]. Therefore, it was
considered as a suitable matrix for solid-state electrolyte realization. How-
ever, we need to have a matrix that contains ions. Li+ has the highest
mobility among available ions. Therefore, it seems rational to take lithium
ions for solid electrolyte realization.

The transport of lithium ions from one polymeric chain to the other can
occur spontaneously or due to temperature or concentration gradients as
well as in the applied electric field. Several oxygen atoms from one or
more polymeric chains must coordinate the lithium ion.

Models of ion transport are based on hopping of ions between allowed
states separated from each other by potential barriers of different height
and width.

Lithium chloride and lithium perchloride were tested in the present study
as doping agents of PEO layers. Even if lithium chloride has several advan-
tages, lithium pechloride was taken for its working structure formation; it
is much less hydroscopic. Therefore, its properties are more stable in time
and less affected by environmental conditions.

As we intend to construct elements based on electrochemical principles
that are rather slow in kinetics, we need to make our elements of effective
size (thickness of the active layer, where lithium ions will go in and out
due to the diffusion processes in order to provide conductivity variations
according to Eqn 3) as small as possible in order to increase the velocity of
signal processing. Ideally, the active area must be composed of one or few
molecular layers. There are several methods to form ultrathin organic lay-
ers. The LB technique is among the most frequently used methods. Active
PANI layers are deposited by LB technique. The details of the applicability
of this method for depositing PANI layers are described in literature [27].
The LB technique was also applied for PEO layer formation [28]. How-
ever, it demands the functionalization of molecules or formation of mixed
monolayers. Moreover, the thickness of PEO layer is not so critical. Thus,
the solution casting method is used for solid electrolyte layer formation.
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6.4.3. Neuron Body Analog

As mentioned in a previous section, the neuron body must summarize all
input signals and generate the output signal when this sum overcomes
some threshold level. There are many devices to perform this function. In
our case, we are interested in the realization of an element that can be
incorporated in a natural way into a whole system composed of polymers.

Among different physical phenomena that can be used as the basis of
neuron body analog realization, we have taken Schottky effect, as it is
rather easy.

Since we use PANI for active channel realization, we need to make a
junction to provide anisotropy of the current flow. Thus, we need a material
whose work function will be higher than that of PANI (4.5 eV [29]). Gold
can serve as this material (work function is 5.1 eV). The voltage/current
(V/A) characteristics of the structure composed of PANI film with attached
gold and indium electrodes is shown in Fig. 6.16.

From Fig. 6.16, we understand the possibility to design an element
that will perform the function of neuron body in a rather simple way.
Suppose the signal is in a form of current (or current pulses) flowing in one
direction. Several molecular wires realized from PANI (dendrite analogs)
will be contacted to bring the signals to the gold particle. In order to
pass the particle and to perform further propagation of the signal to the
output wire (axon analog), some threshold potential on the particle must be
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Figure 6.16: V/I characteristics of the In–PANI–Au structure. Anisotropic
rectifying behavior of the structure is due to the Schottky effect.
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reached (equal to the Schottky barrier). The potential on the particle will
be determined by Eqn 6.5:

V = q

C
(6.5)

where q is the charge accumulated on the particle and C is its capacity.
The charge on the particle will be determined by the input currents

coming to the particle. Its value will correspond to the complete time
integral of all current pulses arrived to the particle, according to Eqn 6.6:

q =
t2∫

t1

i dt (6.6)

where t1 is the moment when the previous drain of the signal through the
axon analog was finished and t2 is the moment when the new drain of
signal through the axon analog will begin.

When the particle is charged till the value, providing a potential higher
than the Schottky barrier, the output signal will be transmitted from the
particle. An interesting feature of the suggested approach is the possibility
of varying the threshold value by just changing the size of gold particle. In
fact, the capacity of the particle is connected to its geometrical dimensions.
Thus, taking rather small particle, we can observe desirable characteristics
even for very low current values. It is important that the present level of
technology allows the fabrication of monodisperse gold nanoparticles even
at nanometer scale. The possible realization of the device is schematically
presented in Fig. 6.17.

The suggested scheme must permit rather simple organization of non-
linear elements playing the role of neuron body. It can be specifically
useful for the construction of statistical adaptive networks. In that case, we
can expect adequate performance of the system when micro- and nanopar-
ticles of gold are added to the starting polymer solution before network
fabrication.

6.4.4. Polymeric Electrochemical Element

This section is dedicated to a more complicated element, namely, the
synapse analog [30]. This material must provide weight function variations
according to the learning of the system. In other words, the element that we
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Figure 6.17: Schematic representation of the neuron body analog. Input currents
from the dendrite analogs enter the gold particle charging it by income currents.
The potential on the particle depends on the current sum and the capacitance of

the particle. When the potential will be higher than the Schottky barrier, the signal
drain will take place through the axon analog.

plan to use as a basic node of our adaptive network must have a property
to increase its conductivity with the frequency (or time) of its involvement
into the signal propagation process. If the synapse analog is based on PANI,
it means that its active area (in a contact with electrolyte) must be exposed
to the oxidation potential during signal propagation. Therefore, first of all,
we need to form an active PANI channel.

A PANI channel was formed by LB technique. Forty-eight monolayers
of PANI were deposited onto solid substrates (glass) with already formed
two metal (Cr) evaporated electrodes. These electrodes are called source
(S) and drain (D) in analogy to the field effect transistor. The prescribed
thickness of the active layer (channel) is very important. On the one hand,
this thickness provides already rather high value of conductivity, and, on
the other hand, it is thin enough to guarantee effective electrochemical
transformations, as ion motion into and from this layer occurs rather fast
and on the whole thickness.

Thus, the structure contains the PANI channel connected to two metal
electrodes. One of these electrodes (S) will be maintained at ground poten-
tial level, and external voltage will be applied to the other electrode (D).
However, we need to realize an active zone where all the electrochemical
reactions can take place. Thus, thin Li salt (lithium perchloride)-doped
PEO stripe was deposited by casting and drying in the central part of the
PANI layer and perpendicular to it. The concentration of Li salt in the
electrolyte is also rather critical. It must be rather low, on the one hand,
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in order to demonstrate the ionic conductivity much less than that of the
PANI channel. However, it must be rather high, on the other hand, to
provide enough lithium ions for effective electrochemical transformations.
The concentration of 0.01 M was found to be optimal. Thus, we have the
structure with active area (contact of PANI with PEO stripe) where redox
reactions can occur. However, in all electrochemical cells, the reference
potential must be provided. Therefore, we need to have an additional elec-
trode maintained at a potential, which will be considered as a reference.
We have attached a silver wire to the PEO-based solid electrolyte as this
electrode. It was called gate (G) even if its function is more closed to that
of the reference electrode. This electrode was also connected to the ground
potential. Thus, when we apply a voltage to electrode D, the active area
of the PANI channel will have a potential with respect to the reference
electrode G. The polarity of this potential will be the same as that applied
to electrode D, while its value will be less, as the potential is distributed
on the whole channel length. The scheme of the element, together with
electrical connections used for the characterization, is shown in Fig. 6.18.

(a) (b)
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PEO

PANI

Figure 6.18: Schematic view (a) and electrical connections (b) of the
polymer-based electrochemical element that will be used as the synapse analog.
Both S and G electrodes are connected to the ground potential level, while the

external voltage is applied to the D electrode. Two currents will be measured for
the element characterization: ID – drain current (the total current passing the

element) and IG – gate current (current occurring in the active area due to the
electrochemical reactions).
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The element was characterized by measuring simultaneously two V/I
characteristics of the dependences of the drain and gate currents on the
variation of applied drain voltage. These characteristics are shown in
Fig. 6.19(a, b). The third characteristic, as shown in Fig. 19(c), is the
dependence of differential current (drain–gate) on the applied voltage. This
characteristic seems to be important because it demonstrates conductivity
variation in the active area of PANI channel. In fact, the drain current con-
tains both ionic current in the electrolyte and electron current in the channel.
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Figure 6.19: V/I characteristics for drain (a), gate (b) and differential (c) currents
of the polymer-based electrochemical element (synapse analog) shown in

Fig. 6.18. Empty squares represent the acquisitions during the voltage increase
(in absolute value) scans, while the filled squares correspond to the voltage
decrease in absolute value. (Reprinted with permission from V. Erokhin, T.

Berzina, and M.P. Fontana, ‘Hybrid electronic device based on
polyaniline–polyethylenoxide junction’, J. Appl. Phys, 97, 064501 (2005);

Copyright 2005, American Institute of Physics.)
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Let us consider first the V/I characteristics for the gate (b) and differ-
ential (c) currents. The measurement starts at 0 V drain voltage. Then, it
was increased in the direction of positive polarity, coming to its maximum
value. This voltage cannot be too high (more than +1�5 V) as irreversible
decrease of conductivity due to ‘overoxidation’ may occur. Then, the volt-
age sweep was performed in the decrease direction passing through zero
and increase in absolute value in the negative polarity till its maximum
negative value (−1�5 V) that was taken equal to that for the positive bias.
After this, the voltage was swept back to zero in order to close the cycle.
An essential feature of reported acquisitions of these curves is the delay
between the application of the voltage and readout of the current value.
This delay is very important, especially for the voltage values close to
the potentials of oxidation and reduction, because transient processes take
place in these voltage ranges, and the current values undergo significant
variations at this time. For suggested configuration, the optimal value of
delay was found to be 1 min. The current values became to be practically
saturated within this time period.

Immediately after the deposition of the solid electrolyte layer, the con-
ductivity of active PANI area decreases significantly due to ionic flows
resulting from the gradient of Li ion concentration between PANI and PEO
layers. Lithium ions enter the active layer and, according to the scheme
shown in Eqn 3, perform reduction (dedoping) of the PANI molecules in
this area. As a result, active PANI area is in the insulating state when
the measurements of the V/I characteristics begin from zero voltage. We
can observe very low values of differential current during the increase
of the D voltage till about 0.4 V. Then, both G and differential currents
begin to increase significantly, and G current comes to its maximum value
at about 0.6 V of the applied voltage. Such behavior is connected to the
oxidation of PANI molecules in the active zone. It is interesting to note
that the observed voltage for G current maximum is somewhat higher than
the oxidation potential of PANI measured with traditional cyclic voltam-
mogramms performed in solutions [31]. This discrepancy will not seem
strange if we take into account that the applied D voltage is distributed
over the whole PANI channel length, and the actual potential in the active
area is always less than the applied one.

By approaching the value of oxidation potential, the conductivity of
active area increases significantly. During the back sweeping of voltage,
differential current exhibits linear Ohmic behavior till approximately 0.1 V,
when the reduction of layer molecules begins to take place. The G current
passes its minimum (maximum, considering the absolute negative value),
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transferring the active PANI layer into the reduced insulating state. The
negative branch of the V/I characteristics exhibits very low values for
both currents, because all the electrochemical processes are completed, and
active PANI area is in an insulating state.

The V/I characteristics for G current is very similar to cyclic voltammo-
gramms usually registered for the investigation of redox processes. We must
note that it depends also on the speed of applied voltage sweeping, again
in absolute agreement with similar behaviors of cyclic voltamogramms due
to diffusion limited redox processes.

For the purposes of the present chapter (construction of the adaptive
networks), it is much more important to investigate the temporal depen-
dences of currents at fixed drain voltages, corresponding to the cases when
the active area must be completely oxidized or reduced. In the case of
reduction process, the choice of voltage value is rather easy. Any negative
voltage of the drain potential must induce reduction of the active area of
the PANI channel. Therefore, this value was chosen to be −0�2 V, even if
it can be varied (remaining negative) without significant variations of the
observed results. In the case of oxidation process, the value of the potential
was chosen to be +0�6 V. First, these values correspond to the position of
the maximum of gate current during the voltage sweep increasing branch
of the V/I characteristics. Second, this value is sufficiently higher than the
oxidation potential in the bulk and significantly lower with respect to the
irreversible overoxidation potential. Thus, we can expect that all zones of
the active area will be oxidized without irreversible modifications after
adequate time interval.

Temporal dependences of the drain current at fixed drain voltages equal
to +0�6 V and −0�2 V are shown in Fig. 6.20(a, b).

The dependences are very important; as they are the basic properties
allowing to conclude that the adaptive systems can be constructed using
the described polymer-based electrochemical element as a key node of
the network. Let us study the presented dependencies in more detail. The
characteristics shown in Fig. 6.20 (a) verifies the possibility of accumu-
lation of experience and, therefore, of learning (without supervising). In
fact, elements of the network involved into the formation of signal trans-
fer pathways will increase their conductivity (more involved elements
will increase the conductivity till reaching the saturation level). Thus,
next time when the system will be in a situation similar to the previ-
ously occurring one, the signal will propagate through the same pathway,
that was successfully used in the solving of similar task (low resistance
of the elements establishing it). Summarizing, the probability of signal
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Figure 6.20: Temporal behavior of the drain current at fixed drain voltage of
+0�6 V (a) and −0�2 V (b). Both dependences reveal the saturation. However,
time constants are significantly different for these processes. (Reprinted with

permission from V. Erokhin, T. Berzina, and M.P. Fontana, ‘Hybrid electronic
device based on polyaniline–polyethylenoxide junction’, J. Appl. Phys, 97,

064501 (2005); Copyright 2005, American Institute of Physics.)

propagation through one of the numerous possible pathways will depend
on the frequency (or duration) of the involvement of elements, establishing
this pathway, in the previous events of signal propagation. We can say that
the accumulated experience will be a key parameter responsible for the
mode of processing the input signal. In other words, we see the process of
unsupervised learning here. It means that the previously performed deci-
sions, resulting in the correct answer, will have a dominant influence on
the elaboration of new input signals.

However, the dependence shown in Fig. 6.20(b) is also of fundamental
importance for two reasons. First, the increase of element conductivity at
positive bias is rather slow, but it is better to keep it even much slower.
This increase of conductivity finally brings the system to saturation, when
no further learning is possible. It means that, if the network composed of
the described polymer-based electrochemical elements will be maintained
at appropriate positive potential difference between the systems of input
and output electrodes, all possible signal pathways will become preferen-
tial, when the time of exposition is long enough. Thus, if we will hold
the system to work for a relatively long time, all the elements establish-
ing the network will be in the high conducting (saturated) oxidized state,
corresponding to the thermodynamic death of the system. Thus, we need
to have some special tools to perform necessary actions that prevent the
system to decay to equilibrium. The dependence shown in Fig. 6.20(b)
can serve as the characteristics of this tool. In fact, short-scale temporal
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application of inversed (negative) bias to all input-output pairs will result
in the decrease of conductivity of all the elements involved previously in
signal pathway formation. With the exception of synapses analogs that are
already in the insulating state, all others will diminish their conductivity in
a programmable way, according to the duration of inverted bias applica-
tion. After this event, elements really (not occasionally) involved into the
preferential signal pathway formation (and, therefore, in the right decision-
making) will come back to their high conducting state very soon, after
being involved into several signal transfer events, while those occasionally
formed will be suppressed.

The second reason why the characteristics in Fig. 6.20(b) is important
is that it gives us the possibility of ‘supervised learning’ (training) of the
system. In other words, if the system by its own decision (unsupervised
learning) finds some solution, but it is a priori wrong according to the
superior system; it can be depressed by just applying the reversed potential
difference between the input-output pair that has resulted in the making
of this wrong decision. Thus, the action will adjust the conductivity of
all elements involved into the establishing of the wrong pathways of sig-
nal propagation to the low conductivity state (it will be very similar to
the variation of weight functions during signal back propagation in the
case of artificial neuron networks). It implies as if we make explanations
(or supervision) to a child that the decision he made is wrong.

Summarizing, the characteristics shown in Fig. 6.20 are the main basic
features to consider the described polymer-based electrochemical element
as one of the most suitable key node in adaptive network formation.

From the very basic point of view, it seems rather strange that the
temporal behaviors of curves shown in Fig. 20(a, b) do not coincide, as both
of them must depend on the diffusion of Li+ ions from PEO to PANI and
vice versa. In order to understand the observed difference in the kinetics
of characteristics shown in Fig. 20 (a, b) qualitatively, let us make the
following considerations. First, we will consider the reduction of active
area (negative drain potential is applied to the drain electrode, Fig. 6.20(b)).
In this case, the whole active area is at a potential that allows the reduction
of PANI molecules in the active area of the channel (reduction potential
in the bulk is about +0�1 V; therefore, any negative potential will be less
than this value). In the case of positive drain voltage, the applied potential
is distributed along the whole channel length. Therefore, only some areas
of the active zone can be at a potential equal or more than the oxidizing
one. In order to explain the observed behavior, the following model was
considered. Let us divide the active area into small stripes as shown in
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i1

Figure 6.21: Active area of the PANI channel (real length is about 1 mm) was
divided into n stripes (number of divisions was varied for different models

developed for the explanation of the difference in the kinetics of the conductivity
variation for different applied voltage polarities and for the non-linear rhythmic

generating element (will be considered later)).

Fig. 6.21. We assume that all the materials within the same stripe behave
in the same mode.

The active area in the starting time moment, before voltage application,
is in a reduced insulating state due to the lithium gradient between PEO and
PANI. We assume that all conductivity variations take place only in the
active zone, and thus all other areas of the PANI channel (out of the active
zone) remain in a conducting state. Thus, we can claim that the potential
difference will be located mainly in the active zone. Let us suppose that
+0�6 V was applied as the drain voltage. The profile of the applied potential
distribution at the starting moment (immediately after voltage application)
is shown in Fig. 6.22(a). Let us consider that the oxidation potential of thin
PANI layer is the same as in a case of bulk material and is equal to +0�3 V
[31]. Taking into account that the main part of the potential difference is
located in the active part of the channel, we can suppose that the half of this
active area, close to the D electrode, will be at the oxidation potential or
higher, what is the same for the beginning of oxidation process). Thus, the
transformation of zones within this half of the active area into the oxidized
conducting state will occur.

After the transfer of half of the active area that was initially in the
reduced insulating state into the oxidized conducting form, the redistribu-
tion of potential profile along the active area will take place. Practically, all
the applied potentials will be distributed in the residual insulating area, as
shown in Fig. 6.22(b). Repeating the above considerations, we will arrive
to the conclusion that half of this new insulating area (again in the direction
of drain electrode) will be at the potential allowing oxidation. Therefore, it
will be successively transferred into the oxidized conducting state. When-
ever this happens, the potential will be redistributed again, according to
the situation, shown in Fig. 6.22(c), which will result in the appropriate
conditions for further transition of the half length of residual reduced insu-
lating area into the conducting state. The previous considerations were the
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Figure 6.22: Potential distribution profile and the state (conducting-insulating) of
the active area of the PANI channel after application of the positive �+0�6 V�

drain potential. After the PEO stripe formation and before the application of the
positive D potential, the active area is in an insulating reduced state due to the
concentration gradient of Li ions. The potential is distributed linearly mainly in

this insulating zone. Material, localized in the half of this area (closed to the drain
electrode; the boundary is shown as a vertical line), is at a potential allowing the

oxidation reaction (a). After the oxidation reaction was finished in the area
marked in (a), this zone was transferred into the oxidized conducting state.

Therefore, the potential distribution profile was varied and the potential difference
now is located in the residual reduced area of the PANI active zone. Thus, the

boundary of the film coordinate at the potential higher than the oxidation one was
displaced in left (towards the source electrode) direction (indicated again as a

vertical line). Therefore, the film located at the right of the line can be oxidized
(b). The presented considerations can be further repeated (c) till all the active area

will be transferred into the oxidized conducting state.

basis of mathematical modeling to explain the observed experimental data.
The results of the modeling of conductivity variation at fixed applied bias
drain voltage of +0�6 V to the described electrochemical element is shown
in Fig. 6.23.

The model is based on the suggestion that each stripe, shown in Fig. 6.21,
behaves independently, according to the actual potential difference between
it and the reference potential level (let us recall that the gate potential is
maintained at the ground level). The stripe is insulating when its potential
is rather low with respect to the reference one. Conductivity variations
begin to take place when this potential difference becomes more than
the oxidizing potential �+0�3 V�. When it happens (the potential differ-
ence is more than the oxidizing potential), the stripe begins to transfer
itself into the oxidized conducting state with the kinetics, experimentally
obtained for the transition of the conducting zone into the insulating state
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Figure 6.23: Experimental (squares) and theoretical (solid line) temporal
behavior of the drain current at the constant drain voltage of 0.6 V. As it is clear
from the dependences, the suggested model explain qualitatively the difference of
the kinetics of the transformation of the active area of the PANI channel into the

oxidized state with respect to the same transition into the reduced state at the
negative potential.

(Fig. 6.20(b)). The conductivity variation and new potential distribution
profile are calculated after fixed time intervals (the intervals were varied
during modeling). A comparison of the calculated dependence, obtained
from the model described above, and the curve of experimental results
are shown in Fig. 6.23. Good coincidence of theoretical and experimental
results allows to conclude that the fundamental mechanism of conductivity
variation in the case of positive and negative drain potential is the same.
The difference of kinetics has resulted from the difference in the relative
distribution of potentials along the active zone with respect to the reference
potential. In the case of negative drain voltage, the whole active under-
electrolyte PANI channel area is at the reduction potential. Therefore, its
transformation into the insulating state takes place simultaneously in the
whole area. In the case of positive drain voltage, only the part of active
zone is at the oxidizing potential in each determined time moment, which
makes its transformation into the oxidized conducting state possible. As a
result of this transformation, redistribution of the potential profile occurs,
bringing the other zones of active area of the PANI channel to the potential
allowing their oxidation.

Thus, we can conclude that the difference in the kinetics is due to the fact
that, for the negative potential, the transformation from the conducting to
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the insulating state takes place simultaneously for all sections of the active
PANI area, while in the case of positive drain voltage, the transformation
takes place gradually, shifting the boundary of the conducting area, step
by step, into the direction of the source.

6.4.5. Out-of-equilibrium Element

Living means to be out of equilibrium even in fixed environmental con-
ditions. In fact, thermodynamic equilibrium is possible only for the dead
(or inorganic) matter. Probably, we can even claim that the most essential
feature of the living system is the capacity to produce nonlinear rhythmic
behavior even if the surrounding conditions are maintained at the fixed
level. In real biological systems, such behavior can be easily recognized,
for example, the breath or heart pulsing. Similar features, although not so
obvious, can be observed in the case of cell splitting. Interesting features
can be observed if we revisit our biological benchmark of the pond snail.
In its nervous system, we can recognize one neuron, namely N1M neuron,
whose behavior is absolutely different from all the other neurons [4]. This
neuron, being activated once, produces a sequence of potential pulses rather
long in time duration. Thus, we can consider this element as a clock gen-
erator analog. These pulses, being interfered with the signals propagating
in the nervous system, result in the decision-making and the generation
of adequate command signals to the executive organs. Thus, if we indent
to approach the natural way of signal processing and decision-making, we
need to have some elements capable of performing rhythmic response in
steady-state conditions. Moreover, for our purposes, this response must
be of an electrical origin. Thus, we can approach closely to the natural
situation.

The important question is whether we can fabricate the element allow-
ing such behavior starting from the polymeric electrochemical element? In
this case, we are able to organize the whole system composed from similar
elements. The answer is yes. The only property we need to vary is the
possibility of having the reference potential not fixed anymore. The easiest
way is to apply the periodically modulated potential to the gate electrode.
However, if we permit such action, our system will not be a closed one
anymore. Thus, we need to fix some element inside the system that will
result in the variation of gate potential. The simplest element can be a
capacitor, connected between the gate electrode and the ground level. In
fact, in this case, the potential of the gate will be varied during element
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+V

Figure 6.24: Scheme of the modified polymer-based electrochemical element
capable to the rhythmic nonlinear response generation. The capacitor

between the gate electrode and ground level allows the potential variation
in the G electrode.

functioning. The current flow in the electrolyte will result in the accumula-
tion of charge at the capacitor that will successively vary the gate potential.
A schematic representation of the polymer-based electrochemical element
is shown in Fig. 6.24.

The results of the response for both drain and gate currents at fixed
applied voltage are shown in Fig. 6.25 [32].

As we can see, both currents exhibit oscillation behavior, and these
oscillations are shifted in phase. This temporal shift corresponds to about
100 s delay of drain current oscillations with respect to that of the gate.
This time is comparable with the characteristic time of conductivity varia-
tions recorded in simpler structures without capacitor [30]. Thus, our aim
was reached. The described element can be the basis for the construction
of a system capable of performing rhythmic electrical response at fixed
environmental conditions. The only drawback in this element is the neces-
sity of inserting an external component – the capacitor. However, we can
avoid it considering the ability of some materials to accumulate charges.
This property is well known and is used, in particular, for the construc-
tion of rechargeable battery. The first candidate that must be considered
is graphite, as it is the most frequently used material for the electrodes
of lithium batteries [33]. Ions of lithium can be stored in it due to their
intercalation between layers of the hexagonally packed carbon atoms. Tem-
poral behavior of the drain current for the element, similar to that shown in
Fig. 6.18 with the only difference that the gate electrode is made not from
the silver wire but from the graphite stripe, is shown in Fig. 6.26. As in the
previous case (with the external capacitor), the oscillations are clearly visi-
ble. Thus, we can avoid any external element for having out-of-equilibrium
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Figure 6.25: Gate (a) and drain (b) current temporal behavior of the
element shown in Fig. 6.24 at fixed drain voltage of 1.0 V. The capacitance of the

external capacitor in the element of Fig. 6.24 was 1�0 	F (reproduced from
V. Erokhin, T. Berzina, P. Camorani, and M.P. Fontana, Journal of Physics:

Condensed Matter, 19, 20511 (2007) with the permission from
IOP Publishing Limited.)

rhythmic electrical response. However, we need to use adequate materials
for the construction of the element.

In order to explain the observed results, the following model was devel-
oped. The active area of the PANI layer (under PEO area) was divided, as
shown in Fig. 6.27.

It was suggested that the behavior of the material within each single
stripe is the same, and all transformations due to redox reactions take place
simultaneously. The total drain current is determined by Eqn 6.7:

Id = Vd∑
i

Ri

+ Ig (6.7)
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Figure 6.26: Temporal behavior of the drain current at positive �+1�5 V� voltage
for the element shown in Fig. 6.18 where the gate electrode is a stripe of graphite.
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Figure 6.27: The model explaining the rhythmic output of the current. In the
model we have two fixed resistances Rin and Rfin corresponding to the PANI
channel zones, not covered by PEO, before (in the direction from S to D) and

after the active area. The active area of the PANI channel was divided into narrow
stripes. These stripes are characterized by the resistance RN and the potential with
respect to the reference one (G potential). Lines between the stripes of the active

area and the G electrode represent ionic flow.
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where Vd is the applied voltage, Ri is resistance of the stripe i, and Ig is
the total gate current determined with Eqn 6.8:

Ig =
N∑

i=1

i
g
i (6.8)

We can claim that gate current from the point i to the G electrode must
have two components, active and passive (Eqn 6.9):

i
g
i = i

g
ipas

+ i
g
iact

(6.9)

The passive component of the gate current is determined by actual
potential difference and resistance of the electrolyte between stripe i of the
active area and the gate electrode. The difference in the passive gate current
of different stripes is due only to the resistance difference resulting from
the difference in the electrolyte length from the stripe to the gate electrode.
The active component, on the other hand, must be time dependent, and
we need to make some suggestions about this dependence. Being in the
positive branch of potential difference, and making the voltage sweep from
zero to the maximum positive voltage, the active component of gate current
must begin to increase when the potential difference overcomes 0.3 V
(oxidation potential) with the kinetics, experimentally measured and shown
in Fig. 6.20(b). In the decreasing voltage branch, the active component of
gate current begins to go to negative values when the potential difference
passes 0.1 V (reduction potential).

The behavior of the resistance of each PANI stripe according its actual
potential with respect to G electrode is summarized in Table 6.1.

The modeling was performed in the following way. At each time period
(the temporal step was variable, starting from 1 s), the following parameters
were calculated: actual potential at the gate electrode with respect to the

Table 6.1: Behavior of the resistance in each individual stripe in the active area
as a function of its potential with respect to the G electrode

V<Vreduction Vreduction<V<Voxidation V>Voxidation

V increasing No changes No changes Decrease in the
resistance

V decreasing Increase in the
resistance

No changes No changes
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ground level, the distribution of potentials between each stripe of the active
area length and the gate electrode, conductivity of each stripe, and actual
values of the drain and gate currents. The following parameters were varied
during modeling: number of stripes, Rin and Rfin values, specific conductiv-
ity of the electrolyte, value of the external capacitor, time constants of the
PANI stripe conductivity variation, and applied drain voltage. Some results
of the modeling are shown in Fig 6.28. Fig. 6.28(a, b) show the dependences
of drain and gate currents for the element without capacitor, respectively.

The comparison of the data, calculated within the developed model,
with the experimental results (Fig. 6.19(a, b)) concludes that the suggested
approach has permitted to perform a rational qualitative explanation of the
observed phenomenon.

Figure 6.29 represents the temporal behavior of the gate current at fixed
applied drain voltage for the element containing the capacitor.

As we can see, the model forecasts the oscillating behavior of the system
at fixed applied potential. It is interesting to note that, according to the
model, the appearance of oscillations depends strongly on the conditions
of the junctions. The value of the capacitor, applied voltage, and mutual
ratio of the active area resistance with respect to the rest zones of the PANI
channel are very critical. This fact is also in agreement with experimentally
observed data. In some cases, the model did not allow the appearance of
oscillations, which is also in agreement with the experimental data. In fact,
not all realized structures revealed oscillating behavior.

The described model was based on the formal consideration of dif-
ferent electrical and electrochemical processes occurring in the fabricated
device. However, the obtained results can be explained using the other
approach that was successfully applied for the explanation of cyclic chem-
ical reactions, such as Belousov–Zhabotinsky (BZ) reaction, as there are
several features common to these reactions and our system. The BZ reac-
tion describes a complex behavior of the system, very far from equilibrium
[34]. At least three reactions (much more in real particular systems) must
occur. An example of the reaction is shown in the Eqn 6.10:

BrO3
− +Br− => HBrO2 +HOBr Rate = k1
BrO3

−�
Br−�

HBrO2 +Br− => 2HOBr Rate = k2
HBrO2�
Br−�

BrO3
− +HBrO2 => 2HBrO2 +2Ce4+ Rate = k3
BrO3

−�
HBrO2� (6.10)

2HBrO2 => BrO3
− +HOBr Rate = k4
HBrO2�

2

B+Ce4+ => 1/2fBr− Rate = kc
Z�
Ce4+�
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Figure 6.28: Result of the modeling of the dependence of the drain (a) and gate
(b) currents on the applied drain voltage. These data were obtained without

external capacitor.

Cyclic behavior can be observed if at least three reactions go simulta-
neously in the system. The first of these reactions must be an oxidation
reaction. The second one must be a reduction reaction with the production
of the catalyzer. Therefore, this reaction is autocatalytic. The third reaction
closes the loop inhibiting the catalyzer. Visually, this reaction demonstrates
the periodic changes of the solution color. Prigogine had evaluated the
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Figure 6.29: Temporal behavior of the drain current of the element with the
external capacitor of 1 	F at fixed �+1�5 V� drain voltage. Period, amplitude and
duration of the oscillations were found to be strongly dependent on the parameters

of the model.

discovery of such reactions as an extremely important one, as it was the first
experimental confirmation of nonequilibrium thermodynamics [3]. Similar
processes must also occur in living systems. However, all literatures deal-
ing with cyclic chemical reactions report mainly the rhythmic variations of
the optical (color) or viscoelastic properties of the reaction media. On the
other hand, in the nervous systems of living organisms, we need to have
oscillating output of the electrochemical parameters, as it was previously
considered for the N1M neuron of pond snail.

If we consider our element with the capacitor, exhibiting the oscil-
lating behavior, we will find similar features with BZ reaction. First of
all, the variations of conductivity in the active area of the PANI chan-
nel are due to the oxidation and reduction processes. In parallel, we have
the variation of reference potential (charging–discharging of the capacitor)
and the variation of the profile of the applied drain voltage distribution
along the active area coordinate. The latter two processes can be consid-
ered as the production/inhibition of the catalyzer. Thus, processes taking
place in our element and resulting in the rhythmic electrical output are char-
acterized by features necessary for the BZ reaction to occur. Therefore,
we can try to apply the formalism developed for BZ reactions to our systems.
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BZ reactions can be described using Lotka–Volterra equations. These
equations were previously used for the description of closed ecological
systems, such as predator–victim system. The system of equations is shown
in Eqn 6.11.

dX

dt
= aX −bXY

dY

dt
= −dY +hXY

(6.11)

Y is the population of predators and X is the population of victims.
We assume that all victims are eaten by predators. Therefore, the rate of
variation of victims is proportional (positively) to the actual population
value (more new members may be born) and it is (negatively) proportional
to the probability of their direct contact with predators (the product of X
and Y). In the case of predator population variation rate, we must consider
the death of individuals, which is proportional to the actual population,
and the birth of new ones, which depends on the availability of food and,
therefore, on the probability of the contact of predator/victim pairs (again
the product of X and Y). These assumptions result in Eqn 6.11, which
describes the behavior of such closed system. The solution of equations is
shown in Fig. 6.30.

As we can see, there is an oscillating behavior of both populations,
shifted in time one from the other. It is important to note that the solution is

P
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n

Time

Predators

Victims

Figure 6.30: Graphic representation of the solution of Lotka-Volterra equations,
describing the temporal variation of the predator and victim populations. The

solution depends strongly on the initial state of the system and gives the stable
solution with oscillation of both populations shifted in phase with respect to

each other.
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extremely dependent of the initial conditions. For some cases, we can have
the behavior without oscillations, resulting in the complete disappearance
of the predator population (or both of them, if victims were eaten before).

This approach was applied successfully for the description of the BZ
reaction. The appropriate equations are presented in Eqn 6.12:

dX

dt
= k3AY −k2XY +k5AX −2k4X

2

dY

dt
= −k3AY −k2XY +0�5k6BZ (6.12)

dZ

dt
= 2k5AX −k6BZ

The equations connect the variation of the amount of three compounds
involved into the reaction. The solution of these equations gives the oscil-
lating behavior of these compounds (used coefficients are related to the
time constants of reactions).

A comparison of our oscillations with those in the case of BZ reaction
gives several points of coincidence. First, in both cases, redox reactions
are the driving forces of system behavior. Second, in the case of BZ
reaction in its classic form, the essential part is responsible for the cyclic
behavior due to the production and inhibition of the catalyzer. In our
case, two processes can play the same role. First, we have the variation
of the reference potential due to the charge accumulation or release at
the capacitor (or graphite stripe as G electrode) of the structure. Second,
we have continuous redistribution of the applied potential profile along
the active area with respect to the variable reference potential. Therefore,
we can assume that the same formalism, based on the Lotka–Volterra
equations, can be applied for describing the behavior of our system.

Formally, the equations can be written as those in system (Eqn 6.13):

dA

dt
= k1IgB−k2A

dB

dt
= −k3IgA−k4B (6.13)

dVg

dt
= Ig

C

where A and B are the amounts of oxidized and reduced PANI in the active
area; C is the value of capacitance and Vg is the actual gate potential at
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certain moment. From the first two equations, we can understand that the
variation of the amount of oxidized and reduced matter in the active area
is proportional to the reduced and oxidized matter amounts, respectively,
that can be transformed into other form. The proportional coefficient is
equal to the gate current as it is responsible for bringing the carriers
necessary for these reactions. The latter terms in these equations indicate
that the already oxidized (or reduced) material cannot be oxidized (reduced)
anymore. Unfortunately, in its present form, Eqn 6.13 cannot be solved, as
the third one has a parameter absent in the first two equations. Therefore,
the third equation must be rewritten to the form shown in Eqn 6.14:

dIg

dt
+ dB

dt
= k8Ig

C
(6.14)

Thus, we have a system of three differential equations with three inde-
pendent parameters. A comparison of the system with that already applied
for the description of the cyclic behavior of chemical reactions reveals their
similarity. Therefore, even their solutions must be similar.

The last result seems to be extremely important. Up to now, all observed
cyclic behaviors were registered on the variation of optical or viscoelastic
properties of the reaction medium. Instead, in order to mimic the processes
in biological systems, we need to have the rhythmic output of electrical
characteristics. Thus, the presented data have provided a direct observation
of the behavior, which can be considered as a model for intrinsic processes
within living systems, allowing to avoid decay to equilibrium.

6.5. Demonstrative Circuits

6.5.1. Simple Mimicking Element

The simplest utilization of the described electrochemical element in order
to mimic the behavior of biological systems was performed considering
again the pond snail digestion nervous system as a natural benchmark.
The learning in snail was studied in detail by neurophysiologists and the
appropriate model of this process was developed [3]. Touching the snail
lips with sugar was used as the ‘training’ action (supervised learning). After
several acts of this ‘training’, the snail begun to open its mouth and started
the digestion process after touching the mouth even without sugar. In the
case of the real animal, 6 neurons are involved in this learning action.
Probably, this is due to the fact that same neurons can be used for the other
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processing events. The same feature can be realized, as we will see, using
only one electrochemical element described in earlier sections. In order to
mimic the learning behavior of pond snail, the realized circuit must contain
two inputs, corresponding to the main (touching) and training (feeding)
signals. The circuit must also contain one output, performing the executive
signal (opening of the mouth and start of the digestion process). This last
signal must be more than some threshold level; otherwise it will be not
able to start executive organs. Action of the main input signal itself must
not provide enough intensity of the output signal. Instead, when both, main
and training, signals act together, the executive signal must be significantly
increased, and, after such action, application of only the main input signal
must provide output signal with a higher intensity.

The scheme of the circuit used for mimicking this learning behavior
[35] is shown in Fig. 6.31.

The summator plays partially the role of the neuron body, providing at
its output the sum of the two applied voltages. The circuit also contains
two inputs corresponding to the main (touch) and teaching (taste) signals
(both of them are +0�3 V) and one output (current between S electrode and
the ground), providing a signal to executive elements. Let us suppose that
the threshold level of the output signal, enough for performing executive
actions, is 0�2 	A. Temporal characteristics of the output current behavior
of the circuit is shown in Fig. 6.32.

Let us consider the learning imitation performed by the circuit shown in
Fig. 6.31. Initially (0 V applied), the electrochemical element PANI active
area is in reduced insulating state. Point A of the Fig. 6.32 corresponds
to the application of the main signal, imitating the touch event. As the
active area is still in the reduced insulating state, the value of the output

D Iout

MI

TI

+ S

Figure 6.31: Electrical circuit used to mimic learning behavior of the pond snail.
Main (MI) and training (TI) inputs (each of them was +0�3 V), imitating taste and
touch signals of the snail sensoristic system, are connected to the summator. Sum
of the MI and TI is applied to the D electrode of the polymeric electrochemical

element. Current measured between the S electrode and the ground was
the output signal.
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Figure 6.32: Temporal behavior of the circuit shown in Fig. 6.31. Main input
(touch) was applied to the circuit at the point A. The application of this signal has

resulted in the output current of 0�14 	A, that is below the threshold level. TI
(taste) was applied together with MI at the point B. The action has resulted in the
increase of the element conductivity coming to the saturation in about 2000 s. In
the point C the TI was switched off and only MI was applied to the circuit. As a

result, we have observed the output current of 0�23 	A, that is higher than the
threshold level and, therefore, can perform execution actions.

current is rather low �0�14 	A� and, therefore, cannot activate executive
mechanism (we have determined the threshold level to be equal to 0�2 	A).
Training signal (taste imitation) is applied at the moment corresponding to
point B in the figure. It results in the beginning of the continuous increase
of the output current value, arriving to the saturation. This behavior is
due to the transformation of the active area of the PANI channel into its
oxidized conducting state. After switching off the teaching signal (point
C), the active area is still in oxidized state and the output current value,
corresponding to the only main input, is about twice more with respect to
that before the training event and, therefore, is higher than the threshold
level allowing the activation of the executive mechanisms.

It is interesting to note that even this simplest circuit has demonstrated
the necessity of parallel working of processing and memorizing events. In
fact, during the signal processing, learning took place when the properties of
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Figure 6.33: Scheme of the circuit capable for learning. Summator is substituted
with the inputs from two current generators.

the active area of the PANI channel were modified and these modifications
were saved and used for the successive signal processing.

This simple scheme has demonstrated the possibility to mimic simple
learning behavior with artificial circuits, using the described electrochemi-
cal polymeric element as the main node. In this circuit, we have to use the
external electrical element – summator. Probably, it is possible to avoid it
if we use current generators as the input signals instead of fixed voltages,
as it was used in the earlier circuit. Scheme of the connections in this case
is shown in Fig. 6.33.

In this case, the potential on the input (D electrode) of the electrochem-
ical element will depend on the potential difference on the loading resistor
Rex, that can be realized also from PANI or other conducting polymer and
integrated in the element. It is important to make the value of the resis-
tance Rex more much less than that of the electrochemical element both
in conducting and insulating states. Thus, we will be able to consider that
the drain electrode is loaded only with the potential. We will have the
increased potential on the electrochemical element when both, main and
training, currents are applied. Thus, as in the previous case, learning will
take place when the active area of the PANI channel will be transferred
into the oxidized conducting state, and this state will provide the higher
output signal even after the training signal will be switched off.

6.5.2. Adaptive Circuit

Next step is to demonstrate the possibility of the construction of more
complicated circuit [36] that is capable to learn according the external
training process (supervised learning). The scheme of such circuit is shown
in Fig. 6.34.
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Input 1

I1 I2

Input 2

Output 1 Output 2

Figure 6.34: Adaptive circuit realized from eight polymeric electrochemical
elements and containing two inputs (voltages) and two outputs (currents).

The circuit contains two input and two output electrodes. Eight poly-
meric electrochemical elements provide different signal pathways from
each input to each output. Potentials of 1.0 V were used as input, while
currents measured between S electrodes and the ground were taken as
output signals. Initially, the signal was applied to the first input electrode
and both output currents were registered and analyzed. The results of the
measurements are shown in Table 6.2.

As can be seen from the table, the properties of individual electrochem-
ical elements, constituting the circuit, have resulted in the fact that the
application of the signal to the first input resulted in the higher signal at
the first output. It is necessary to note that such behavior was obtained

Table 6.2: Results on the adaptive behavior of the
circuit shown in Fig. 6.34

Out 1 (nA) Out 2 (nA)

Before training 150 31
After training 45 144
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occasionally, as elements, constituting the circuit, were not identical. Let
us suppose that we want to train the system (supervised learning) to pro-
vide higher current value at the second output when the signal is applied
to the first input. In order to have such possibility, we need to recall the
characteristics of the individual element, shown in Fig. 6.20(b). As it was
claimed before, these characteristics can be considered as key properties
for performing external training (supervised learning). Thus, we need to
apply inverted voltage to the input–output pairs where we want to decrease
occasionally appeared high conductivity. Therefore, the external training
of the circuit was performed in the following way. Positive voltage was
maintained between the first input and the second output electrodes, while
it was negative between the first input and the first output simultaneously.
Such action was performed in 5 min. After this, the circuit was tested again.
Here, the signal was applied to the first input and both output signals were
measured and analyzed. The results of the measurements are also shown
in Table 6.2. As can be seen, the external training process turned out to
be successful. We were able to teach the system that the application of the
signal to the first input must provide a higher second output signal. It is
very important to note that no modification of the circuit was performed.
Training was done only by the application of the adequate potentials. As in
the case of simple mimicking circuit (previous section), the proposed net-
work combines processing function with memory properties. Being trained,
the circuit memorizes the properties of constituting elements, and these
properties are used during successive signal processing. The other impor-
tant characteristic of the circuit is its flexibility and possibility of multiple
adaptations. Properties of the elements and, therefore, the whole network
can be further modified by successive training actions. We can suppress
the value of the first output more, we can return to the initial situation or
we can suppress the value of the second output signal more.

This simple circuit has demonstrated the validity of the chosen approach
of the adaptive networks realization. Of course, really complex systems
must contain much more elements with numerous mutual interconnections.
Therefore, following the main road of the circuit fabrication, each dis-
crete element must be miniaturized and special technological approaches
must be developed, allowing the fabrication of the entire circuit, similar to
the current situation in semiconductor micro- and nanoelectronics indus-
try. However, alternative approaches can be developed. These approaches
must follow bottom-up way of the device realization based on the self-
assembling. We can expect that they will allow the fabrication of networks
with a statistical distribution of functional elements. If the network will



342 The New Frontiers of Organic and Composite Nanotechnology

be complex enough, we can expect the formation of adequate functional
elements providing different signal pathways, connecting numerous input
and output electrodes. Then, the network must be trained in order to realize
some preferential pathways of the signal propagation. After such training,
we can expect that the system will modify its own properties during func-
tioning according to the acquired experience (non-supervised learning).
The next part is dedicated to the description of the method of fabrication
of simple statistical network based on the fibers of conducting polymers
and solid electrolytes.

6.5.3. Perspectives: Network of Polymer Fibers

The capacity of PEO to form fibers is well known [37]. One of the main
methods of the fiber formation is based of the application of electric field.
The scheme of the electric field-assisted fiber formation process is shown
in Fig. 6.35.

PEO solution was placed in the container with a capillary outlet. The
support, where fibers were planned to be deposited, was placed at 5–10 cm
from the PEO container and the voltage value in the range of 5–20 kV was
applied between them. Typical example of the fibrillar structure, obtained
by this method is shown in Fig. 6.35(b). However, for our reasons (for-
mation of statistical network allowing adaptive behavior) this approach
seems to be not completely adequate. First, it allows to form fibers of only
one compound. Instead, we need to have fibers of at least two different
polymers. Second, we can obtain 2D organization of fibers; but for the

(a)

+–

(b)

100 μm

Figure 6.35: Scheme of the electric-field assisted polymer fiber deposition (a)
and image of the realized structure (b).
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realization of really complicated network, it is better to have 3D structures.
Therefore, alternative approach was performed. This approach was based
on the capability of PEO to form fiber structure after exposing its solution
to vacuum treatment by rather fast pumping [38].

The following procedure was performed. As the first step, drop of
PEO solution in water (concentration range 5–20 mg/ml) was casted on
the solid support and placed in vacuum chamber with successive pumping
till 10−2 Torr during 10–20 minutes. A 3D fibrillar structure was formed
as a result of such treatment. This PEO network was then used as a
template for the formation of superimposed PANI fiber structure. For these
reasons, PANI solution (0.2–0.5 mg/ml in NMP) was casted onto the formed
structure and the same vacuum treatment was repeated. Optical images of
the formed structure are shown in Fig. 6.36.

Of course, optical microscopy does not allow to estimate fiber diameter
when it is in a submicron range. Therefore, TEM imaging was performed.
Representative image of fibrillar structure is shown in Fig. 6.37.

Analysis of the images concludes that fibers of different diameter (from
some tens of nanometers till several microns) and length (up to several
mm) were formed. Also, a 3D organization of the formed network is clearly
visible. Thus, the statistical network with occasional crossing of fibers of
two necessary materials (conducting polymer (PANI) and solid electrolyte
(PEO)) is possible to realize. The key question is whether this network
is complex enough to provide the required configurations in a statistical
way, similar to those fabricated in a predefined way during discrete single
electrochemical element preparation?

Figure 6.36: Optical images of different realized structures of PEO–PANI
fibers [37].
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200 nm

Figure 6.37: TEM image of the fibrillar structure.

A

±

Figure 6.38: Model structure for testing properties of the network formed from
PEO and PANI fibers. Gate electrode (silver wire) was placed into the network

and was used to provide the reference potential (ground level).

In order to check this hypothesis, the following structure, shown in
Fig. 6.38, was realized and tested.

PEO drop was casted onto the surface of glass support, where two metal
electrodes, that will be used as source and drain electrodes, respectively,
were already evaporated. Gate (reference) electrode (silver wire) was placed
into the PEO drop before the vacuum treatment. Thus, after the pumping,
the reference electrode was inside the fibrillar network, and was maintained
there after the formation of successive PANI fiber structure in the same way
as it was described earlier for PEO. If the network is complex enough, we
can expect the existence of the statistically formed configurations, where
PANI and PEO fibers are connected to the reference electrode (silver wire),
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forming junctions similar to the single electrochemical element (Fig. 6.18).
If this is the case, then electrical characteristic of such structure must reveal
behavior, similar to that of discrete element (as that shown in Fig. 6.19).
In particular, rectifying characteristic must be observed in the appropriate
configuration. Let us refer once more to the scheme shown in Fig. 6.38.
As in the case of the discrete element, source and reference electrodes
were connected to the ground potential, while the voltage was applied
to the drain electrode and the current value was registered. Also, in this
case, current measurements were taken after 1 min delay after the voltage
application in order to equilibrate electrochemical processes. The resultant
voltage-current characteristic is shown in Fig. 6.39.

Expected rectifying behavior is clearly visible in the figure, confirming,
therefore, the possibility of the realization of necessary working configu-
rations of functional units in a statistical way. This result seems to be very
important. In fact, it allows to believe that even very complicated networks
can be realized in a statistical way, bypassing time-consuming and com-
plicated lithography processes at each stage of the structure formation. It
is worth to mention that the sizes of the elements of the formed structure
are comparable with sizes of elements of the nervous systems of living
organisms.

However, the presented results have demonstrated only the principal
applicability of the statistical fibrillar structure approach for the adaptive
network realization. Of course, we are only in the beginning stage and
this work must be continued. One of the possible ways of this approach
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Figure 6.39: Voltage-current characteristics measured on the statistically formed
fibrillar network in a configuration shown in Fig. 6.38 [37].
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continuation will be based on the utilization of the silver wire networks
as a framework for the fibrillar structure formation. The network will
contain a large number of input and output electrodes (gold wires, for
example) connected to the structure. After the formation, the network will
be trained, suppressing undesirable input–output pathways. The choice of
the pathways that must be suppressed will be taken attributing to each
input the feature of some sensoristic element from living systems (vision,
smell, touch, etc.) and to each output some executive organs (muscles,
digestion, etc.).

6.6. Conclusions

In this chapter, I have tried to draw some perspective lines to develop for
the construction of adaptive networks. Of course, we are in a very beginning
of such works. If we make a comparison with electronics, we are still in
a pre-silicon epoch. Further developments can result in the utilization of
others, more effective materials, methods of the structures formation, and
architecture of elements and networks. However, even the already available
results are rather promising, the attempt to make the system whose working
principals and main properties are similar to those of biological systems –
ideally working adaptive networks – also seems to be important.

We can underline the importance of the realization of polymeric electro-
chemical element that is supposed to be used as a key node of the system.
This synapse analog uses similar electrochemical principles that are the
basis for the functioning of nervous system. The other important feature of
the element is that it combines the functions of the processor with those of
the memory. As we have underlined in the previous sections, this feature
must be a very important property of the system that is planned to perform
adaptive behavior.

The other important element that has been realized is the auto-generating
element that must prevent the whole system from the equilibrium. There
are also biological analogs for this element. Moreover, it seems that without
such elements, capable of performing rhythmic nonlinear responses even
in the fixed environmental conditions, biological organisms cannot exist.

Simple model circuits have demonstrated the possibility of the construc-
tion of systems capable to learn. Finally, as the possible alternative way of
the adaptive network realization, it was suggested the approach, based on
the realization of statistical networks of fibers of different polymers.
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Abstract. The unique electrical, optical, catalytic and magnetic pro-
perties of materials in which the structural elements are in the nanome-
ter size (broadly defined as nanostructured materials) have attracted
considerable interest for designing powerful enzyme-based biocatalytic
systems. This paper discusses recent advances in the study and use
of various classes of nanostructured materials (carbon nanotubes,
nanofibers and nanowires, nanoparticles and nanocrystals, mesoporos
silicaandcompositematerials) forenzyme immobilizationanddescribes
selected examples of their application in the development of biologically
active systems and biosensors. Different strategies used for the func-
tionalization of nanostructures with enzymes, development and charac-
terization of the nanostructure assembly, evaluation of biological activity
and generation of response and sensing function are also discussed.

Keywords: nanomaterials, enzyme immobilization, composites, car-
bon nanotubes, mesoporous silica

7.1. Introduction

The development of nanostructured materials for enzyme immobilization
with applications in biotechnology, biocatalysis, protein delivery systems
and biological sensors is currently becoming an emerging area of research.
In this complex system, the material chemistry, its structure and composi-
tion have a critical role on the binding, orientation and biological activity of
proteins. By definition, nanostructured materials are those materials whose
structural elements (i.e., crystallites or molecules) have dimensions of the
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order of or below 100 nm [1]. The uniqueness of these materials is due
to their electrical, optical and magnetic properties which offer distinctive
prospects for designing powerful biocatalytic systems. For instance, their
high surface area provides a large number of binding points for biomolecule
attachment, while their electrocatalytic properties could facilitate direct and
fast electron transfer between oxido-reduction species and a physical trans-
ducer. The immobilization of enzymes on nanometer-size materials is a
very promising concept for biosensing and biotechnological applications.
Furthermore, gaining a fundamental understanding of the biomolecular
events between the enzyme and the nanoscale environment is essential for
the success of these applications.

Enzymes are efficient catalysts that accelerate the rate of chemical
reactions without themselves being consumed in the process. Typically,
enzymes function in an aqueous environment with a low ionic strength at
near neutral pH and physiological temperatures. An important feature of
enzymes is that they possess specific 3D configurations that are essential
for their catalytic action. The most important part of an enzyme is its
active site, located at a precise position in the molecule, which stabilizes
the transition state between the substrate and its products. Alteration of the
overall conformation of the molecule could affect its biological activity.

The commonly used lyophilized freeze-dried enzyme powders often
exhibit low activity and stability. As an alternative, enzymes immobilized
onto a support could offer advantages such as higher catalytic activity,
enzyme recycling and continuous operation [2–5]. Other advantages include
resistance to environmental changes (i.e., wider pH range than in solution),
easy separation from the product, rapid termination of reactions, increased
stability, generation of a defined diffusion region and reduced cost of oper-
ation [2,3,6,7]. A study published in 1978 showed that 60% of studied
proteins showed an increased stability upon immobilization, 24% were
unaffected and 16% presented a decreased stability [8]. Enzyme immo-
bilization is now a popular strategy used in many practical applications.
However, in some cases, immobilized enzymes have poor biocatalytic effi-
ciency, which often limits the development of large-scale bioprocessing
that could compete with traditional chemical technologies. A schematic
representation showing the main strategy that could be used as a guide in
the development of immobilized enzyme biocatalyst is shown in Fig. 7.1
(from [9] with permission).

The main challenge is to design functional biocompatible materials and
interfacial structures which allow stable attachment of enzymes while main-
taining their activity and function as close as possible to their native state.
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Recent trend is to use nanostructured materials for the purpose of enhancing
enzyme retention while providing high biocatalytic activity and efficiency.
Examples of nanostructured architectures used for enzyme immobiliza-
tion include carbon nanotubes (CNTs) [10–13], nanoparticles [14–16],
magnetic nanoparticles [15,17], mesoporous media [18,19], nanofibers
[20,21], nanocomposites [22,23], nanorods and sol-gel materials contain-
ing nanometer-size particles [24–26] and single-enzyme nanoparticles [27].
These materials have attracted considerable attention due to their bio-
compatibility and high accessible surface area which greatly enhance the
stability and the amount of immobilized enzymes. In addition, the reduced
mass transfer limitation of substrates and inhibitors leads to improved
sensitivities when compared to conventional macroscale matrices [2].

Fabrication of active biological systems consisting of interacting nano-
structures with enzymes requires the development and characterization
of an appropriate nanostructure assembly, enzyme attachment, evaluation
of biological activity, generation of response and sensing function. This
chapter discusses recent advances in the study and use of nanostructured
materials for enzyme immobilization. A short overview of enzyme immo-
bilization techniques and application to the development of enzyme sensors
with focus on those with electrochemical transduction mechanism is also
discussed.

7.2. Properties of Materials for Enzyme
Immobilization

The activity of immobilized enzymes depends on the available surface
area, porosity, hydrophilic character, reaction conditions and the method
chosen for the immobilization [28]. Although it is generally recognized
that there is no unique and ideal material for the immobilization of all
enzymes, some basic requirements should be desirable: (a) biocompatibility
with the enzyme, (b) availability of reactive functional groups necessary
for enzyme attachment or should be easily functionalized, (c) stability with
changes in the microenvironment (pH, ionic strength), (d) ensure enzyme
stability and avoid leaching, (e) allow free diffusion of substrates and
reaction products, (f) selectivity and sensitivity for the detected species,
(g) ease of preparation and low cost [3,6,29] and, in addition, (h) the
immobilization method should not involve toxic or denaturing reagents
that can alter the activity of the enzyme. In a typical configuration, the
sensor material is a planar surface with a limited number of anchoring
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points available for biofunctionalization. Advances have been made by
using nanostructured architectures, such as nanoparticles, single-walled
CNTs and nanocomposite films. These materials fulfill many of the ‘ideal’
requirements for enzyme immobilization. For instance, these have been
shown to provide enhanced binding efficiency and increased stability and
might improve the performance of enzyme systems and devices.

7.3. Methods for Enzyme Immobilization

The method used to attach the enzyme is the key step in the develop-
ment of many practical applications and devices involving immobilized
biocatalysts. This process is governed by various interactions between the
biological component and the material interface [30]. Starting with the
first demonstration of an immobilized enzyme in 1950, considerable efforts
have been directed toward the development of new and more efficient
methods that do not affect the activity or the conformation of native pro-
tein and that could be applicable to a broad range of surfaces. Various
strategies have been employed including physical adsorption [31,32] cova-
lent binding, [33,34] physical entrapment [32,33] Langmuir–Blodgett films
[35], self-assembly [36] and affinity methods [33,37]. Figure 7.2 illustrates
the general approaches of several enzyme immobilization methods. Nano-
structured materials were first used as support matrices for direct enzyme
attachment. This is achieved almost exclusively through physical adsorp-
tion via the weak bonds such as van der Waals forces, ionic binding or
hydrophobic interactions. More recent methods involve the use of physical
entrapment, covalent and affinity-based methods. Engineering the enzyme
by adding a functional group at a precise location in its structure (usually the
amino or carboxyl terminal group) was also used in the binding process. An
appropriate selection of the method is dictated by several parameters such
as the nature of enzyme, the type and properties of material and/or the final
application of the enzymatic system. In the following section, we briefly
discuss the main and the most widely used enzyme immobilization methods.

7.3.1. Physical Adsorption

Generally, physical adsorption is the easiest, inexpensive and the least
denaturing immobilization method. The procedure consists of simple depo-
sition of the enzyme onto the support or electrode material. It does not
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involve additional reagents, sequential steps or enzyme modifications that
could affect its activity. However, due to the fact that the binding forces
involved are weak, the enzyme immobilized in this way is susceptible to
pH, temperature, solvent and ionic strengths changes and does not provide
increased enzyme activity and long-term operational and storage stability
[28,38,39]. As mentioned earlier, this is the most popular strategy to immo-
bilize enzymes onto nanostructures. As compared to macroscale materials,
enzymes appear to bind stronger to nanomaterials. An example is the
adsorption onto CNTs [40] and gold nanoparticles [41].

7.3.2. Covalent Coupling

The attachment of an enzyme by covalent linkage consists of two steps.
The first step involves activation of the material to provide useful chemi-
cal reactivity for subsequent binding of the biomolecule. Typically, this is
achieved with bifunctional groups or spacers such as glutaraldehyde, car-
bodiimide/succinimide, self-assembled monolayers or multilayers (SAM)
and aminopropyltriethoxysilanes. The second step consists of binding the
enzyme to a chemically activated support. The chemistry involved in the
immobilization process depends upon the type of material used and its
surface characteristics. In general, this method has been successfully devel-
oped for noble metals and carbon-based materials. This procedure has some
advantages such as the increased stability of the enzyme due to the strong
chemical binding, but has poor reproducibility, requires the use of large
amounts of enzyme and the immobilized enzyme has relatively low activity
due to the fact that the process can involve groups that are essential for
its activity [28,38,39,42,43]. Covalent methods using SAM have a special
interest in biological sensors due to the fact that they provide orientation
and spatial control of the enzyme. It is also possible to design SAM with
specific functional groups and use them as a communication relay between
the electrode surface and redox active enzymes [44–46].

7.3.3. Affinity Immobilization

Increasing efforts have been focused on the development of new
and innovative techniques which can ensure controlled spatial orienta-
tion/conformation, without loss of enzyme activity during the immobi-
lization procedure [47,48]. A recent trend is to create (bio)affinity bonds
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between an activated support and a specific group of the protein sequence.
When these groups are not present in the native enzyme, they can be
engineered at a specific location which does not affect the activity or the
folding of the protein [49]. Specific examples of affinity interactions include
cellulose–cellulose binding domain bearing enzymes, immobilized metal
ions for histidine-bearing enzymes [33,50], polyclonal/monoclonal antibod-
ies for specific enzymes and lectins – glycoenzymes bearing appropriate
oligosaccharides [51–53]. The method is usually reversible facilitating the
reuse of support matrix [54,55] and provides stable enzyme attachment. In
addition, it provides a basis for controlled and oriented immobilization of
the enzyme on different supports, opening the way for new approaches to
enzyme immobilization.

These procedures are gaining increasing acceptance in the construc-
tion of sensitive enzyme-based analytical devices. However, enzymes
immobilization onto nanostructures using bioaffinity bonds is still rela-
tively unexplored and represents an important research direction for future
developments. A very interesting recent example is the immobilization of
His-tagged peptides onto nickel/gold/nickel nanowires. In this example, in
addition to the controlled immobilization of the protein, the use of nickel
nanowires also allows control of directionality of the nanoassembly by an
external magnetic field [56].

7.3.4. Entrapment

One of the most convenient methods of enzyme immobilization is by phys-
ical entrapment in an inert material (i.e., photopolymerized monomers,
sol-gel matrices). This method has some advantages over the other pro-
cedures such as mild conditions, easy one-step fabrication, low cost and
high stability of encapsulated enzyme. The limitations of the method are
diffusional barriers of the transport of substrate and/or product resulting in
long response times, difficulties in controlling the pores dimensions and
possible enzyme leaching [38,42,57,58]. In some cases, the activity of the
enzyme can be affected by the physical and chemical properties of the
immobilization matrix. The process, however, can be considered as general
applicable for all enzymes.

Examples of materials used for encapsulation include photopolymer-
izable polymers, chemically generated polymers (i.e., alginate, latex),
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electrochemically generated polymers (polypyrrole, polyaniline polyacety-
lene, polythiophene, polyindole) [58,59], inorganic clays and sol-gels. In
this process, enzymes can be immobilized together with activators or arti-
ficial mediators such as ferrocene, quinoline derivates, tetrathiafulvalene
and organic salts that facilitate the transport of the electrons from the redox
center of the enzyme to the surface of the electrode. This feature is partic-
ularly important for biosensing. Among these, the most attractive method
is perhaps by electrodeposition of a conducting polymer in the presence
of the enzyme [28,59]. The principal advantages of this method are that
the resulting materials are easily prepared in a single-step procedure and
the possibility to control the thickness of the polymeric layer. The main
limitation is the high amount of biomolecule and monomer necessary for
the immobilization. A more straightforward method is to retain the enzyme
behind a thin semi-permeable membrane such as dialysis tubing or neg-
atively charged perflourinated sulfonate polymer Nafion (DuPont-NEN,
Boston, MA, USA) [38].

Chemically synthesized PPy using chloroauric acid (HAuCl4� as oxi-
dizing agent can also be used for enzyme immobilization and biosensors.
The procedure consists of a simple single-phase reaction between HAuCl4

and pyrrole (Py) in phosphate buffer (PB) solution. HAuCl4 acts as an
oxidizing agent for the polymerization of Py [60]. As the polymerization
proceeds, metallic gold (of a diameter of ∼24 nm) is formed simultane-
ously with the PPy, which finally results in the formation of an Au–PPy
nanocomposite material. The synthesis occurs in mild aqueous conditions
and does not involve application of an electrical potential, surfactants or
solvents that could affect the biological activity. Since the synthesis is
carried out in an aqueous solution, enzymes could be included during or
after synthesis of this nanocomposite. The enzymes (polyphenol oxidase,
glucose oxidase (GOX) and a redox protein, cytochrome c (Cyt c)) immo-
bilized on this material remained fully active during manufacturing, storage
and use (∼15 days at room temperature and more than 6 months at 4�C).
In addition to enzyme entrapment, the presence of gold nanoparticles in
the polymeric layer enhances the conductivity, and thus this nanostruc-
tured material has a particular interest for electrochemical biosensors. Their
nanometer size and high surface area has the ability to facilitate direct and
fast electron transfer between the oxido-reduction species and the trans-
ducer, and allows minimum diffusion of the substrate and/or product when
compared to macroscale conventional matrices [2,16,61]. In this case, PPy
has a dual function: it serves as a matrix for the incorporation of metal
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Figure 7.3: (a) Field-emission scanning electron microscopy (FE-SEM) of
Au-PPy-GCE electrode. (b) Cyclic voltammograms of bare GCE and

GCE-Au-PPy-Cyt c electrode in 0.1 M PB at pH 7.4 at a scan rate of 50 mV/s. (c)
FTIR spectra of native and immobilized Cyt c.

nanoparticles and for the immobilization of the enzyme. The scanning elec-
tron microscopy of a glassy carbon electrode (GCE) modified with this
Au–PPy composite shows the presence of gold nanoparticles uniformly
distributed within the PPy film (Fig. 7.3(a)). The cyclic voltammogram
(CV) of Cyt c entrapped in this material and deposited onto the surface of
a GCE confirms that the redox activity of Cyt c is conserved after immo-
bilization. CV measurements reveal a pair of redox peaks corresponding to
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a quasi-reversible electrode behavior due to electrochemical activity of the
Au–PPy-bound protein (Fig. 7.3(b)). In addition, Fourier-transform infrared
spectroscopy (FTIR) indicated no major structural changes when the pro-
tein is bound to the composite. The FTIR spectrum of Cyt c immobilized
onto the Au–PPy is similar to that of the native Cyt c, and the amide
vibrational bands I and II of the Cyt c did not change upon immobilization
(Fig. 7.3(c)).

7.4. Classes of Nanostructured Materials for
Enzyme Immobilization and Biosensors

Since the discovery of CNTs in 1991, nanomaterials have been the target
of numerous investigations for both fundamental and practical applications
[62] including the immobilization of enzymes. The type of nanomaterials,
the structure, composition and morphology are of critical importance in
creating active and efficient supported enzyme catalysts. In this chapter,
the properties and characteristics of different classes of nanomaterials and
their use for enzyme immobilization are discussed.

7.4.1. Carbon Nanotubes

Two main types of CNTs have been used for biomodification: single-walled
(SW)CNTs (a single graphitic sheet with a tubular structure) and multi-
walled (MW)CNTs (an array of nanotubes) [63]. These structures offer
an easy and versatile way for enzyme attachment [64]. Two main proce-
dures can be used to immobilize enzymes onto CNTs: physical adsorption
and covalent attachment. A schematic representation of these methods
onto a SWCNT is illustrated in Fig. 7.4. Because of their high elec-
trochemically accessible surface and high electronic conductivity, these
materials are especially attractive for electrochemical enzyme sensors.
Moreover, CNT-based biosensors present a direct electrical communica-
tion between the redox-active biomolecule and the delocalized � system
of CNT system [65,66].

Barone et al. showed that, by using the inherent fluorescence from
SWNTs, it is possible to construct a simple optical solution-phase biosensor
that can be used to monitor glucose level in blood [67]. SWNTs modulate
their emission in response to the adsorption of specific biomolecules. These
results opened new opportunities for optical sensors that operate in strongly
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Figure 7.4: Strategies for the immobilization of enzymes (E) onto carbon
nanotubes.

absorbing media of relevance to medicine or biology. This solution-phase
biosensor presents some important advantages over the substrate-based
types, because they do not require electrode deposition, minimizing the
problems related to biocompatibility and biofouling. However, the SWNTs
and immobilization procedure should be carefully optimized in order to
conserve their optical activity [68].

Physical adsorption

The surface acidic sites of CNTs (as a result of their purification with
oxidizing acids), high surface area and tubular structure may enhance the
binding of biomolecules by simple adsorption [69]. For instance, both
GOX and flavine adenine dinucleotide (FAD) were found to spontaneously
adsorb onto SWCNTs [70]. GOX was mixed within CNTs to generate a
needle microsensor for monitoring glucose [71]. In other configurations,
enzymes were adsorbed onto a CNT composite obtained by mixing CNTs
with a linker such as mineral oil [72], epoxy resin [73], chitosan biopolymer
[74] or Teflon [75]. Such biocomposites were used for the construction of
amperometric biosensors for the detection of glucose and ethanol and for
the determination of �-nicotineamide adenine dinucleotide (NADH), which
is the cofactor of more than 300 dehydrogenase enzymes [76,77]. The use of
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CNTs favorized a direct communication between the biomolecule and the
nanotube and allowed a non-mediated detection of hydrogen peroxide and
NADH detection at a low applied potential. Another example is the immo-
bilization of the enzyme acetylcholinesterase (AChE) by simple deposition
and drying of the enzyme in solution onto the working electrode surface
of a screen-printed electrode containing acid-purified CNTs [78,79]. The
sensor exhibited enhanced electrocatalytic activity toward thiocholine and
facilitated operation at low applied potential without the use of electronic
mediators. Figure 7.5 shows the electrochemical responses of an AChE
biosensor to the injection of acetylthiocholine substrate in the presence
and absence of CNTs. The enzyme was immobilized by entrapment in a
chitosan layer with/without CNTs. The use of CNTs clearly indicates an
enhancement of the amperometric response with more than one order of
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Figure 7.5: Amperometric responses of a AChE-GCE electrode with and without
CNTs at an applied potential of 410 mV vs a Ag/AgCl reference electrode. The

enzyme and the CNTs were physically entrapped in a chitosan layer. The
response corresponds to the oxidation of thiocholine, the product of the AChE

reaction of acetylthiocholine substrate.
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magnitude (in the same experimental conditions) than that obtained when
the enzyme was entrapped only in the chitosan matrix.

Functionalized MWCNTs have been used as dopant within a conducting
polymer such as Py to create an amperometric enzyme electrode. The CNTs
were deposited by electropolymerization of Py in the presence of CNTs
and enzyme [12]. In another approach, CNTs were simply grown in a
silicon layer covered with a thin gold film [80]. Etching of the silicon layer
left the vertical nanotubes attached to the gold film which then provided
an excellent electron transfer material. These sensors have shown superior
performance in terms of sensitivity, applied potential and surface fouling
as compared to those based on macroscale materials.

Covalent biofunctionalization

The CNTs can be functionalized with carboxylic acid groups before cova-
lently attaching the enzyme [12,80,81]. The most commonly used chemical
modification procedure involves treatment (i.e., sonication) under oxidiz-
ing conditions (sulfuric acid, nitric acid, piranha) to generate oxygenated
functionalities such as carboxylic acids, anhydrides, quinones and esters.
Other procedures include fluorination, electrophilic attack with chloroform,
reduction of aryl diazonium salts, dissolved metal reduction [82], but these
have not so far been used for the immobilization of enzymes. For instance,
electrochemical reduction of nitro groups at the surface of a CNT produces
terminated –NH2 groups [34] that could serve as binding point for further
covalent attachment of enzymes. In some cases, such a ‘pre-activation’,
treatment is necessary to increase the functionalized surface of the nan-
otube for further biomolecule binding. Another advantage of this strategy
is that it increases the electrochemical responses, which are otherwise
weak [65].

An example of covalent immobilization method is the use of car-
bodiimine chemistry (Fig. 7.4(b)) by forming amide linkage between
the amine residues and the carboxylic acid groups of the CNT tips
[83]. These functionalities were formed by employing an electrochem-
ical pre-treatment in 1 M NaOH at 1.5 V for 90 s. The immobilization
consisted of immersing the activated CNTs-COOH in an aqueous solu-
tion of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) (EDC, 10 mg/mL)
and N-Hydroxy-sulfo-succinimide (sulfo-NHS). The pH of the solution
was adjusted to 7 and then the entire assembly was washed with water
and immediately immersed in a GOX solution (2 mg/mL) prepared in PB
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solution. The immobilization reaction occurred at room temperature for
∼2 h. The system performed a selective electrochemical analysis of glucose
avoiding the generation of an overlapping signal for common interferences
(acetaminophen, uric and ascorbic acid).

Another feature of CNTs structures is the possibility to attach colloidal
particles (gold nanoparticles, magnetic nanoparticles, quantum dots) or
polyelectrolyte layers to mediate the attachment of nanoparticles along their
sidewalls [84–86]. These systems have been so far studied for their physical
and electrochemical properties, but their applications could be extended
to enzyme immobilization (Fig. 7.4(c)). For instance, enzymes could be
entrapped within a CNT-polymer-nanoparticles multilayer assembly. In
addition, by attaching magnetic nanoparticles, electrocatalytic and magnetic
properties can be combined in a unique ‘magneto-nanotubes’ which makes
it possible to control the entire assembly in a magnetic field and creates
magneto-switchable devices [86].

7.4.2. Nanofibers and Nanowires

Enzymes immobilized in nanofibrous materials show apparent high activ-
ity which is indicative of high catalytic efficiency compared to other
forms of immobilized enzymes. The use of nanofibers offers the advan-
tage of reduced diffusional limitation of substrate to the enzyme active
sites. In addition, these materials are durable, can be manufactured in
a highly porous form and have a high degree of biologically accessi-
ble surface area [20,87,88]. Their use overcomes the problem of dis-
persion and recovery in reaction solutions encountered in the case of
nanoparticles, while still keeping the advantageous features of nanometer-
sized materials. Enzyme can be either physically adsorbed or cova-
lently bound to functionalized nanofibres. The types of fibers that have
been most commonly used for bioimmobilization are carbon nanofibers
and polymeric nanofibers (polystyrene, poly(styrene-co-maleic anhydride),
polyvinylpyrrolidone, polyacrilonitrile-co-maleic acid – PANCMA).

Carbon nanofibers (CNs) are well-defined cylindrical structures con-
sisting of graphene layers arranged as cones, cups or plates [40]. Several
forms of CNs of various dimensions (in the order of ∼10–200 nm dia-
meter) are commercially available and can be used for the immobilization
of enzymes. CNs have a larger functionalized surface area as compared
to that of CNTs. In a recent study, CNs have been shown to provide a
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better matrix for the immobilization of GOX (selected as model protein)
compared to that of CNTs and graphite [40]. The enzyme was immobilized
by adsorption at 4�C for 24 h. The resulting biofunctionalized material
was used for the construction of a glucose biosensor with high sensitivity,
long lifetime and good reproducibility. In another study, the redox-active
protein, Cyt c was immobilized onto photochemically carboxyl and amino
functionalized vertically aligned CNs [88]. Two procedures were used
in this work for CNs functionalization: (a) methyl ester-protected unde-
cylenic acid was used during a UV reaction and then deprotected using
a methyl-ester, followed by rinsing with 0.1 M HCl and deionized water.
This strategy generated COOH groups. (b) To produce CNs with primary
amine, tert-butyloxy-carbamate (tBOC) was linked to the surface during a
UV reaction and then deprotected in a trifluoroacetic acid/methylene chlo-
ride (1:1) mixture followed by immersion in 10% ammonium hydroxide.
In this work, the authors highlighted the importance of the surface func-
tionalization and provided a comprehensive discussion on the complexity
of the system involving a number of biological, chemical and electrical
factors. A combination of these parameters, rather than only the ‘increased
surface area effect’ contributed to the enhanced electrochemical detection
of Cyt c. The disadvantage of these systems was the increased capacitive
current.

Polymeric nanofibers are usually prepared by electrospinning. Enzyme
can be coated onto the nanofibres using covalent procedures such as
the glutaraldehyde or carbodiimide chemistry. In this way, the enzyme
is immobilized onto the external surface of the electrospun fibers. This
type of immobilization resulted in highly active and stabilized enzyme
systems which are cost-effective and inexpensive [87,89]. For instance,
Ye et al. immobilized lipase onto PANCMA fibers and compared the
properties of the immobilized enzyme with that of hollow fibers. They
found that the enzyme loading and activity retention increased from 2.3
(for the hollow fiber) to 21.2 mg/g (for the nanofibers) and that the
Michaelis–Menten kinetic constant km decreased from 1.36 (for the hollow
fiber) to 0.98 mmol/L for the nanofiber. These results demonstrate that
the nanofiber architecture provides an enhanced biocatalytic activity and
a higher efficiency for the immobilization of enzymes. A covalent immo-
bilization procedure of GOX onto polystyrene/poly(styrene-co-maleic)
anhydride nanofibers via glutaraldehyde was also used to produce enzyme
aggregate [87].

In another strategy, enzymes can be immobilized by direct electro-
spinning of the enzyme together with the polymer to construct enzyme
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nanofibers in a single-step process. Such an example is the immobilization
of urease to construct a urease biosensor [90]. The fabrication proce-
dure consisted in mixing 30% urease solution (prepared in PB) with 70%
polymer solution (4�6 × 10−5 M polyvinylpyrrolidone (PVP) dissolved in
ethanol). Then, the mixture was electrospun at a voltage of 20 kV at room
temperature and a flow rate of 15 L/min. By direct electrospinning, the
enzyme is confined inside the fiber and thus could cause diffusion limita-
tion of the substrate/product to/from the catalytic active site. An additional
limitation of this procedure is the weak stability, non-reusability and the
enzyme leaching due to a possible swelling of the polymer.

More recently, fibers of other types of materials have been developed.
For example, Patel et al. used nanoporous sol-gel silica fibers to encapsu-
late horseradish peroxidase (HRP) via a combined method involving direct
encapsulation of enzymes and electrostatic nanofiber spinning [91]. The
fibers produced had a diameter of ∼100–200 nm, high porosity (2–4 nm),
high mechanical flexibility and high thermal stability. In another work,
silicon nanowires provided a platform for the immobilization of GOX for
high-sensitivity glucose detection [92]. These nanowires have been pre-
pared by thermal evaporation of silicon monoxide powder, which resulted
in a crystalline Si core of ∼15–20 nm in diameter and a Si oxide shell of
∼3–5 nm. In this case, the enzyme was linked covalently via the carboxyl
groups of the nanowires.

7.4.3. Metal Nanoparticles and Nanocrystals

Another class of nanomaterials currently investigated as carriers for enzyme
immobilization comprises metal nanoparticles (NPs) and nanocrystals. In
general, solid, colloidal, polymer-stabilized and protein-coated NPs have
been used in enzyme stabilization. The advantages offered by these mate-
rials are the high enzyme loading and a large surface area available to
facilitate reaction kinetics. For instance, effective enzyme loading can be
achieved up to 6.4 or 10 wt. % [14]. By means of theoretical and exper-
imental studies, Jia et al. demonstrated that particle mobility affected the
intrinsic activity of the particle-attached enzymes [14]. In general, reducing
the size of enzyme-carrier materials improves the efficiency of immobilized
enzymes and the subsequent catalysis of their corresponding substrates [87].
Surface area is inversely proportional to the size of NPs. Therefore, smaller
particles provide a larger surface area for the attachment of enzymes, lead-
ing to higher enzyme loading per unit mass of particles. This feature is
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expected to enhance the sensitivity of the device and reduce the mass
transfer resistance. The unique properties of NPs render biomolecule–NPs
conjugates attractive labels for biosensing applications.

By far, the most commonly used NPs are the gold NPs, which have
attracted an enormous attention due to their unique optoelectronic and
catalytic properties [16,93]. Several research groups have studied the
immobilization and enzymatic activity of Au–NPs biofunctionalized with
enzymes such as HRP, GOX and pespine [93–95]. Au–NPs have been used
to enhance the amount of immobilized enzyme and allow direct electrical
contact between redox center of the enzyme and electrode surface [96].
Enzyme–Au–NPs have been immobilized onto the surface of electrodes to
fabricate biosensors for H2O2, glucose, xanthine and hypoxanthine [66].
Gold–colloids bienzyme conjugates consisting of GOX and HRP have been
developed for the detection of glucose using surface-enhanced Raman scat-
tering (SERS) [95]. This method is based on the enhancement of Raman
signal for molecules adsorbed on metallic surfaces. In the strategy, both
enzymes were adsorbed onto the surface of Au–NPs by simple mixing of
GOX and HRP for about 1 h. The immobilized GOX catalyzes the oxida-
tion of glucose liberating hydrogen peroxide. In a subsequent stage, HRP
in the presence of H2O2 oxidizes o-phenylenediamine to azoaniline, an azo
compound with strong Raman scattering when adsorbed onto the surface
of the gold colloids. The detection of glucose is then indirectly achieved
from the intensity of the SERS signal which is proportional with the con-
centration of glucose. A schematic representation of the detection principle
from Ref. [95] is presented in Fig. 7.6.

More recently, magnetic particles such as magnetite �Fe3O4� and quan-
tum dots (QDs, colloidal inorganic semiconductor nanocrystals) have
received a considerable attention. Magnetic nanoparticle bioconjugates
have been used for the fabrication of nanometric glucose sensors [97]. QDs
are characterized by a high size-dependent photoluminescence, broad exci-
tation spectra and narrow emission bandwidths. These characteristics make
them versatile photoelectrochemical labels for biomolecules [98–100]. For
instance, CdS–NPs have provided an ideal environment for retaining GOX
activity via simple adsorption and for facilitating electron transfer, result-
ing in an increase of the reduction peak of dissolved oxygen when used
in an electrochemical glucose biosensor [101]. Katz et al. reported on
the photocurrent generation by coupling reduced or oxidized Cyt c to
CdS–NPs linked to an electrode [99]. The same research group reported
the use of AChE-labeled CdS for the photochemical sensing of enzyme
inhibitors. For this purpose, AChE was covalently linked to CdS–NPs of
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with permission).

3 nm diameter using glutaric dialdehyde as a bifunctional unit. Microgravi-
metric measurements indicate that the surface coverage of enzyme was
3�9 × 10−12 mol/cm2 and that ∼2�4 NPs were associated with each AChE
unit [98].

In addition to simple QDs–NPs, core-shell type QDs such as (CdSe)ZnS
have been used in biosensing applications. It has been proven that by coat-
ing the QDs with higher band gap inorganic semiconductor materials, it is
possible to increase the photoluminescence quantum yield and the chem-
ical and photostability of these NPs. Core-shell QDs were recently used
for bioconjugation with organophosphate hydrolase (OPH). The resulting
biohybrid was used as the biological sensing element for the detection of
organophosphorus pesticides. In this example, the (CdSe)ZnS core-shells
were first modified with 2-mercapto acetic acid to achieve water solubil-
ity in basic conditions and a high photoluminescence. These QDs were
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negatively charged. Then, the OPH was attached through electrostatic inter-
actions. The OPH was positively charged at pH 7.3 (the isoelectric point
is 7.6) and thus at this pH, it can be attached to the negatively charged
QDs. These complexes were formed by simply mixing the OPH with QDs
at room temperature. Figure 7.7 shows the schematic representation of the
QDs/OPH bioconjugates from Ref. [100]. The detection of paraoxon was
then achieved by photoluminescence quenching of the OPH–QDs bioconju-
gate in the presence of paraoxon. The quenching of the photoluminescence
intensity was attributed to the conformational changes in the enzymes,
which was confirmed by circular dichroism spectroscopy.

One of the limitations of NPs–enzyme systems is their rapid agglom-
eration and aggregation. For this reason, many efforts are focused on
developing methods to assemble NPs in useful structures and functional
devices. For example, they can be incorporated in polymeric matrices to
form nanocomposites with high particle distribution and high conductiv-
ity. In this case, the polymer serves as a matrix for the incorporation
of NPs and for enzyme immobilization. Such materials have been used
for the fabrication of a variety of enzyme sensors and will be discussed
in detail in the next section. A popular technique involves functionaliz-
ing of the NPs with a fluorescent chromophore for fluorescence detec-
tion, or chemically/electrostatically attaching biomolecules for subsequent
electrochemical detection [17,102]

Another problem of NPs is the difficult recovery and reuse after being
dispersed in the reaction medium. As a possible solution to this prob-
lem, Dyal et al. proposed to use magnetic nanoparticles, which can be
easily separated from the reaction medium by use of a magnet [17].
For example, lipase was covalently attached to �-Fe2O3 nanoparticles
(with an average size of 20 ± 10 nm in diameter) resulting in up to
∼5�6 wt. % enzyme loading. Although the immobilized enzyme displayed
much lower apparent activity than the native enzyme (less than 1%),
the operational stability was greatly improved [17]. In another study,
superparamagnetic polyacrylamide–Fe3O4 coated nanoparticles have been
synthesized and used to covalently attach a model enzyme, �-chymotrypsin,
to produce magnetic enzyme nanoparticles [103]. The preparation of the
amine-functionalized nanogel and enzyme immobilization is schematically
presented in Fig. 7.8. In this procedure, Fe3O4–NPs have been first mod-
ified to contain exposed amino functionalities for subsequent covalent
binding using the EDC/NHS chemistry. The binding capacity determined
by thermogravimetric analysis and standard BCA assay was found to be
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Figure 7.8: Immobilization of �-chymotrypsin on amino-functionalized magnetic
nanogels (from Ref. [103] with permission).

69 mg of enzyme per gram of nanogel, while the specific activity was
0.39 U/mg/min.

7.4.4. Nanocomposite Materials

A new trend in enzyme immobilization and biosensor manufacturing is
to use nanocomposite materials. These materials can contain free func-
tional groups precisely located on the surface and available for specific
biomolecule binding in a controlled and oriented manner or can be used as
a platform for simple adsorption. Typically, nanocomposites are prepared
from materials such as carbon, sol-gels, polymers [104] and nanometer-size
materials. The composite can also contain cofactors, catalysts, mediators or
stabilizers which might be necessary for the enzyme activity and function.
In the process, enzymes could be incorporated (a) in a single step together
with the other components to form a so-called biocomposite paste/ink or
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(b) after nanocomposite preparation using classical attachment procedures.
This can then be applied to a substrate/electrode to form a biosensor. Even
though the method offers rapidity and simplicity, it also requires a rigorous
and complex optimization due to the fact that the materials involved are
of different nature and characteristics. In addition, it is important to con-
serve the initial properties of these materials during the fabrication process.
With careful optimization, nanocomposite materials might provide better
characteristics than their individual constituents.

Polymer nanocomposites

Most nanocomposites reported in the literature for the immobilization of
enzymes are based on a mixture of polymers and gold nanoparticles.
Examples include epoxy resins, polyurethanes, silicone, methacrylates,
Teflon, polystyrenes, polythiophene, polypyrrole, polyacetylene, polyani-
line and polyindole [105,106]. Their main advantage is the easy one-step
preparation. The most commonly used are the composites based on conduct-
ing polymers, which offer excellent characteristics especially with respect
to rigidity and mechanical stability. An example of such a configuration
is the incorporation of Au nanoparticles during the electropolymerization
of the monomer in the absence/presence of enzyme to form an enzyme
Au–PPy composite. The main application of this type of materials is in
biosensing [106,107]. Xiang et al. [22] synthesized an Au–NPs/polyaniline
(Au–PANI) composite and used it to immobilize GOX via entrapment
in Nafion. They found that the high conductivity coupled with the large
surface area as well as the excellent electroactivity of the Au–PANI film
were responsible for the low detection limit and rapid response time for
the detection of glucose. The biosensor also exhibited high stability and
excellent reproducibility.

Polymers such as epoxy resins have also been used. However, in some
cases, the curing process requires high temperatures for polymerization
that can be fatal to the enzyme. If the polymers are to be cured at room
temperature, the process takes longer. For example, the optimal curing of
the Epo-Tek H77 resin (Epoxy Technology, MA, USA) is 1 h at 150�C.
For the same resin, the curing time is 1 week at 40 �C [105].

In other works, natural biopolymers such as chitosan and alginate have
been used as matrix for the entrapment of nanoparticles and enzymes.
These nanocomposites provided a suitable microenvironment for enzymes;
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enzyme biosensors based on these materials with high stability and sen-
sitivity have been described [23]. This is due to the biocompatibility of
both Au nanoparticles and biopolymers. A phenol biosensor based on chi-
tosan/laponite hybrid nanocomposite has been reported [108]. Laponite is
a synthetic cationic clay of formula �Mg5 ·5LiO5�Si4O10�OH�2�Na+ ·0�73 ·
nH2O� which appears as a colloidal suspension when suspended in water at
a concentration <10 g/L. This material was used to immobilize polyphenol
oxidase on the surface of a GCE. The biosensor exhibited high sensitiv-
ity (674 mA/M/cm2 for catechol), stability (88% of the original activity
after 60 days) and reproducibility. Polymers containing TiO2 nanoparticles
have been recently studied for the same purpose [109,110]. These materials
have shown a particular interest for the construction of third-generation
biosensors based on a direct electron transfer in the absence of mediators.
For instance, the electron exchange between the enzyme (GOX and HRP
have been used as model) and the electrode was greatly enhanced when
TiO2-nanostructured microenvironment which was used as immobilization
matrix. Enhanced electrical properties can be further obtained by adding
CNTs to the composite material. For example, by adding MWCNTs to
a conducting polymer matrix containing poly(o-anisidine), TiO2 and car-
bon black, it was possible to decrease the charge transfer resistance and
the mass transfer impedance, which provided superior characteristics for
biosensing [111].

Biofunctionalized membranes

Biofunctionalized membranes typically involve the random immobilization
of enzymes to porous, polymeric membranes [112] and represent excel-
lent candidates for enzyme immobilization [113–115]. Example of such
materials include: porous silicone, dendrimers and TiO2 nanofilms. The
utilization of porous materials with nanometer pore size presents several
advantages including: the pore size can be controlled and the enzyme
is protected against leaching by entrapment inside the pores, thereby
increasing the stability. One major disadvantage is that the activity of
the immobilized enzyme could be affected due to the random distribu-
tion and non-specific multiple binding points of the enzyme. To avoid
this limitation, one approach is site-specific immobilization in conjunction
with molecular methods such as site-directed mutagenesis, gene fusion
technology and post-translational modification methods. These methods
have been reviewed by Butterfield et al. [112]. The real success of this
interdisciplinary approach depends on the results of combined efforts of
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scientists from different fields including molecular biologists, chemists and
engineers.

Biofunctionalized membranes have found many applications for biosens-
ing and bioreactors. Shoning et al. immobilized penicillinase on the surface
of porous silicon and used it to construct a penicillin biosensor, with a
sensitivity of ∼90 mV mmol/L and a linear concentration range from 0.01
to 1 mM [116]. In another application, Darder et al. encapsulated GOX in a
homemade alumina membrane using a chitosan network with two different
pore diameters: 30 and 200 nm and studied their applications for the con-
struction of a glucose biosensor [115,117]. The resulting sensor had a short
response time and a wider linear range for the 30-nm pores and, a long
response time and a narrower linear range for the 200 nm size. In another
work, poly(amidoamine) dendrimers and cobalt-hexacyanoferrate-modified
gold nanoparticles were deposited in a layer-by-layer configuration with
poly(vinylsulfonic acid) as alternating unit [118]. The entire assembly was
then used to immobilize GOX. The developed biosensor showed a sen-
sitivity of 33.2 nA mmol/L/cm2 and a detection limit of 17 	mol/L for
glucose. In this case, cobalt hexacyanoferrate was used as an electronic
mediator and the enzymatic detection of hydrogen peroxide was carried
out at 0 V. Piletsky et al. demonstrated that a PANI-coated polypropylene
(PANI/PP) membrane possessed high affinity for proteins. HRP immobi-
lized on this membrane retained 70% of its activity after 3-month storage
at 5�C [119].

7.4.5. Mesoporous Silica

Mesoporous silicas (MPS) are porous materials with controlled and well-
ordered porosity (in an open-pore structure) and extremely high surface area
[120,121]. The surface area improves the amount of enzyme immobilized,
while the porosity is important in controlling the leaching and activ-
ity/stability [122]. The most widely used method to immobilize enzymes
on mesoporous materials is simple adsorption in the silica pores via hydro-
gen bonding and electrostatic and hydrophobic interactions between the
enzyme and the silica support [120,121]. Covalent binding inside the pores
to create functionalized MPS [81] could also be used, but this involves a
rigorous optimization in order to prevent the complete closure of the meso-
pores which can lead to mass-transfer limitation of the substrate [2,123].
Other methods involve physical entrapment by polyelectrolyte multilayers
in a layer-by-layer assembly [120,121].
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Enzyme immobilization and stability on these materials is highly depen-
dent on the pore size and pH. Ideally, the pore size of the MPS should
be similar to or slightly larger than that of the enzyme. Size matching
between pore size and the molecular diameter of enzymes is important
in achieving high stability and loading of adsorbed enzymes [81,124].
Enzymes with molecular diameter larger than the pore size cannot be
adsorbed on the MPS. On the other hand, pores larger than the diameter
of the enzymes result in rapid enzyme leaching [87]. To prevent leaching,
the pores could be partially closed with silane or with alginate biocom-
posites [125]. A second approach would be to covalently bind enzymes to
the MPS.

Another factor that contributes to the success of the immobilization is
the charge interaction. With this respect, the pores should posses a charge
that is opposite to the net surface charge of the enzyme [81,126]. This
will stabilize the enzyme due to the attractive interaction forces between
two opposite charges. On the other hand, when enzymes and mesopores
have the same charge, enzyme stability diminishes due to the repulsion
between the enzyme and the internal surface of mesopores, leading to
enzyme leaching. In this situation, the charge can be controlled by changing
the pH of the buffer solution [81] and/or by functionalizing the MPS with
amino or carboxyl groups.

The first MPS used to immobilize an enzyme was a MCM-41, reported
by Diaz and Balkus [127]. The MCM-41 was originally discovered by the
Mobil research group in 1992 [9,127]. The MCM-41 is a unidimensional
system with narrow pore-size distribution, where access to the enzymes
might be restricted to the end of the channel [127]. Other MPS used
are the MCM-48 (a tridimensional cubic phase pore structure), SBA-15
(highly ordered large pores MPS) [128], FSM-15 [129], SBA-1 (a cage-
type structure) and several hexagonal, cellular foams and other FSM- and
MCM-type structures as summarized recently by Hartmann [3]

The majority of MPS reported in the literature have a rather small pore
size (usually less than 7 nm) which restrict their applications to the immo-
bilization of small proteins such as Cyt c (molecular weight of 13 000 Da),
lysozyme (13 930 Da), �-chymotrypsin (21 600 Da) [9,127]. Larger meso-
pores are rarely described. A recent example was the synthesis of ordered
large mesopores of ∼13 nm diameter with 100–200 nm in length and
50–80 nm in width [130]. These structures have shown an unusual ‘ultrafast
enzyme adsorption’ as compared to smaller pore-size MPS. Immobilization
of Cyt c on MCM-48 and SBA-15 generated a biocatalyst that was stable
for several months under conditions that would denature the protein in
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solution [128]. In another application, enzymes immobilized in MPS have
shown high enzyme activity in the presence of an organic solvent (toluene),
in which native enzymes are inactive or exhibit low activity [129].

As an alternative to the small pore-size MPS for the immobilization of
large enzymes, Yang et al. [131] proposed the use of macroporous cages
connected by uniform mesoporous channels. Several enzymes (fumarase,
trypsin, lipase and porcine liver esterase) were encapsulated in this mate-
rial. One of the important characteristics of this material is that once the
water was introduced in the channels, the environment in the interior of
the cage was similar to that of native enzymes in aqueous solution. As
a result, the encapsulated enzymes showed good activity, long-term sta-
bility and excellent recycling characteristics. In the system, the enzymes
served as templates for the formation of macroporous cage. The connecting
mesoporous channels protect the enzymes from leaching while allowing
the diffusion of substrate/reactant to/from the catalytic active sites during
the biocatalytic reaction.

7.5. Conclusions and Future Perspectives

Nanoarchitectural materials (nanoparticles, nanofibers, nanotubes,
nanoporous silica, nanocrystalline films, etc.) have made a major impact
in the field of enzyme immobilization, biotechnology and biosensors.
This chapter provided an overview of the various nanomaterials used for
enzyme immobilization and biosensors fabrication. Table 7.1 summarizes
several examples of nanomaterials, enzyme immobilization and detection
methods and their practical applications. New classes of composite mate-
rials which include almost all the discussed classes of nanomaterials are
rapidly emerging. For example, Yang et al. functionalized CNTs with
nickel hexacyanoferrate NPs using histidine, glutaraldehyde and chitosan to
immobilize cholesterol oxidase [132]. It seems that blending of these com-
ponents together may result into materials with interesting properties which
can be useful for enzyme immobilization. In the future, these materials
could lead to a new class of powerful biocatalysts and biosensors that could
be used for identifying and quantifying a large diversity of analytes with
application in quality control, clinical diagnosis, environmental monitoring
and other types of analysis. However, while several nanostructure-based
systems have been reported in literature, their implementation into routine
functional devices still remains a great challenge.



Table 7.1: Examples of nanomaterials used for enzyme immobilization and detection methods and their practical applications.

Material Immobilization
method

Enzyme Detection method/
Applications

Analytical performances Reference

Detection Linear Sensitivity Stability
Limit (	M) Range

Carbon
nanotubes

Physical adsorption GOX Electrochemical
detection of glucose

– – – 86% after 4
months

[133]

Electrochemical
entrapment of
nanotubes/GOX in a
PPy film

GOX Electrochemical
detection of glucose

200 0–50 mM 2.33 nA/mM – [12]

Covalent attachment
on -COOH modified
CNTs

GOX Electrochemical
detection of
glucose, uric acid,
ascorbic acid and
acetaminophen

80 Up to 30 mM – – [79]

Gold
nanoparticles
and quantum
dots

Crosslinking atop
Au-NPs modified
carbon paste
electrode

Xanthine
Oxidase

Electrochemical
detection of
hypoxanthine in
sardines and chicken
meat

0�2 0.5–10 	M 22.9 mA/M 15 days [134]

Covalent binding
using 1,4-benzene
dithiolate as linker

Cyt c Photoelectrochemical
measurement of
photocurrent
generated after
irradiation with UV
light

– – – – [99]



Magnetic
nanoparticles

Covalent bonding on
�-Fe3O4 magnetic
nanoparticles

Candida
rugosa
lipase

AFM and UV–VIS
spectroscopy
(measurement of the
reaction product,
p-nitrophenol
butyrate at 450 nm)

– – – 85% activity
after 14 days

[17]

Covalent binding of
�-chymotrypsin on
amine modified
superparamagnetic
NPs

�-
chymotrypsin

IR spectroscopy,
X-ray diffraction

– – – 59.3% of
the free
enzyme

[103]

Covalent
immobilization
to core-shell
(MgFe2O4–SiO2)
magnetic NPs
attached to an
electrode surface via
a magnet

Tyr Electrochemical
detection of phenol
& UV-VIS
spectroscopy

0�6 1–250 	M 52 	A/mM 70% after
1 month

[102]

Nanofibers Chemical attachment
to electrospun
polystyrene fibers

�-
Chymotrypsin

UV-Vis
spectroscopy
(measurement of the
reaction product,
p-nitroaniline at
410 nm) and
GC-FID

– – – – [20]

(Continued)



Table 7.1: (Continued)

Material Immobilization
method

Enzyme Detection method/
Applications

Analytical performances Reference

Detection Linear Sensitivity Stability
Limit (	M) Range

Covalent attachment
via glutaraldehyde

�-
Chymotrypsin

UV-Vis
spectroscopy
(measurement of the
reaction product,
p-nitroaniline at
410 nm)

– – – 9 days [21]

Adsorption on the
nanofibers
(dimension
∼10–200 nm) at
4�C for 24 h

GOX Electrochemical
detection of glucose

– – – 83–93%
after 100 h

[40]

Biofunctionalyzed
membranes

Adsorption on
porous silicon

Penicillinase Capacitance/
measurement of pH

– 0.01–1 mM 90 mV/mM – [116]

Polymers
nanocomposites

Entrapment
within a hybrid
polysaccharide-silica
hydrogel

Endo-1,3-�-
D-gluconases
(luminari-
nases)

HPLC, TLC, C
NMR (for the
substrates) and GPC
for the products or
hydrolysis of
luminaran and
synthesis of translam

– – – – [135]



Adsorption on
chitosan/laponite

Tyr Electrochemical
detection of catechol

– – 674 mA/M 88% after
60 days

[108]

Mesoporous
silica

Encapsulation within
the porous pores

Cyt c,
catalase and
protease

UV-VIS
spectroscopy

– – – – [120]

Covalent attachment
on the silica pores
(1–15 nm) via
glutaraldehyde
chemistry.

Glutaryl-7-
ACA
acylase

UV-VIS
spectroscopy

– – – – [136]

Sol-gels
nanocomposites

Adsorption in a
nanocomposite of
silver nanoparticles,
methylene blue,
enzyme and sol-gel

HRP Electrochemical
detection of
hydrogen peroxide

0�4 0.001–1 mM – 82% in
two weeks

[137]

Entrapment of
enzyme in a sol-gel
doped with super
paramagnetic Fe3O4
NPs

Lipase HPLC and
calorimetry

– – – 50% in
4 months
at 40�C

[138]

Polypyrrole (PPy), Glucose oxidase (GOX), Horseradish peroxidase (HRP), Tyrosinase (Tyr), Cytochrome c (Cyt c)
High performance liquid chromatography (HPLC), Nuclear magnetic resonance (NMR), Thin layer chromatography (TLC), Gel permeation
chromatography (GPC), Atomic force microscopy (AFM), Gas chromatography with flame ionization detector (GC-FID) Carbon nanotubes (CNTs), nanoparticles (NPs)
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Abstract. A fundamental problem encountered while using polymer
solid phase in immunoassays is non-specific protein adsorption from
blood or serum. Grafting of functionalized poly(ethylene glycol) (PEG)
to microparticles and planar quartz surface induces protein resistance.
In this chapter, we review several methods of PEG modification of
micro- and nanoparticles and discuss the behavior of non-ionic poly-
mers at solid/liquid interfaces. We have demonstrated that microparti-
cles coated with PEG can be used as a solid phase in immunoassays,
both for immobilization of antibodies and for presentation of various
antigens. We have also devised a convenient method for grafting func-
tionalized PEG monolayers to polymer surfaces. Here, we review the
photophysical properties of available fluorescent labels potentially use-
ful as reporters in immunoassays and cell analyses, and discuss recent
advances in the development of luminescent semiconductor quantum
dots (Qdots). In comparison with organic dyes and fluorescent pro-
teins, Qdots represent a new class of fluorescent labels with unique
spectral properties. The photophysical properties of semiconductor
Qdots and the fluorescence intensity of a single nanocrystal species
(Qdot-655) were investigated in the context of a panel containing
conventional fluorophores.
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8.1. Introduction

Immunoassays are a form of macromolecular binding reaction between
an antibody and an antigen. Antibodies recognize specific epitopes, small
organic molecules or amino acid residues on the surface of an antigen,
by weak hydrogen bonding and van der Waals forces. This phenomenon
of specific recognition has been widely exploited over the last 50 years,
for the development of various quantitative analytical techniques. In many
modern immunological methodologies, the specific binding of antigens is
carried out on solid surfaces such as polystyrene (PS) plates, nitrocellu-
lose membranes, quartz optical waveguides, and various microparticles. In
particular, polymer microparticles with covalently linked antibodies have
been used to efficiently separate antigens from heterogeneous samples.

Despite significant advances in the design of solid-phase immunoassays,
two surface-related problems have yet to be overcome. The first challenge
is to prevent conformational changes of antibodies bound to solid surfaces.
The adsorption of an antibody onto a solid phase may lead to its par-
tial denaturation due to changes in the microenvironment of the antibody.
Experimental data suggest that antibodies adsorbed or immobilized directly
to polymers through short-chain linkers change their native conformation,
which in turn decreases their avidity. Stenberg and Nygren reported that the
antibody avidity measured at the solid/liquid interface did not reflect the
avidity measured for the same antigen/antibody system in solution [1,2].
The second major challenge is the ‘matrix effect’ that occurs when an
extremely complex and variable mixture of proteins, carbohydrates, lipids,
small molecules, and salts constitutes a sample, seriously affecting analyt-
ical measurements. The matrix effect may be defined as the sum of the
effects of all of the components in a system with the exception of the
analyte to be measured [3,4]. Non-specific adsorption of endogenous pro-
teins like albumin, rheumatoid factors (these are autoantibodies directed
against the Fc portion of IgG), complement, fibrinogen, and the reporter
(i.e., the labeled antibody) are known to be the major interfering factors. The
common strategy of coating/blocking the solid phase with bovine serum
albumin (BSA) suffers from poor reproducibility in antibody adsorption
and from limited stability of the protein layer.

Criteria for solid-phase features are: (a) resistance to non-specific
adsorption of proteins and other components of serum and (b) availability
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of functional groups that can be used for covalent immobilization of anti-
bodies or antigens. This chapter reviews the use of grafted poly(ethylene
glycol) (PEG) monolayers to control the interactions of proteins with solid-
phase polymer materials. Specific antigen binding requires a certain degree
of physical accessibility of immobilized antibodies, which can be achieved
by tethering antibodies to the solid-phase surface by flexible, long chain,
hydrophilic linker molecules. Modification of the solid phase with PEG is
one approach to providing immobilized antibodies with additional degrees
of freedom. Through PEG’s action as a hydrophilic spacer, antibodies
are separated from the hydrophobic polymer surface and have enhanced
avidity.

In Section 8.2, we illustrate how and why the properties of PEG-
modified surface can be remarkably different from other polymer/liquid
interfaces. We discuss the mechanism behind the effective repulsion of
proteins and define the structural parameters that make the grafted PEG
monolayer inert to protein adsorption. Methods of PS magnetic particle
synthesis and PEG-particle surface grafting are discussed in Section 8.2.3.
In Section 8.2.4, we report the data on the performance of PEG-modified
particles employed as a solid phase in multiplexed immunoassays.

In a later part of this chapter, we review the photophysical properties
of available fluorescent labels potentially useful as reporters in immunoas-
says and cell analyses, and discuss the recent advances in luminescent
semiconductor quantum dots (Qdots). In comparison with organic dyes
and fluorescent proteins, Qdots represent a new class of fluorescent labels
with unique spectral properties: they can be excited by a broad range of
wavelengths and, most importantly, their emission spectra can be contin-
uously tuned by changing the crystal size. Recent developments indicate
that the first practical applications of Qdots are occurring in imaging and
flow cytometry. The photophysical properties of semiconductor Qdots and
the fluorescence intensity of a single nanocrystal species (Qdot-655) were
investigated in the context of a panel containing conventional fluorophores.

8.2. Nanoscale Modification of Polystyrene
Particles

Although PS is widely used as a solid phase for protein-based analysis, this
material has several disadvantageous characteristics. The hydrophobicity
of PS, for instance, usually requires that the PS surfaces be modified
with carboxy- or amine-functionalized co-polymers to make them more
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hydrophilic. One promising technique includes covalent grafting of PEG
polymers and block copolymers of PEG and poly(propylene glycol) (PEG–
PPG) to the surface of PS. PEG’s ability to resist the adsorption of proteins
at the solid/liquid interface and strategies for tailoring solid surfaces with
these polymers has been extensively investigated over the years. PEG-
grafted planar silicon and quartz surfaces have demonstrated very low
protein adsorption, provided that the PEG polymer chains are long enough
and the density of the grafted layer at the solid/liquid interface is sufficiently
high [5–7].

Some authors have concluded that only high-molecular-weight PEGs
can be used for surface grafting and that short-chain PEGs lose their ability
to repel proteins [5,8]. In the patent that has been assigned to the Nektar
Corp., Harris et al. claim to have used a broad spectrum of functionalized
PEG polymers with molecular weights ranging from 2000 to 176 000 Da
for tethering proteins to a surface and conjugation [9]. These parameters
are represented by the general structure below:

R–�OCH2CH2�44–4000–Z–�CH2�2–3–COO–Q

where R is selected from the group including hydrogen, alkyl, amine, etc; Z
is –O–, –S–, –CONH; and Q is selected from the group including hydrogen,
tert-butyl, N-succinimide, etc.

On the other hand, results by Prime and Whitesides have convinc-
ingly shown that even very short-chain PEGs (up to 2–6 ethylene glycol
units) could succeed in preventing protein adsorption [10,11]. In their stud-
ies, they employed short-chain PEGs conjugated to alkanethiols [12,13].
Self-assembled monolayers are formed upon the adsorption of long-chain
alkanethiols (11–18 methylene groups) from organic solution to a gold
surface. When alkanethiols are conjugated to small ligands, terminal ligand
functional groups are presented at the surface and determine the proper-
ties of the interface [14,15]. An important outcome of these studies was
recognition of the fact that the surface density of grafted PEGs, and not
the chain length, is the parameter that controls the interfacial properties of
the monolayer and its ability to repel proteins.

Sofia and Merrill studied adsorption of cytochrome c, albumin, and
fibronectin to surfaces grafted with three linear PEGs (from 3000 to
20 000 Da) at different densities [16]. All three proteins were found to
reach zero adsorption at the highest grafting densities on all PEGs. They
also found that there is no specific PEG molecular weight that is necessary
for the prevention of protein adsorption. Rather, there is a defined mini-
mum in grafting density for a given PEG chain length, above which the
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desired protein adsorption resistance is achieved. They concluded that pro-
tein adsorption behavior on PEG-grafted surfaces seems to be independent
of protein size and charge.

Based on data available in the literature, we concluded that defining
the relationship between density, length, and flexibility of PEG chains to
protein adsorption resistance would lead to the elaboration of a model and
provide the knowledge necessary for the design of PEG monolayer at the
solid/liquid interface. Thus, the first objective of our study was to provide
theoretical considerations of PEG–protein interaction. Second, we wanted
to establish the feasibility of making grafted monolayers of short-chain
PEGs with 20–30 monomer units at high densities (i.e., a brush regime)
on planar surfaces and microparticles. Finally, we proceeded to examine
the impact of coupling protocols on protein adsorption at the solid/liquid
interface and assayed the specific activity of antibodies tethered to the
surface via PEG linkers.

8.2.1. Why PEG Monolayer Grafted to a Surface Repels
Proteins from Bulk Solution?

In his monograph published in 1979, de Gennes laid out the case for
what became to be known as the scaling theory [17]. The theory describes
the interactions between non-ionic polymers in a good solvent within a
range of distances between 1 and 100 nm. de Gennes considered protein–
PEG interactions as a system governed by: (a) van der Waals forces, (b)
hydrophobic interactions between protein molecules and the monolayer,
and (c) steric repulsion between neighboring chains of PEG [18]. In the
model further developed by Jeon, it was shown that a brush (overlap-
ping, stretched chains attached to the surface at a very high density) or
a mushroom (chains grafted close to each other at lower density) con-
formation could be obtained, depending on the PEG layer density. The
brush conformation is presented as the highest steric protection against
protein adsorption due to the steric hindrance of heavily hydrated chains of
PEG molecules and their flexibility, in terms of free rotation of individual
polymer units, around inter-unit linkage [19,20].

Polymer chain flexibility correlates with the ability to squeeze non-
linked water molecules out of the PEG monolayer formed over a solid-phase
surface, making the surface impermeable for plasma proteins, which require
free water for diffusion. Structured water molecules that are hydrogen
bonded to the ether oxygens of PEG are believed to form a protective
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hydration shell around the PEG molecule, creating an excluded volume.
When a protein from the bulk solution interacts with a monolayer, it is
rejected due to a steric repulsion force that is generated from the loss of
configurational entropy, as the PEG chains are compressed by approaching
protein [19,21]. Furthermore, in order to adsorb directly at the underlying
surface, a protein would have to penetrate the interfacial PEG monolayer,
which could be achieved only by increasing the polymer concentration
within the monolayer. This is energetically unfavorable and, therefore, the
monolayer repels an approaching protein. The structural parameters of PEG
monolayers that make them inert to protein adsorption are still not well
understood.

Auroy et al. demonstrated that the scaling theory fits experimental
data [22], indicating that the properties of a monolayer can be modeled by
a rather simple theoretical approach. Let us consider a system that con-
sists of a densely packed monolayer of PEG30 grafted to a planar surface.
Figure 8.1 represents the brush regime when the chains are attached to
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Figure 8.1: A monolayer of 3-aminopropyldimethylethoxysilane (APDMES)
formed on a quartz surface by vapor-phase transport. This APDMES monolayer

was used as a primer for anchoring the functionalized COOH-PEG30.
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the surface at the high density. The chains are stretched out to the bulk
solution and repel each other. In the range of distances from 1 to 100 nm,
a relatively simple scaling analysis could be used to describe the polymer
behavior in a good solvent. de Gennes’ scaling analysis starts by a repre-
sentation of a self-similar grid, in which the mesh size � is a decreasing
function of a polymer fraction �:

� = a�−3/4 (8.1)

where � is the polymer volume fraction, � is the mesh size of the bulk
polymer solution with overlapping chains, and a is a monomer size.

Typically, a is around 3 Å and � is in the range 0–100 Å. In order to
predict the properties of a bulk solution in a close proximity to the surface,
we should define the number of monomers, g, in the subunit of size �:

g = �−5/4 (8.2)

where g is the number of monomers in the subunit of size �.
In the case of low grafting densities, the polymer extends up to the Flory

radius of the chain, given by the equation:

RF = aN 3/5 (8.3)

where RF is the Flory radius and N is the degree of polymerization (which
is about 30 in our case).

Such regime is referred to as polymer mushroom conformation [18].
With increasing the grafting density, D (an average distance between graft-
ing points as shown on Fig. 8.1), the polymer chains start to interact at
D∼RF. This causes their extension into the ‘brush’ conformation. The
‘brush’ builds up a region of uniform concentration and the mesh size in
this regime is equal to D:

���d�≈D (8.4)

where �d is the uniform PEG concentration in the densely packed
monolayer.

The chains in the brush regime are stretched out and could be described
as a linear sequence of subunits each of size D and number of PEG
monomers gD:

gD = �−5/4 = �D/a�5/3 (8.5)
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Therefore, the overall thickness of the PEG monolayer using volume
fraction of polymer Na3/LD2 is given as follows:

L = ND/gD = Na�a/D�2/3 (8.6)

Using the above arguments, many properties of PEG monolayer can be
calculated. For instance, osmotic pressure is simply

� = kT/�3 (8.7)

where � is osmotic pressure, k is the Boltzmann constant and T is
temperature.

Therefore, we can estimate the repulsive force between two densely
packed PEG monolayers. The same approach can be used for calculating the
repulsive force between a monolayer and an approaching protein globule.
When two hypothetical monolayers come in contact at the distance

h = hc = 2L

then the polymer concentration in the monolayer increases upon the
compression as

�≈�d�hc/h�

resulting in increased osmotic pressure inside the monolayer and decrease
of elastic restoring forces (as entropy prefers non-stretched chains). While
in an uncompressed monolayer the osmotic and elastic terms balance each
other at the equilibrium thickness L, the compressed PEG monolayers
exhibit repulsion. The repulsion force can be calculated as follows:

F ≈ �kT/D3���hc/h�9/4 − �h/hc�
3/4� (8.8)

In this equation, D is the average distance between grafting points. The
first term in the bracket is the osmotic term and the second one is an
elastic term. When these two monolayers interact with each other, or when
approaching protein globules compress the monolayer, then the osmotic
term should dominate completely.
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8.2.2. PEG Monolayer Grafted to a Planar Surface – A
Working Model

The influence of molecular weight, surface density and conformation of
PEG dramatically affects the protein adsorption pattern. The Jeon and de
Gennes model discussed earlier is applicable to a densely packed PEG
monolayer (or stretched chain brush regime), which is extremely difficult
to achieve experimentally. Generally, it has been found that maximum
grafting densities achieved with solvated PEG chains correlates to chain
spacings on the order of the radius of gyration of the PEG molecule [21–23].
This raised the question of whether it would be possible to obtain a densely
packed PEG monolayer using common immobilization strategies [24,25].
A simple model that we decided to start with consisted of a round quartz
support having a polished surface coated with a layer of functionalized
siloxane polymer (Fig. 8.1). The quartz support fit into a standard 96-well
plate and was suitable for a protein adsorption study. PEG20 or PEG30 were
grafted to the surface by a covalent reaction with the siloxane polymer as
described in [26]. In the following experiments, we quantitatively moni-
tored adsorption of antibodies and europium-labeled HSA to the surface at
different grafting densities.

Experimental design and methods

Silanization of quartz supports and grafting of PEG monolayers

Quartz supports with chemically polished surfaces were wiped with an
acetone-soaked cotton swab and sonicated in dichloromethane to remove
traces of the polishing agent (an epoxy resin) from the surface. Pretreated
supports were then placed in a freshly prepared ‘piranha’ solution of 70:30
(v/v) concentrated sulfuric acid and 30% hydrogen peroxide for an hour at
60�C. The supports were then rinsed with DI water and dried under a nitro-
gen stream. Monolayers of 3-glycidoxypropyltrimethoxysilane (GOPTS)
and 3-aminopropyldimethylethoxysilane (APDMES, Gelest, Inc. Mor-
risville, PA) were formed on the quartz surface, either by silanization in gas
phase, as described in [26], or by vapor-phase transport [27,28]. The latter
method is based on the vapor-phase transport of silane in an organic solvent
to the surface bearing silanol groups. Briefly, quartz supports were placed
on a sample rack 5–10 cm above a refluxing solution of alkoxysilane, in
toluene in a flask fitted with a condenser for 4 hours. After heating the sup-
ports in the silane/toluene vapor, they were rinsed with toluene and dried in
a steam of nitrogen. This technique promotes the –Si–O–Si– condensation
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reaction, but prevents the contact of silane oligomers from the stock solu-
tion to the surface. Formed monolayers of GOPTS and APDMES were
used as primers for anchoring functionalized PEGs to the quartz surface.
Amino and carboxyl PEG20 or PEG30 intermediates were grafted to silane
monolayers from 5–20 mM organic solutions.

Labeling of proteins with europium

To assess the ability of a planar surface coated with PEG to resist the
non-specific adsorption of proteins from patient samples, we used anti-
bodies and human serum albumin (HSA) labeled with a stable europium
chelate [29,30]. Europium labeling was achieved by derivatizing proteins
with europium-charged N1-(p-isothiocyanatobenzyl)-diethylenetriamine-
N1	 N2	 N3	 N3-tetraacetic acid (DTTA), a tetraacetic acid lanthanide chela-
tor, through the formation of isothiocyanates as described in [29]. Being
attached to a protein through the DTTA linker, the europium atom is very
weakly fluorescent. The degree of europium incorporation (or labeling
ratio) was determined by releasing the europium from a known amount
of protein and measuring the released Eu in a time-resolved fluorometer.
Detected Eu signals were quantified by linear regression to a standard
curve. Similarly, when europium-labeled proteins adsorbed to planar sur-
faces or particles, the amount of adsorbed protein could be determined
by releasing the europium to a standard volume of the enhancement solu-
tion [30] and quantifying the released Eu in a time-resolved fluorometer.
In our experiments, the labeling ratio was two europium atoms per one
antibody and one europium atom per one HSA.

Measuring protein adsorption to planar surfaces

Interfering proteins of general relevance include albumin, rheumatoid fac-
tors (these are autoantibodies directed against the Fc portion of IgG) and
immunoglobulins. The concentration of albumin in healthy individuals is
expected to be in the range between 3.5 and 4.5 g/dL and the concentra-
tion of IgG1 is typically below 1.2 g/dL [31]. Therefore, in the adsorption
study, we used europium-labeled HSA at 45 mg/mL (0.68 mM solution in
PBS) and monoclonal antibody (anti-TSH, Biospacific A21170136P) at
12 mg/mL (80 
M solution in PBS). Labeled proteins were adsorbed to
the PEG-grafted quartz supports using established protocols [26]. When
washing steps were completed, the supports were immersed in the enhance-
ment solution, which contained �-diketone and detergents at low pH [29].
In acidic conditions, the europium ion is released from the DTTA chelator
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and forms a new, highly fluorescent complex with �-diketones and deter-
gents. Released europium was measured in a fluorometer and quantified
by linear regression analysis to a europium standard. The energy transfer
to the europium ion from �-diketones allows a very sensitive detection of
the label at concentrations up to 0.1 pM, translating to a detection limit
of 10−16 mol of europium per 1 mL. The sensitivity of this time-resolved
fluorescence technique compares favorably with that of 125I.

In our first experiment, PEG20 or PEG30 were grafted to an APDMES
monolayer through the reaction of their carboxyl groups to amines on
the solid-phase surface in the presence of (1-ethyl-3(3-dimethylamino-
propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS), as depicted
in Fig. 8.1. The surface density of amine groups was found to be 250–300
amines per 100 nm2. The detected value was somehow lower than the
calculated density of a closely packed silane monolayer (around 400
amines/100 nm2), which was indicative of a random orientation of APDMES
molecules on the surface. The results shown in Fig. 8.2(a) demonstrate that
PEG monolayers grafted directly to APDMES surface were not effective at
preventing protein adsorption. In our opinion, this could be related to the
sub-optimal density of the grafted PEG layer. As previously discussed in
Section 8.2.1, depending on the size of the polymer (L) and the distance
between grafting points (D), PEG polymers can have different conforma-
tions. At very low surface coverages �D >>L�, the polymer forms pan-
cake like structures. At D >L, the so-called ‘mushroom conformation’ is
present, while for D ≤ L, polymer chains start to interact, forcing their exten-
sion into the brush conformation [32]. Short-chain PEG20 or PEG30 have
a more extended chain conformation, as compared to the randomly coil-
ing long-chain PEGs [33] and, therefore, the surface concentration of the
short-chain PEG should be relatively higher in order to get to a brush regime.

In order to achieve a sufficient density of PEG molecules in the
monolayer, we modified the quartz surface with a primer. First, the
surface was silanized with GOPTS and then poly(allyl amine) (PAA)
was applied. PAA with a molecular weight of 17 000 serves as a
graft primer that provides plenty of additional amine groups for PEG
grafting. This experimental design is depicted in Fig. 8.3. Silaniza-
tion of the quartz surface with GOPTS introduced active epoxy groups
that could react directly with amines on PAA. As we predicted, this
approach yielded a densely packed PEG layer, which reduced the pro-
tein adsorption almost tenfold (Fig. 8.2(b)). Our results suggest that
the density of the grafted PEG monolayer governs its ability to repel
proteins from the bulk solution. Our data correlates well with the
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Figure 8.2: Adsorption of europium-labeled human serum albumin (HSA) and
monoclonal antibody to the PEG grafted quartz supports. In the first experiment
COOH-PEG20 or COOH-PEG30 were grafted directly to APDMES monolayers

through the reaction of their carboxyl groups to amines on the surface (a). In the
following experiment the quartz surface was modified with GOPTS and poly(allyl
amine) primer, PAA, which provides plenty of additional amine groups for PEG
grafting. The later approach yielded a densely packed PEG layer, which reduced

protein adsorption almost tenfold (b).

findings of Whitesides’ group [10–13] and the results of Sofia and
Merrill [16]. Wazawa and Aoyama used a similar approach to graft PEG to
a poly(acrylic acid) precursor, thereby increasing the density of PEG mono-
layer [34]. Both PEG20 and PEG30 were able to prevent the adsorption of
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proteins when grafted to PAA primer at high grafting densities. These find-
ings were of particular significance when applied to the design of polymer
microparticles used as a solid phase in immunoassays (details in the next
section).

These model surfaces could be used to study the properties of various
materials tailored with PEG, such as silicon chips and quartz waveguides.
Additional considerations that make this system well suited for studies of
protein interactions at solid–liquid interface include the use of PEG chains
as linkers for immobilization of proteins. For instance, the chains can be
activated using routine synthetic methods and antibodies can be covalently
attached to these monolayers. The terminal hydroxyl groups on the PEG
monolayer could be readily activated and used for reactions with protein
amines (Fig. 8.4). Introduction of active ester moieties can also be carried
out using 4-nitrophenyl chloroformate, which reacts directly with hydrox-
ylic species in the presence of a catalyst such as 4-(dimethylamino)pyridine,
DMAP, to introduce a good leaving group [35]. The stability of PEG mono-
layers to organic solvents is sufficient to allow the reaction to be carried
out under non-aqueous conditions in acetonitrile (30 min at room tempera-
ture), obviously an advantage in terms of avoiding competitive hydrolysis.
Active carbonate groups can further react with lysine amino groups on
antibody at pH 7.4–8.2 to form N-substituted carbamate bonds [36].

8.2.3. Tailoring of Microparticles with PEG –
Immunoassay Development

Our next step was to develop a methodology for grafting PEG to the
surface of microparticles that are widely used as a solid phase in bead-
based microarrays. Multiplexing immunoassays employ a suspension of
microparticle sets in which each set represents an individual analytical
test. This system is sometimes referred to as a liquid array. Microparticles
are internally encoded by fluorescent dyes and individually addressed to a
specific test in the multiplexed analysis. The common synthesis strategy of
8-
m polymer particles widely used for assay development (e.g., Luminex
and Bio-Rad Laboratories bead-based microarrays) is presented in Fig. 8.5.
The standard bead is a polymer of styrene, cross-linked with divinyl-
benzene and ethyleneglycol dimethacrylate. The particle core composed
of 94% styrene, cross-linked with 6% divinylbenzene, and is magnetized
through the application of a layer of magnetite �Fe2O3/Fe3O4�. The coat-
ing layer is more complex and is typically composed of three monomers.
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Figure 8.5: Standard bead architecture. The particle core is a polymer of styrene
stabilized by cross-linking with divinylbenzene. The particle is magnetized

through the application of a layer of magnetite. The particle surface is stabilized
by co-polymerization of styrene, methacrylic acid, which provides the carboxyl

functionality, and ethyleneglycol dimethacrylate – the cross linker. All three
coating monomers have vinyl moieties, which provide chemical handles for

polymerization. Bead dyeing is accomplished by the infusion of two hydrophobic
dyes in organic solvents.

Styrene makes up the bulk of the coating layer and contributes a signifi-
cant hydrophobic character to the bead surface. Methacrylic acid provides
the carboxyl functionality that is used for amine coupling and contributes
a negative charge, which helps to keep the beads disperse in aqueous
suspension. Ethyleneglycol dimethacrylate cross-links the polymers in the
coat and reduces the bulk hydrophobicity of the particle. All three coating
monomers have vinyl moieties, which provide chemical handles for poly-
merization initiated with potassium persulfate. Because K2S4O8 is used to
generate radicals for polymerization, all the polymers formed are termi-
nated with a sulfonate anion �SO3

−�. The surface of a standard bead is thus
a nodular mosaic of hydrophobic fields of styrene with islands of negative
charge from methacrylic acid and sulfonate. Small polymeric nanoparticles
formed in the bulk solution during emulsion polymerization could also
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adsorb to the outer surface of big particles, making the surface pattern even
more complex. The SEM image of the particle presented in Fig. 8.6 gives
a good representation of the morphology of a bead’s outer layer. Prepared
beads are subsequently dyed with two classification dyes, according to the
method developed by Chandler at al. [37,38].

We developed a novel strategy of bead coating using long-chain PEG
diamine grafted to microparticles by reaction with glycidyl groups on the
surface. The structure of the particle core and magnetite layer was similar to
the standard bead. The coating layer was composed of styrene and glycidyl
methacrylate, cross-linked with ethyleneglycol dimethacrylate. Glycidyl
methacrylate provides the epoxy functionality that is used for grafting
PEG diamine (Fig. 8.7). Positively charged terminal amines on PEG were
converted to carboxyl groups by succinylation at pH 9.5. The beads were
subsequently dyed with two classification dyes using the lowest possible
concentrations of these dyes to minimize the autofluorescence [37,38].

To convert carboxyl groups to a stable and reactive ester, particles
were reacted with (1-ethyl-3(3-dimethylaminopropyl)carbodiimide (EDC)
and N-hydroxysuccinimide (NHS) according to the method described
in [35,36]. This is accomplished by including two to three equivalents of
NHS relative to the carbodiimide, or 2000 to 3000 equivalents relative
to the concentration of bead surface carboxyls in the activation reaction.

5 µm A3 20 µm A3

Figure 8.6: Scanning electron micrographs showing the morphology and texture
of magnetic particles. The surface of a bead is a nodular mosaic of hydrophobic

fields of styrene with islands of negative charge from methacrylic acid and
sulfonate. Small polymeric nanoparticles formed in the bulk solution in the course

of emulsion polymerization can adsorb to the outer surface of big particles and
become a part of it, which makes the surface pattern even more complex.
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Figure 8.7: The new strategy of grafting the short chain PEG30 to the particle
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divinylbenzene. Epoxy groups are embedded on the particle surface by
co-polymerization with glycidyl methacrylate and used for grafting of PEG30

diamine. Positively charged terminal amines on PEG are converted to carboxyl
groups by succinylation at pH 9.5.

The magnetic nature of the beads affords a significant luxury that allows
rapid and easy removal of particles from the reaction mixture. It is worthy
to note that carboxyl activation in EtOH is more efficient than activation in
aqueous buffer because of the general effect of EtOH on elevating the pKa
of acids. Furthermore, the bead classification dyes do not leak in EtOH
as they do in some other organic solvents. Hence, activated microparticles
were used for the conjugation with antibodies.

Coupling of antibodies to carbodiimide-activated carboxyl groups relies
on condensation with deprotonated primary amines. A typical target amine
is the epsilon amine of lysine; however, amino groups on arginine and
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the amino terminus of the protein can also serve as coupling partners
for the activated carboxyls. For successful conjugation of lysine, the pH of
the coupling buffer should be in the range between 8 and 10 to match the
pKa of amine groups. Elevating the pH of the coupling reaction does not
always improve coupling efficiency because the half-life of the activated
ester decreases as the pH increases. At pH 8.0, the half-life of an NHS ester
is 10 min, thus in 50 min, there is virtually no carboxyl reactivity left on
the bead surface. Non-specific protein adsorption can be difficult to dissect
from covalent coupling unless appropriate control reactions are conducted
(e.g., no carbodiimide used in the activation step, stringent washing with
1% Tween 20 or 1% SDS after coupling or application of high salt and
chaotropic reagents (2 M urea, for instance)).

This system, consisting of dyed magnetic particles with antibodies
attached via long-chain PEG linkers, was far more complicated than the
planar models we had previously employed. Accurate experimental char-
acterization of a PEG monolayer grafted to a polymer particle is extremely
difficult to accomplish. Therefore, we decided to limit the scope of the study
to: (a) quantitative measurement of carboxyl groups available on the surface
and (b) characterization of protein adsorption. The concentration of car-
boxyl groups was measured by covalent coupling of Ala-para-nitroaniline
to particles using the EDC/NHS method, as described earlier, with sub-
sequent hydrolysis of nitroaniline at high pH [15]. This method estimates
the concentration of carboxyl groups on the surface that is available for
covalent binding to proteins. The concentration of carboxyl groups on a
standard particle (Fig. 8.5) was found to be 12�7 
Eq/g, whereas on a
PEG-grafted particle (Fig. 8.7), it dropped almost five times to 2�8 
Eq/g.

Figure 8.8 shows typical adsorption profiles of Eu-labeled albumin on
standard and PEG-grafted particles. The specific surface area of the 8-
m
standard particles was estimated to be around 20 cm2/mg of beads. Given
the nodular nature of the bead surface (Fig. 8.6), however, this is likely to
be a gross underestimation. The bead capacity for HSA loading was found
to be 150–250 pmol of HSA per milligram of standard particles, which
may be a more relevant statistic. This concentration corresponds to 1–3
albumin monolayers on the surface. PEG-grafted beads demonstrated a sig-
nificantly lower level of non-specific adsorption of HSA (40–50 pmol/mg),
suggesting that only a few hydrophobic sites remained exposed at the
polymer/liquid interface. The concentration of COOH–PEG30 on particles
was estimated to be 100–200 molecules per 100 nm2. Given our current
data, grafting bead surfaces with hydrophilic PEG polymers could poten-
tially resolve the ‘matrix effects’ associated with non-specific adsorption
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Figure 8.8: Typical adsorption profiles of Eu-labeled albumin (HSA) on standard
and PEG-grafted particles.

of proteins and/or phospholipid aggregates from patient samples, thereby,
limiting cross-reactivity with immunoassay reporters and increasing the
overall detection sensitivity of immunoassays.

The concept of assay sensitivity

The minimum detectable dose (MDD) of an analyte in a patient sample,
or detection limit of the system, is primarily determined by the precision
with which an analyte concentration is measured at zero [31,39,40]. The
precision of an assay, which is usually determined in terms of standard
deviation (SD) or coefficient of variation (CV), is governed by the precision
of the analyzer (i.e., by the accuracy of sample dispensing, temperature
control, detector limitations, etc.) and the design of the solid phase.

Non-specific binding of serum proteins including the reporter antibody
during the assay contributes to the precision of the zero-dose estimate
and, therefore, could limit the sensitivity of the system. As shown ear-
lier, grafting PEG to surfaces offers the benefit of reduced non-specific
adsorption. Functionalized PEGs bearing carboxyl groups that remain
available for conjugation to antibodies further improves this methodol-
ogy by introducing hydrophilic spacers, or tethers, for minimizing sur-
face effects and steric interactions. Production of solid-phase particles
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uniformly coated with a PEG monolayer and having the same concen-
tration of capture antibodies on the surface are of crucial importance
in minimizing of random detection errors and increasing immunoassay
sensitivity.

Principle of multiplexed assay

An illustration of multiplexed assays can be found in the development of
the new solid phase for the measurement of thyroid stimulating hormone
(TSH), an important regulatory hormone involved with thyroid function.
The solid phase for the reaction comes in the form of 8-
m PS particles,
as depicted in Fig. 8.9. Each particle has a unique combination of two flu-
orescent dyes, excitable by a red laser, which serve as a spectral ‘barcode’
allowing the creation of a set of up to 100 color-coded particle popula-
tions. Each population of particles may be coated with antigens indicative
of specific bacteria, viruses, capture antibodies or other specific markers.
These protein-coated particles serve as the center of the reactions and as
the backbone of the chemistry.

Bead coated
with capture
antibody

Classification
Dyed bead

Red laser Green laser

Detection
of PE label

TSH

Reporter – secondary
anti-TSH antibody
labeled with PE

Figure 8.9: Principle of multiplexed assay. The solid phase for the reaction
comes in the form of 8 
m polystyrene particle as depicted. Each particle has a

unique combination of two fluorescent dyes, which serve as a spectral ‘barcode’.
In TSH assay, the capture anti-TSH antibody is anchored to the solid phase by

binding to carboxyl functionalized PEG. By using a complement anti-TSH
antibody, which is ‘tagged’ with PE, TSH could be sandwiched and captured on
the solid phase. The detection system involves a solid state green laser. It excites

reporters that are bound on the particle surface after the immunoreaction is
completed. (See colour plate section).
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In the TSH assay, the capture anti-TSH antibody is anchored to the
solid phase by binding to carboxyl-functionalized PEG. A diluted patient
sample is added to the solid phase and a set amount of time is allowed for
the reaction. If the specific antigen (i.e., TSH) is present in the sample, the
bead-anchored antibodies bind to the antigens, forming antigen–antibody
complexes on the solid phase. Several wash steps follow to remove any
unbound sample. By using a complement anti-TSH antibody which is
‘tagged’ with PE, TSH can be sandwiched and captured on the solid phase,
thus allowing direct measurement.

A solid-state green laser excites reporters that are bound to the particle
surface after the TSH immunoreaction is completed. The laser illuminates
the particles as they move in laminar flow through the flow cell. Fluorescent
signals are discriminated with a digital signal processor and using high-
speed digital signal processing, about 1–2×105 beads can be screened per
minute. Using this assay, up to 10–15 different analytes can be determined
in the patient sample in seconds. Extrapolating to a standard curve allows
the qualification and/or quantification of each analyte in the sample. This
type of liquid array technology has been simultaneously developed by
Luminex Corporation (LX100 platform) and BD Biosciences (FACSArray
platform) and, in our opinion, has been one of the major advances in
immunoassay since 1990s.

8.2.4. Performance of PEG-Grafted Particles with
Immobilized Antibodies in TSH Assay

Thyroid stimulating hormone is a glycoprotein with a molecular weight of
26 600 Da, made up of two non-covalently attached subunits, 
 and �. The

 subunit is similar to the corresponding subunit of follicle stimulating
hormone, human chorionic gonadotropin (hCG) and luteinizing hormone
(LH). The � subunit is immunologically unique among these hormones
which contain epitopes used in the TSH assay [41].

The effect of the linker on the sensitivity of the TSH assay was studied
as described in the Section 8.2.3. Magnetic particles of 8 
m (Polymer Lab-
oratories, UK) were first grafted with PEG and then succinylated (Fig. 8.7).
These particles, along with standard particles dyed in two ‘dim’ regions,
were then coated with capture TSH antibody (Fitzgerald M94205). A com-
plementary anti-TSH antibody (Biospacific A21170136P) labeled with PE
was employed to test the functional performance of both particles in sand-
wich format. An assay was performed at 37�C and run in multiplex mode
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on the LX100 (Luminex Corp). A comparison of the assay curves is shown
in Fig. 8.10.

The use of particles with grafted PEG linkers substantially lowered
non-specific binding and had a considerable effect on the assay sensitiv-
ity. Comparison of the S/N for the PEG-grafted particles (S/N for the
0�5 
IU/mL standard = 232�1) with the S/N for the standard particle, where
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the capture antibody directly attaches to the surface without PEG (S/N for
the 0�5 
IU/mL standard = 51�1) illustrates this use. Since the TSH assay is
a sandwich assay, any increase in background fluorescence in the RP1 chan-
nel decreases the sensitivity of the assay. A comparison of the low end of the
assay curves demonstrated that hydrophilic linkers were capable of yielding
good S/N ratios due to low background signals (N = 12 RFI for PEG-
grafted particle versus N = 28 RFI for the standard particle, Fig. 8.10(b)).
The analytical sensitivity of this system (i.e., the concentration correspond-
ing to the signal 2 SDs greater than the 0 standard; 25 replicates) in a
multiplex assay was estimated to be 0�002 
IU/mL. The SD at zero pro-
vides a simple and unambiguous indication of the lowest concentration of
analyte, which can be measured with good precision using this assay design.

A simple titration of the capture antibody on EDC/NHS-activated par-
ticles can be used to establish the optimal concentration of antibody on
the solid phase, thereby yielding maximum precision of measurements of
any target analyte concentration. The higher the concentration of capture
antibody on the surface, the better the solid phase is able to extract and
isolate THS from patient samples. We also found that the dynamic range
of the TSH immunoassay could be significantly improved by employing
two beads: (a) a bead with the highest concentration of capture antibodies
on the surface (designed for maximum sensitivity) and (b) a bead with less
antibody concentration (intended for measurement of TSH at the high end
of the assay curve).

8.3. Semiconductor Nanoparticles as Reporters
in Immunoassay and Cell Analysis

In the previous section, we have discussed issues surrounding non-specific
adsorption in solid-phase immunoassays and the novel strategies we have
developed to reduce non-specific adsorption and enhance assay sensitivity.
Background ‘noise’ is certainly the most critical parameter of the system
that governs the sensitivity of immunoassay, but what about the ‘signal’?
In this section, we review the photophysical properties of conventional
fluorescent labels and discuss the recent advances in luminescent semicon-
ductor Qdots. These crystalline nanoparticles have optical and structural
properties that are not available in either isolated molecules or bulk solids.
Recent developments indicate that the first practical applications of Qdots
are occurring in imaging and flow cytometry.
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In comparison with organic dyes and fluorescent proteins, Qdots rep-
resent a new class of fluorescent labels with unique spectral properties:
they can be excited at almost any wavelength and, most importantly, their
emission spectra can be continuously tuned by changing their crystal size.
The first systematic studies of the size-dependent, optical properties of
semiconductor crystals in colloidal solutions were performed two decades
ago by Henglein [42] and Brus [43]. A major advancement in increasing
the quantum yield was accomplished by introducing the passivation shell
on the crystalline core. The large surface-to-volume ratio in a nanosized
crystal (about 50% of all atoms are on the surface) affects the emission
of photons. The shell helps to confine the excitation to the CdSe core
and prevents non-radiative relaxation. Photochemical oxidation and sur-
face defects in a crystal with no shell may lead to a broad emission and
lower quantum yields. One of the first core-shell syntheses was performed
by Spanhel et al. [44]. Major improvements leading to highly fluorescent
Qdots were made in the mid-1990s [45–47]. Subsequently, CdSe crystals
with silane-modified hydrophilic surfaces were introduced as reporters for
biological applications [48,49].

Conventional fluorescent-labeled immunoassay techniques have detec-
tion limits in the range of 0.1–1.0 nmol/L (which translates into
1014–1015 molecules/L) because of high background signals, light scattering
and certain limitations of fluorescent probes [50]. Two of the most sensitive
probes available today, radioisotope labels (e.g., 125I) and time-resolved
lanthanide labels (e.g., Europium, Terbium and Samarium), could poten-
tially achieve a detection limit of 10−14–10−15 mol/L in a non-competitive
format [51,52]. The use of semiconductor Qdots as reporters could theo-
retically yield methods capable of detecting about 106–108 molecules/L, up
to six orders of magnitude in increased detection limit.

8.3.1. Unique Photophysical Properties of Quantum Dots

Fluorescence in CdSe Qdots is due to the radiative recombination of an
excited electron–hole pair, or exciton. The excitonic energy levels and quan-
tum yields of fluorescence, (i.e., the ratios describing how many absorbed
photons are emitted) depend on exciton–photon interaction in the crystal
and the size of the crystalline core. Each Qdot has a characteristic, singlet
emission peak. With increasing crystal size (from 2–3 to 10–12 nm), emis-
sion maxima shift from 500 to 800 nm. In addition, Qdots have very broad
absorption spectra and can be excited over the entire visual wavelength
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Figure 8.11: Absorption and emission spectra of Qdot-655 conjugate. Bars
represent laser lines of the violet and red lasers. The shape of the absorption
spectrum reveals that the Qdots can be excited by several commonly used

visible-range emission lasers. Although the extinction coefficient is much lower
at the red laser line than at the violet, it can be seen that it is still quite high

(∼1 000 000�. (See colour plate section).

range, as well as far into the UV (Fig. 8.11). Due to their exceptionally large
Stokes shifts (up to 400 nm), Qdots may be used for multicolor detection
with a single-wavelength excitation source.

Quantum dots with a regular crystalline CdSe core and uniform ZnS
shell have large extinction coefficients and high quantum yields in organic
solvents [45,46]. These parameters describe the capacity of the system to
capture and subsequently re-release light. However, in aqueous buffers,
quantum yields of Qdots are comparable with those of conventional flu-
orophores (20–50%), but the excitation efficiency of Qdot conjugates is
still much higher. The Qdot-655 conjugate has an absorption maximum of
6×106 M−1 cm−1 at 405 nm (Fig. 8.11). This makes these Qdot conjugates
about two orders of magnitude more efficient at absorbing excitation light
than organic dyes and fluorescent proteins.

Qdots have a fluorescence lifetime of 20–30 ns, about ten times longer
than the background autofluorescence of proteins. The lifetime character-
izes a delay between the moment in which the Qdot absorbs a photon from
the light source and the moment of radiative recombination of the exciton.
Fluorescence from single CdSe crystals has been observed much longer
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Figure 8.12: A panel of conventional fluorophores and quantum dots that might
be used in a single laser platform design. (See colour plate section).

than from other fluorophores, thereby resulting in high turnover rates and
a large number of emitted photons [53]. These unique optical properties
of Qdots were used to overcome the autofluorescence problem associated
with most cells and tissues. For most biological samples, autofluorescence
exhibits a decay time of nanoseconds and a broad spectrum, with a max-
imum at about 500 nm. The emission peaks of Qdot-655, Qdot-705 and
Qdot-800 are shifted to the right from this maximum due to large Stokes
shifts (Fig. 8.12).

8.3.2. Recent Developments in Surface Chemistry of
Quantum Dots

Two important obstacles to biological applications of commercially avail-
able Qdots were low quantum yields in aqueous buffers and strong
aggregation of protein-Qdot conjugates. Surface chemistry of CdSe parti-
cles and the design of linkers for protein immobilization played a major
role [54] in overcoming these obstacles. For the use of Qdots as reporters
in immunoassay, their outer layer must perform multiple functions. It must
insulate the CdSe/ZnS core structure from the aqueous environment, it must
prevent the non-specific adsorption of Qdots to cells, and it must provide the
functional groups necessary for covalent attachment of antibodies. Recent
improvements in both nanocrystal core and shell technologies have enabled
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production of Qdot conjugates with exceptional brightness and low non-
specific adsorption [55]. Quantum Dot Corporation has introduced a new
surface chemistry, where the polymeric shell is modified with long-chain
amino-functionalized polyethyleneglycols. This new generation of Qdot
nanocrystals has a low non-specific binding to cells and can be directly
conjugated to antibodies (see Fig. 8.13). CdSe/ZnS core-shell nanocrys-
tals were encapsulated into carboxylated polymer, followed by a chemical
modification of the surface with long-chain functionalized polyethylene-
glycols [56]. The properties of the grafted layer can be controlled further
by formation of ‘mixed’ layers from solutions of two PEGs.
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Figure 8.13: Structure of Qdot-655 core and the outer layer. The typical quantum
dot consists of the CdSe core and ZnS shell overcoated with tri-n-octylphosphine

oxide (TOPO) coordinating layer. As revealed by high-resolution TEM, the
quantum dots are not smooth spheres, but are faceted crystals with planes and
edges. To convert these hydrophobic cores to water soluble and biocompatible

crystals the surface is modified with amphiphilic co-polymer of octylacrylamide
and polyacrylic acid, introducing about 300–500 carboxyls per Qdot. The

resulting carboxyl surface is further modified with a mixture of PEG mono- and
diamines (MW 2000) in the presence of EDC. Finally, SMCC-activated

antibodies are attached to Qdot-655 by reaction with amine functionalized PEG.
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8.3.3. Spectrophotometric Characterization of
Quantum Dots

Excitonic fluorescence is dependent on crystal size and, theoretically,
should yield a very sharp peak. Chan and Nie reported that the emission
spectra of single CdSe/ZnS-capped Qdots are as narrow as 13 nm [49].
However, research in several groups has demonstrated that brightness and
emission peak width of identically sized crystals from different manufac-
turers may vary significantly [57–60]. For example, phospholipid-coated
EviTag crystals manufactured by Evident Technologies demonstrated
broader emission peaks than PEG-modified Qdot crystals manufactured by
the former Quantum Dot Corporation. Differences in emission peaks might
be attributed to defect states in the crystal interior or on its surface. These
defects can trap the electron–hole pairs, or excitons, thereby leading to a
broad emission peak that is red-shifted from the excitonic peak. It would
appear reasonable that crystals with a large number of trap states have low
quantum yields. Figure 8.14 shows the comparison of relative brightness
of Qdot-655 and Qdot-705 following excitation by violet, blue and green
lasers.

Since the data on relative brightness and width of Qdot emission peaks
varied depending on the manufacturer, the first objective of our study
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Figure 8.14: Comparative quantum yields of PE, Qdot-655 and Qdot-705,
excited at 405, 488 and 532 nm. (See colour plate section).
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was to dispel this ambiguity via direct comparison of the photophysical
properties of Qdots with conventional fluorophores. Fluorescence emission
spectra, normalized to a full scale, reveal similar peak widths at half-height
between Qdot-655 nanocrystals and conventional fluorophores (Fig. 8.12).
However, the common ‘tailing’ seen with organic dyes and fluorescent
proteins is virtually absent with Qdots, making them better suited to multi-
color detection due to decreased ‘spillover’ between neighboring colors. It
should be noted, though, that emission peaks of IR crystals Qdot-705 and
Qdot-800 are much wider than those of organic dyes.

Spectrophotometric analysis of Qdot-655, Qdot-705 and R-PE (all
excited at 405, 488 and 532 nm in a spectrofluorometer) demonstrated that
Qdot nanocrystals are extremely bright fluorophores (Fig. 8.14). When
excited at 405 nm, Qdot-655 is about 30 times brighter than R-PE and
about 100 times brighter than Pacific Blue [57]. When excited by blue or
green lasers at 488 and 532 nm, the Qdot-655 was as bright as R-PE.

8.3.4. Multicolor Labels in Cell Analysis

One major drawback of Qdots is that the binding of these crystals to anti-
bodies, or actually coating the crystal with antibodies adversely affects the
avidity of the antibody. The size of the crystal is about twice as large as
the antibody molecule itself (Fig. 8.13). It is important, therefore, when
employing Qdots in an immunoassay to insure that conjugated antibodies
have high avidity towards the target antigen and to design the surface of
the Qdot crystal to minimize the non-specific binding. The introduction of
a hydrophilic coating (functionalized PEGs) has been used to overcome
problems of insolubility of crystals and introduction of functional groups
for covalent immobilization of antibodies (Fig. 8.13). To demonstrate the
potential of Qdots in cell analysis, we assembled a panel of conventional
fluorophores: AmCyan; fluorescein (FITC); phycoerythrin (PE); allophyco-
cyanine (APC); and the tandem dye APC-Cy7 conjugated to CD4 antibody
(Table 8.1). Antibody-conjugated Qdot-655 and fluorophores were used for
the detection of cell-surface antigens by multicolor flow cytometry [61].

Overview of methods and applications

Basic cell-surface staining methodology involves incubation of whole blood
with a fluorescently labeled antibody, followed by lysis of the red cells,
washing, and analyzing on a flow cytometer. The labeling and detection



Solid phase for protein arrays 425

Table 8.1: Characteristics of phycobiliproteins, fluorescent proteins and tandem
fluorophores

Fluorophore Subunit
composition

Abs.
max.
(nm)

Em.
max.
(nm)

Extinction
coefficient

�M−1 cm−1�

Molecular
weight (Da)

R-phycoerythrin
(PE)

�
��6� 496–564 578 2 000 000 at
564 nm

270 000

Allophycocyanine
(APC)

�
��3 650 660 700 000 110 000

APC-Cy7
(tandem
fluorophore)

�
��3 650 785 700 000 110 000

AmCyan
(fluorescent
protein)


4 457 491 39 000 110 000

FITC Organic dye 494 519 68 000 389
Pacific Blue Organic dye 416 451 46 000 340

techniques presented are equally applicable to organic dyes, fluorescent
proteins, and Qdot nanocrystal reagents and were developed for immune
function testing involving cytokine flow cytometry [61–63]. To assess the
brightness of Qdot conjugates and determine the stain index (SI), we used
Qdot-655 in conjunction with conventional fluorophores being analyzed on
a three-laser system.

The panel of conventional fluorophores conjugated to the same antibody
(monoclonal anti-CD4 antibody, clone SK3, BD Biosciences) consisted of
CD4 AmCyan, CD4 FITC, CD4 PE, CD4 APC and CD4 APC-Cy7. Both
allophycocyanin and R-phycoerythrin are light-harvesting phycobilipro-
teins derived from Spirulina platensis and red algae, respectively. In algae,
phycobiliproteins are incorporated into supramolecular complex called the
phycobilisome, which, in turn, is a part of photosynthetic complex (see
Table 8.1). APC has an absorption maximum at 650 nm, making it a good
choice for red-laser (633 nm) excitation, while PE has absorption peaks at
496 and 565 nm, thereby making it compatible with either blue (488 nm)
or green (532 nm) excitation. AmCyan is one of the reef coral fluorescent
proteins derived from Anemonia Majano [64,65]. The AmCyan that we
used for conjugation is a recombinant protein that is composed of four
subunits. The chromophore consists of three oxidized amino acid residues
Met–Tyr–Gly. All fluorescently labeled antibodies were from BD Bio-
sciences. Quantum Dot-655 (Quantum Dot Corp.) consists of CdSe/ZnS
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core-shell nanocrystals (ITK 2152-1) with 655 nm emission, coated with
an amphiphilic carboxylated polymer and further modified with amino-
functionalized polyethyleneglycols (Fig. 8.13). Antibody attachment to the
Qdot surface occurs through the PEG 2,000-diamine spacer [56].

A flow cytometer equipped with violet, blue, and red lasers, and at
least 10 parameter detection, was used in the Qdot assay (LSR II, BD
Biosciences). The target concentration of CD4 Qdot-655 reagent to use for
cell staining was determined from titration, in which the Qdot concentration
is varied over a range of 8.3–0.13 nM final concentration in the staining
mix. For subsequent studies, a target final concentration of 5 nM was
employed. The surface concentration of CD4 antigen (∼47 900 molecules
per CD4+ lymphocyte) was measured using QuantiBRITE PE beads [66].
The sample processing, cell staining and data analyses were performed as
described in our early work [57].

Separation of positive and negative cell populations

It is important to determine whether covalent attachment of an antibody to
a nanometer size QD impacts the avidity and non-specific binding of the
conjugate. A comparative titration of CD4 Qdot-655 and CD4 AmCyan
reagents reveals that the concentration of reagent required to achieve
half saturation is 1–2 nM for either fluorophore and, therefore, the affin-
ity of antibodies does not appear to be affected by conjugation to Qdot
nanocrystals.

The signal-to-noise ratio (S/N) is one approach to quantifying the sep-
aration between two stained cell populations. For most flow cytometry
applications, though, S/N alone is insufficient to judge performance. The
reason for this is that the spread of the negative or ‘noise’ population
will also strongly impact the ability to distinguish the signal and noise
populations. Therefore, we used stain index (SI) to quantify the separation
between positive and negative lymphocytes. Stain index [67,68] measures
the ability of the assay to distinguish between cell populations by incorpo-
rating both the spread of the negative peak and the difference of the means
of the positive and negative populations. The negative population (also
referred to as ‘background’) may be defined according to the application
(e.g., the negative peak of a stained sample, unstained cells, a cell type
other than the target population in the sample, etc.).

When CD4 Qdot-655-stained cells are excited with a violet laser at
405 nm and compared with CD4 PE-stained cells excited with the blue laser
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Table 8.2: Relative brightness of CD4 Qdot-655 compared with typical fluorophore
conjugates used in cell-surface staining

Fluorophore
sample

FITC Pacific Blue PE APC Qdot-655

Positive
lymphocytes

1641 2729 24 861 48 477 85 729

Negative
lymphocytes

38 45 37 26 35

at 488 nm, the cells stained with Qdot-655 are about 3.5 times brighter than
PE-stained cells, on the basis of positive lymphocytes (see Table 8.2). An SI
comparison also demonstrates the superior separation of the Qdot reagent,
the CD4 Qdot-655 having an SI of 2.7 times that of CD4 PE. (Fig. 8.15).
When CD4 Qdot-655-stained cells are excited with a violet laser at 405 nm
and compared with CD4 APC stained cells excited with the red laser at
633 nm, Qdot-655 is about two times brighter than APC (see Table 8.2).
This is reflected in data demonstrating that the SI comparison is similar,
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Figure 8.15: Stain Index of CD4 Qdot-655 compared with conventional
fluorophores. Stain index (SI) is a measure of how well a signal is distinguished
from background. SI takes into account the spread of the negative population and

describes positive and negative population separation.
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with CD4 Qdot-655 having an SI of 1.9 times higher than that of CD4
APC (see Fig. 8.15).

8.3.5. Future Prospects for Quantum Dots
in Immunoassay

Widespread penetration of DVD recording technology will make violet
diode lasers available at a low market cost (≥$500) in the very near future.
In turn, this will allow the practical, widespread implementation of Qdot
technology in immunoassays. Bead array-multiplexed assays using PS par-
ticles is emerging as an extremely attractive alternative to microarrays
and microplates, particularly for multi-parameter analysis of proteins in
immunology and cell biology applications (e.g., cytokine and chemokine
analysis; cell apoptosis research; study of inflammation responses, etc.).
Rather than preparing probes in pixels on a microarry, probes or antibod-
ies will be attached to PS particles 6–8 
m in diameter, as illustrated in
Section 8.2.3 above. Each particle will have a unique combination of two
fluorescent dyes, which will serve as a spectral barcode. Dual-channel bar-
coding will allow the creation of a set of up to 100 color-coded particle
populations. The next step, as we foresee it, will be the replacement of
organic dyes with IR quantum dots: Qdot-705 and Qdot-800, in bead clas-
sification for the multi-analyte detection. Due to their large Stokes shift (in
the range of 300–400 nm), these two Qdots should not have any emission in
the detection channels. Thus, the autofluorescence signal would be reduced
to a minimum. Figure 8.12 illustrates a panel of conventional fluorophores
and Qdots that might be used in a single laser platform design.

Further improvements on the CdSe nanocrystal core technology have
enabled production of Qdots, which are substantially brighter than previ-
ously evaluated materials. We have obtained experimental verification that
initial surface chemistry issues have been resolved and, therefore, one of
the brightest dots, Qdot-655, can be used as an additional reporter. As
shown in Section 8.3.3, Qdot-655 is about 30 times brighter than PE and
about 100 brighter than Pacific Blue dye when excited at 405 nm. Qdot-655
also has a Stokes shift of 250 nm and, thus, the background fluorescence,
which comes from the components of serum like NADH and bilirubin, will
not affect the detection system. R-PE may serve as an additional reporter in
immunoassays, whereas Alexa 405 and AmCyan conjugates can be used for
the detection of cell-surface antigens by multicolor flow cytometry. Finally,
in using the single violet laser platform, we obtain two great advantages:
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(a) the instrument is inexpensive to produce and (b) this platform enables
multiplex analysis of biological samples using beads as a solid phase, as
well as cell analysis.

8.4. Conclusions and Outlook

In this chapter, we present key findings from our investigation of the
dependence of protein adsorption on density of PEG monolayers grafted to
solid-phase surfaces. Planar quartz supports grafted with a PEG monolayer,
europium-labeled HSA and antibodies provided a model system for the
study of protein adsorption. Our results suggest that the density of grafted
PEG monolayers governs the ability of a solid phase to repel proteins from
a bulk solution. This chapter also describes a simple, generally applicable
procedure for coating solid-phase surfaces with PAA polymer, used in our
research as a primer for grafting short-chain PEGs to the surface. This
approach yields PEG monolayers with a high grafting density, successfully
preventing the adsorption of HSA and antibodies to the surface.

Understanding mechanisms of protein–polymer interactions allows a
rational approach to the design and improvement of analytical techniques.
Here, we have described the use of functionalized PEG monolayers in
immunoassay. We have demonstrated that microparticles grafted with PEG
can be used as a solid phase in immunoassay, both for immobilization of
antibodies and for presentation of various antigens. We have also devised
a convenient method for grafting functionalized PEGs to polymer surfaces.
This method allows for the fabrication of a densely packed PEG layer
on the solid-phase surface in a brush regime. PEG-coated particles were
shown to be remarkably resistant to protein adsorption and had a very
low background signal at zero standard; a critical property for use in
quantitative assays. TSH assays on particles with the new coating chemistry
have yielded significantly higher sensitivity values, compared to those
obtained on conventional solid phases. In combination, the above results
have allowed the design of novel solid-phase surfaces for immunoassays,
and will certainly be important in work that follows.

The development of new fluorophores has experienced a tremendous
advance over the last two decades. Here, we have discussed the photo-
physical properties of traditional fluorescent labels and the comparatively
advantageous properties of Qdots. The unique spectral properties of Qdots,
such as their large Stokes shifts and exceptional brightness, make them
attractive probes in biological applications and prime candidates for further
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research and development in the field of solid-phase immunoassay and cell
analysis.
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List of Abbreviations

PS polystyrene
PEG poly(ethylene glycol)
PEG-PPG poly(ethylene glycol) and poly(propylene glycol)

copolymer
D the grafting density or an average distance between

grafting points
L the overall thickness of the PEG monolayer
GOPTS 3-glycidoxypropyltrimethoxysilane
APDMES 3-aminopropyldimethylethoxysilane
DTTA N1-(p-isothiocyanatobenzyl)-

diethylenetriamine-N1,N2,N3,N3-tetraacetic
acid

EDC (1-ethyl-3(3-dimethylaminopropyl)carbodiimide
NHS N-hydroxysuccinimide
PAA poly(allyl amine)
DMAP 4-(dimethylamino)pyridine
MDD minimum detectable dose
SD standard deviation
CV coefficient of variation
TSH, thyroid stimulating hormone
Qdot semiconductor quantum dot
FITC fluorescein
PE phycoerythrin
APC allophycocyanine
APC-Cy7 tandem fluorophore
S/N signal-to-noise ratio
SI stain index
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Chapter 9

Electromagnetic applications of
conducting and nanocomposite
materials

Özlem Yavuz, Manoj K. Ram and Matt Aldissi
Fractal System Inc., Safety Harbor, FL, USA

Abstract. This chapter reviews our previous studies and summarizes
the research on electromagnetic interference (EMI) shielding studies
with conductive polymers (CPs): polyaniline (PANI), polypyrrole (PPy),
and their composites in various frequency ranges. As the use of elec-
tronic products and communication devices increases, the need for
EMI shielding materials increases as well. CPs are new alternative
candidates for EMI shielding applications due to their lightweight, cor-
rosion resistance, ease of processing, and tunable conductivities as
compared with typical metals; however, very high level of shielding effi-
ciency cannot be achieved by using CPs only. Therefore, this chapter
highlights, reviews, and shows the usage of magnetic particles (MnZn-
ferrites (MZFs)) together with CPs. The results show that chemical and
electrochemical polymerization techniques yield homogenous coatings
onto ferrites particles, which is important to generate electromagnetic
waves from magnetic sources, especially at low frequencies, together
with those generated from electric sources by CPs having a single
coating with desired shielding properties. CP coated textile studies are
also included in this chapter to demonstrate that CP-coated fabrics
offer several advantages including increased flexibility, access to a
wide range of structures, and have a high absorption level to shielding,
which is lacking in traditional shielding materials.

Keywords: Conductive polymers, nanocomposite materials, electro-
magnetic interference shielding (EMI), electromagnetic applications,
magnetic particles, polyaniline (PANI), and polypyrrole (PPy)
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9.1. Introduction

Conductive polymers (CPs) were the subject of intensive research starting
from the end of 1980s [1], with foreseeable applications in such diverse
fields as rechargeable batteries [2], biological and chemical sensors [2,3],
transducers [4–6], antistatic coatings [6], corrosion-inhibiting films [6],
and electromagnetic interference (EMI) shielding [6]. Although conducting
polymers have interesting properties, brittleness and lack of processability
can inhibit their commercial applications. However, when coated on sub-
strates such as fabrics, flexible conductive sheets with infinite structural
variations are obtained. Synthetic materials can achieve high conductivity
values upon doping. For example, films of doped polyacetylene [7] have
conductivities approaching those of conventional metals. However, there
are some limits. For example, the conductivity of polyacetylene can be
extremely high �105 S cm−1�, but it suffers from severe atmospheric insta-
bility, and thus, it is not suitable for device applications. A lot of recent
studies concentrated on polypyrrole (PPy), polyaniline (PANI), and poly-
thiophene (PTh) because of their superior oxidative stabilities as compared
with other inherently conducting polymers. PPy can be synthesized either
by an electrochemical oxidative process or by chemical oxidation of pyr-
role [6,8]. It is an intractable, brittle solid. However, many products with
usable mechanical properties can be made by blending PPy with another
polymer [9]. PANI, one of the most stable CPs, is also well suited for
electrochemical applications because its conductivity can be switched from
low to high to low within the electrochemical potential range of aqueous
electrolytes, and the films of PANI can be readily prepared from aqueous
electrolytes.

Electromagnetic interference implies that all unwanted, spurious, con-
ducted, and/or radiated signals of electrical origin can cause unacceptable
degradation of system or equipment performance and contain components
with frequencies ranging from 50, 60 and 400 Hz up to the microwave
region, as manmade or natural, which may be either narrowband or
broadband [10]. Shielding of EMI is not a new concept. However, we
can see its increased visibility with the spread of digital electronics, in
aerospace, terrestrial applications, portable consumer devices and appli-
ances, as well as ongoing miniaturization and the increasing sensitivity
and importance of these electronic devices. In addition, shielding of EMI
is of critical use due to health concerns, such as symptoms of languid-
ness, insomnia, nervousness, headache, etc., on exposure to electromagnetic
waves [11], the dangerousness of electromagnetic field on health [12], and
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the lack of convincing biological evidence for such adverse health effects
in humans [13].

Traditional approach for EMI shielding relies on the use of metallic
materials, which supply excellent shielding effectiveness (SE). However,
the conventional metallic shields, in the form of bulk sheets, meshes, plat-
ing coatings, [14,15] powders (or whiskers) and/or fibers (or filaments) in
filled polymer composites or coatings, impose severe weight difficulties,
especially in aerospace applications such as spacecrafts and satellite sys-
tems. Several approaches were undertaken to solve the weight problems,
such as the coating of ceramic microballoons [16] and carbon fibers [17]
with metals for conductive fillers.

Carbons are also used in EMI shielding applications, mainly as con-
ductive fillers (fibers, particles, powders, filaments, tubes) in composite
materials, due to their electrical conductivity, chemical resistance and low
density. Unfortunately, with the exclusive use of carbon fillers, the con-
ductivity and resulting EMI shielding performance was not sufficient, in
addition to the drawback of ‘sloughing’ of carbon fillers, which can oth-
erwise contaminate or damage the electronic devices. Great efforts have
been made to increase the conductive and electromagnetic performances
of carbon-based materials. For instance, the novel class of vapor-grown
carbon nanotubes [18] and nanofibers [19] imparts a broad range of con-
ductivity to plastics at far lower loadings than conventional carbon-based
additive and simultaneously provides reinforcement and enhanced ther-
mal conductivity. However, the potential of these nanocarbon products is
currently limited due to high cost.

Electrical conductivity and processability of CPs can be tuned by chem-
ical manipulation of the polymer backbone by the nature of the dopant,
by the degree of doping, and by blending with other polymers. Nowa-
days, multifunctionalized micro/nanostructures of CPs have attracted great
attention due to their unique properties and technological applications in
electrical, optical, and magnetic materials and devices, such as electro-
magnetic shields and microwave-absorbing materials [20–25]. Previous
reports have also demonstrated that conducting polymers are responsible
for their electrical properties, while magnetic properties are induced by
magnetic materials in the composites [26]. Thus, the molecular structure
of the component in micro/nanostructured composites is the key parameter
affecting the electromagnetic properties of micro/nanostructured compos-
ites. As CPs have several merits such as low weight, physical flexibility,
ease of control of properties through processing [27–29], and a tunable
shielding response, materials such as doped PANI or PPy are considered
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as promising candidates for replacement of (or for use in conjunction with)
metallic materials for EMI shielding applications. Conducting materials
can effectively shield electromagnetic waves generated from an electric
source, whereas electromagnetic waves from a magnetic source, especially
at low frequencies, can be effectively shielded only by magnetic materi-
als. Thus, if films having both conducting and magnetic components were
used as EMI shielding materials, good SE can be achieved for various
electromagnetic sources with a single coating.

Based on the survey of work available in literature, this chapter briefly
describes the shielding theory, EMI shielding results of PANI, PPy,
other conducting polymers including poly(3-octyl thiophene) (POTh) and
poly(phenylene-vinylene) (PPV), and includes some of the authors’ own
studies demonstrating the synthesis of multifunctional particles with a novel
composition for the production of lighter materials.

9.2. Shielding Theory

Electromagnetic energy consists of a magnetic (H-field) and an electric
(E-field) component perpendicular to each other and propagating at right
angles to the plane containing the two components. The ratio of E to H

is defined as the wave impedance (Zw, in ohms) and depends on the type
of source and distance from the source. Large impedances characterize
electric fields and small ones characterize magnetic fields. Far from the
source, the ratio of E to H remains constant and is equal to 377 � (intrinsic
impedance of free space). In EMI shielding, there are two regions we
should consider: the near field shielding region and the far field shielding
region. When the distance between the radiation source and the shield is
larger than �/2� (where � is the wavelength of the source), it is in the far
field-shielding region. The electromagnetic plane wave theory is generally
applied for EMI shielding in this region. When the distance is less than
�/2�, it is in the near field shielding region, and the theory based on the
contribution of electric and magnetic dipoles is used for EMI shielding.

SE in decibel (dB) is a measure of the reduction of EMI at a specific
frequency achieved by a shield, such as a coating, and it is defined as in
Eqn (9.1):

SE = 10 log Po/Pt = 20 log Eo/Et = 20 log Ho/Ht (9.1)
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where Po, Eo and Ho are the incident intensities of the power, the electric
and magnetic fields, and Pt , Et and Ht are the counterparts transmitted
through the shield.

A part of the incident electromagnetic wave is generally attenuated
through reflection from the surface of a material, by way of absorption by
the material or multiple internal reflections inside the material. The rest of
the wave energy is transmitted. The total EMI shielding effectiveness (EMI
SE) of the material is, therefore, the sum of SE resulting from the three
shielding mechanisms. The relative shielding efficiency by reflection and
absorption is an important determinant of practical application. EMI shield-
ing by absorption rather than reflection is currently more important for a
lot of applications. Materials coated with metals possess very high EMI
SE, ranging from 40 to 100 dB. However, they cannot be used as an elec-
tromagnetic wave absorbent because their shallow skin depth helps shield
EMI mainly through surface reflection [30]. On the other hand, electrically
conducting polymers are capable for reflecting and absorbing electromag-
netic waves and, therefore, exhibiting a significant advantage over metallic
shielding materials. EMI shielding by absorption may be enhanced by
increasing the skin depth, which is controlled by changing the electrical
conductivities or dielectric constants of electrically conducting polymers.

9.3. CPs and EMI Shielding Studies

To prevent undesirable effects of EMI, various EMI shielding techniques
and materials have been developed. For example, a functional EMI shield-
ing material, such as metal complex or multilayered metal coatings, has
been introduced. A conducting or magnetic material can be used as EMI
shielding material. CPs have many functional properties suitable for their
application in EMI shielding, such as an absorption-dominant EMI shield-
ing characteristics, good processability, low mass density, etc. The physical
properties of typical metals and conducting polymers such as the EMI
shielding materials are summarized in Table 9.1. Conductivity is one of
the most important characteristics for the calculation of SE of metals due
to their higher microwave frequency loss tangent ((tan �), far higher than
1). However, in the case of CPs, both permittivity and tan � are important
for the calculation of SE due to lower (tan �) of CPs (between 0.5 and
7.0 [31]). The thickness also affects the shielding behavior of polymers,
and SE increases linearly with thickness [32]. Furthermore, the temper-
ature, especially in the room temperature range, has negligible effect on
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Table 9.1: Physical properties of typical metal and conducting polymer

Properties Metal Conducting polymer

Electrical conductivity ≥ 105 1–102 S cm−1

Mass density High �Cu � 8�9 g/cm3� Low �PPy∼1�2 g cm3�
Metal stiffness Good Poor
Flexibility Poor Good
Processability Poor Good
Dominant shielding
characteristics

Reflection Absorption

SE. In addition to the above-mentioned extrinsic parameters of conducting
polymers, there are intrinsic parameters, such as permittivity (both real and
imaginary parts and the absolute value of complex permittivity), tan �,
absorption and reflection effects, responsible for shielding behaviors.

9.3.1. EMI Shielding Studies with PANI

The first systematic study of PANI for EMI shielding applications was
reported by Shacklette et al. [33,34]. PANI was melted and blended with
polyvinyl chloride (PVC) to form a composite having a conductivity of
20 S cm−1. The SE of PANI composites, with metal fillers, was measured
over a frequency range from 1 MHz to 3 GHz and calculated theoretically
for both near and far fields. It was found that SE increases with the increase
of conductivity. The far field SE was found to be as high as 70 dB for
PANI composites.

Mixtures of PANI and conducting powders, including silver, graphite
and carbon-black [35–37], were prepared with the aim to increase conduc-
tivity of PANI and SE. According to these studies, thin films of emaraldine
base of PANI dissolved in N-methyl-2-pyrrolidone (NMP) were prepared
and doped with HCl (denoted as ES/Ag, ES/graphite, and ES/carbon-black).
The EMI measurements were performed at room temperature in the fre-
quecy range of 10 MHz to 1 GHz. The SE of ES/Ag and ES/graphite (with
PANI thickness of c. 75 mm) was c. 46 dB and c. 27 dB, respectively, which
were higher than the c. 17 dB for pure ES. The SE of EB/Ag was c. 3.5 dB,
indicating that chemical doping enhances EMI SE by more than 10 times.
Moreover, it was verified that SE increased with the DC conductivity of
films [35–37].
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The microwave parameters, such as complex permittivity, absorption,
and reflection and SE of bulk PANI (doped with two sulfonate dopants),
were measured over a broadband range of 4 to 18 GHz for the first time
using coaxial line techniques [38]. Permittivity decreased monotonically
with the increase of frequency. The real part varied from 188 at 4 GHz to
c. 32 at 10 GHz and 10 at 18 GHz; the imaginary part varied from about
35 at 4 GHz to c. 2 at 18 GHz. The microwave SE of PANI, calculated on
the basis of measured complex permittivity, was lower than −15 dB over
the frequency range.

Shielding effectiveness studies of conducting PANI and acrylonitrile-
butadiene-styrene (ABS) composites, processed at 180–190�C at 101 GHz,
have revealed that a loading of 5% PANI in the composite has resulted in
a 6.23 dB SE. These cannot be used for EMI shielding in the millimeter
band but can be used for dissipation of static charges. With the increase
of PANI concentration, SE was increased. The best SE, larger than 60 dB,
has been achieved in 50% PANI. Similar results were reported by Dhawan
et al. [39] on a composite of PANI with polystyrene (PS), which was
prepared by melt blending DBSA and TSA-doped PANI with PS in the
180–220�C temperature range (with slight decrease of SE). The best SE at
50% concentration of PANI in PS composite was about 58–59 dB (lower
than that for the ABS composite [40]).

The SE of HCl-doped PANI and poly(vinylalcohol) (PVA) composites
was measured within the 8.2–12 GHz frequency range, which has shown
that SE increased with the increase of conductivity and thickness. A 10 dB
was observed with 16% PANI concentration. According to Wessling [41],
highly conductive blends of PANI with PVC and polymethylmethacrylate
(PMMA), having conductivities of c. 20 S cm−1 (in some cases up to
100 S cm−1�, have exhibited EMI SE in the range of 40–75 dB for both
near and far fields.

Other types of composites were prepared by Wojkiewicz et al. [42]. The
first among them was a PANI and PVC composite. It was prepared in NMP,
processed over a fiber glass, and doped with HCl. The second one was CSA
doped PANI in m-cresol. The SE results have indicated that a composite
of the second type may have higher conductivity and SE efficiency. In the
low frequency range (50 MHz to 1 GHz), a polyurethane (PU) composite
with 40% PANI exhibited 50–70 dB; over the microwave band, 60–70 dB
was obtained (higher than that of other composites). A large increase in
SE can be achieved with successive addition of CSA-doped PANI layers
(similar to the increase observed on multilayer PANI films [43,44]).
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Jing et al. have studied different concentrations of TSA-doped PANI
mixed with polyacrylate powders. The results have shown that an SE of
30–79 dB can be reached in the frequency range of 14 kHz to 1 GHz, with
the highest of 79 dB at 200 MHz [43]. The SE of the coatings was found
to increase with PANI percentage and conductivity of the coatings.

Free-standing PANI films of different thicknesses, prepared by solution
cast of EB in NMP and doped with HCl thereafter, were tested for EMI
shielding in broadband ranges from 50 MHz to 13.5 GHz. An SE of 70 dB
was measured in the range of 50 MHz to 1.5 GHz, corresponding to the
theoretical SE calculations based on conductivities. The thicker the films,
the higher the SE values obtained [44].

9.3.2. EMI Shielding Studies with PPy

Yashino et al. have first reported the EMI shielding properties of PPy [45],
and found that the shielding electric field was higher than 30 dB over the
3–300 MHz range. However, it was not effective in magnetic field shield-
ing. Later, another group prepared PPy membranes from PU, polyethylene,
poly(propylene), etc., to overcome the poor adhesion resistance of ICP
coatings on various substrates, and has tested EMI shielding over 10 kHz to
1000 MHz. PPy-based membranes have shown higher SE. Electropolymer-
ized PPy films have shown different microwave reflection, transmission,
and absorption at 10 GHz. Microwave transmission decreased with the
increase of dopant concentration, while microwave reflection increased
with the increase of dopant concentration. The far field EMI shielding
measurements at 1 GHz have shown that SE increased with the conduc-
tivity of the film. A significant SE of 38 dB was achieved with highly
doped conductive films, while lightly doped semiconductive films exhib-
ited small SE values [46]. Similar EMI SE results were reported on freshly
electrosynthesized PPy films over 300 MHz to 2 GHz by using different
measurement techniques, and 40 dB was achieved [47,48].

Polypyrrole-based conducting hot-melt adhesives were prepared by mix-
ing appropriate amounts of ethylene-co-vinyl acetate (EVA) copolymer
and PPy, which was synthesized with oxidative polymerization technique.
Both near and far field EMI shielding properties of the adhesives were
determined at room temperature, according to the expressions derived by
Colaneri and Shacklette [49], on experiment-measured conductivities. Both
the values increased with the loading of PPy [50]. A near field SE in excess
of 80 dB was determined at 1 MHz and above 30 dB at 300 MHz, revealing
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a decrease with the increase of frequency. The far field SEs of [51,52]
(30 dB) were determined over the range of 1–300 MHz for PPy loadings
of 15, 20 and 25%.

9.3.3. EMI Shielding Studies with Poly(3-octyl thiophene)
(POTh) and Poly(phenylene-vinylene (PPV)

Poly(3-octyl thiophene) composites were tested for EMI shielding within
the frequency range from 100 kHz to 1 GHz [53]. The EMI SE of compos-
ites increased with polymer loadings; c. 45 dB (from 100 kHz to 10 MHz)
was achieved with a polymer loading of 20% in the PVC matrix. However,
this EMI SE was lower than that of nickel coated samples (c. 80 dB). The
composites with 20% loading or less of POTh were not readily applica-
ble as EMI shielding materials, and no EMI studies were performed with
PTh or its derivatives. In the case of poly-p-phenylene-benzobisthiazole
(PBT) [54,55], the early results indicated potential usefulness of the poly-
mer as an EMI shield over the microwave frequency range of 2 GHz to
10 GHz; however, no other results were reported thereafter.

Poly(phenylene-vinylene is another CP with attractive properties such
as resistance to oxidation, high thermal decomposition temperature, and
high electroluminescence. It was found that highly doped PPV provides
high conductivity and permittivity resulting in very low absorbance and
reflectivity of the polymer (up to 5 GHz [56]).

9.4. Experimental Results

According to the authors’ own studies, polymer/composite synthesis can be
performed in three ways: (a) using ferrite particles, (b) using a thin coating
of nickel, or (c) using a thin layer of conducting polymer (Fig. 9.1). Due to
the unprocessability of conducting polymers, materials may be processed
in the form of coatings, films, or sheets, as well as by blending of conven-
tional polymers, such as PU, wherein the composites retain the mechanical
properties of conventional polymers and electrical conductivity of con-
ducting polymers. In this chapter, we shall discuss the synthesis, electrical,
magnetic and shielding properties, and applications of these materials.

Several approaches for preparing nanocomposites with magnetic
nanoparticles and conducting PPy and PANI have been reported, includ-
ing: (a) electrochemical method [57]; (b) chemical method with sodium



444 The New Frontiers of Organic and Composite Nanotechnology

Conducting
polymer core

Conducting polymer
Conducting polymer

Ferrite core
Metal layer

Ferrite core

Figure 9.1: Schematic representation of the multifunctional particle for
shielding materials.

p-dodecylbenzenesulfonate (NaDS) used as surfactant and dopant; FeCl2 ·
4H2O and FeCl3 · 6H2O are used as oxidants to react with pyrrole, fol-
lowed by the treatment with hot NaOH solution [58,59]; (c) simultaneous
gelation and polymerization to prepare PPy and iron oxide nanocompos-
ites [60]; and (d) layer-by-layer self-assembly (LBL-SA) of conducting
polymers and ferrite nanoparticles in aqueous solutions [61]. Wan et al.
have investigated PANI with magnetic properties using two approaches: (a)
FeCl2 ·4H2O and FeCl3 ·6H2O were used as oxidants to react with aniline,
followed by the treatment with KOH aqueous solution [62]; and (b) blend-
ing PANI in N -methyl-2 pyrrolidone (NMP) with iron(II) sulfate aqueous
solution, and precipitating Fe2+ into maghemite [63]. A poly(aniline-co-
aminobenzenesulfonic acid (PAOABSA)) copolymer containing 	-Fe2O3

magnetic particles was prepared by this approach [64].
The authors have applied two approaches in their laboratory to synthe-

size MnZn ferrite/PPy and MnZn ferrite/PANI particles by electrochemical
and chemical oxidative polymerization techniques with high conductivity
and coercive force suitable for antistatic applications [65,66].

9.4.1. Chemical Synthesis of PANI and PPy in the
Presence of MnZn Ferrite and Ni/MnZn Ferrite

Polyaniline was prepared by chemical oxidative polymerization (COP)
technique as described in literature [66]. Yavuz et al. have applied this
technique for the synthesis of PANI-covered MnZn ferrite (MZF) [65].
According to the method, in the presence of ferrite particles and aniline,
aqueous ammonium persulfate solution was slowly added to an acidic
(pH 1.0) aqueous solution (c. 0�C) and mixed with a stirrer. For each
reaction, 4 g of MZF was immersed in 200 ml of an aqueous solution
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containing different percentages of anilines. The reaction time was kept as
4 h for each preparation.

Polypyrrole was also prepared by COP technique of pyrrole in the
presence of MnZn ferrite and/or Ni/MnZn ferrite, p-toluensulfonic acid
monohydrate (p-TSA), and FeCl3 at (c. 0�C), and kept for 4 h. The PPy-
coated particles were collected on a filter paper, washed using an aqueous
acid solution and methanol until they turned colorless, and then dried in a
vacuum oven at 60�C.

9.4.2. Electrochemical Synthesis of PANI and PPy in the
Presence of MnZn Ferrite and Ni/MnZn Ferrite

In the electrochemical method, the setup is used to deposit polymer and Ni
over MnZn ferrite particles (Fig. 9.2). The setup consists of a rectangular
stainless steel container with a flat bottom acting as anode. Pt was used as
cathode. The slurry has to be stirred to form a suspension every 2 min by
applying 1.2 V in order to achieve an efficient coating. Since deposition
time is critical to determine the coating thickness and polymer to ferrite
ratio, it is varied. The resulting materials are washed several times using
ethanol and dried under vacuum.

9.4.3. Ni Coating over PANI and PPy

Metal coating may be performed electrochemically using the same setup
as electropolymerization technique (Fig. 9.2). The polymer particles are

+

–

Figure 9.2: Electrochemical setup for metal coating of MnZn ferrite and polymer
particles.
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synthesized by both COP and electrochemical polymerization (ECP) tech-
niques. The polarity is reversed as compared to the polymer coating because
of the anodic oxidation nature of CPs. The aqueous metal (nickel) precur-
sor solutions – NiSO4 · 6H2O 0�171 mol l−1, NiCl2 · 6H2O 0�063 mol l−1,
H3BO3 0�404 mol l−1
 KH2PO4 × 0�33 mol l−1 – are mixed with PPy and
PANI particles by adjusting and forming a slurry (pH 3.0–3.5), which
is in direct contact with the cathode plate. Several short stirrings (few
tens of seconds) and electrodeposition cycles are performed to achieve
the desired coating thickness using an applied current (5–10 mA). Longer
process times are not desirable, as the particles tend to precipitate in the
bottom. Therefore, repetitive short coating times with stirring after each
coating pulse would provide more homogeneous materials. The coated par-
ticles are washed with water several times, rinsed with methanol and dried
in a vacuum oven. The whole coating process can be achieved within few
minutes as a low percentage of metal is required for shielding applications.

9.4.4. Dispersion Preparations and Processing

Three types of dispersions are possible: nickel-coated PPy and/or PANI
core, the two-layer particles of ferrites and PPy/PANI, and the three-layer
particles of NiMZF with PPy and PANI. PPy and PANI act as interfacial
modifier for the nickel surface. In all cases, the material is lightweight and
has a density equivalent to that of the CP. PUs of different grades are mixed
in the dispersion solution. Initially, the ferrite particles comprise 75% (the
rest 25% are mixtures of PU). The dispersion contains multilayer particles
within the polymer matrix, and is prepared by using polymeric particles
together with PU in the presence of NMP as a solvent. Polymer-coated fer-
rite as well as Ni-coated polymer particles are added in different percentages
and stirred continuously until the mixture is homogenized. The film/sheet
is casted on glass plates and removed after 48–72 h of drying in air.

9.5. Material Characterization

9.5.1. FTIR Measurements

PANI/MnZn ferrite

The characteristic bands in the IR spectrum of PANI occur at 1574,
1490, 1371, 1296, 1234, 1135, and 797 cm−1 [67]. The bands at 1296 and
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1234 cm−1 correspond to the N-H bending and asymmetric C−N stretch-
ing modes of the benzenoid ring, respectively. The band at 1490 cm−1 is
assigned to the C−N stretching of quinoid ring, which arises due to the
protonation of PANI by the dopant. These bands at 1574 and 1490 cm−1

are the characteristic bands of nitrogen benzenoid and quinoid forms and
are present due to the conducting state of the polymer. The peaks observed
at 800–900 cm−1 are characteristic of para substitution of the aromatic ring
and reveal that polymerization has proceeded via head-to-tail mechanism.
The peak values at 1603 and 1637 cm−1 are due to the conjugated system
and presence of an aromatic C−H out of the plane band. The absorption
bands �1 and �2 around 600 and 400 cm−1 are attributed to the stretching
vibration of tetrahedral and octahedral group complexes of ferrites, respec-
tively. The IR absorption bands of solids in the 100–1000 cm−1 range are
usually assigned to vibrations of ions in the crystal lattice. In ferrites, the
metal ions are situated in two different sub-lattices, designated as tetrahe-
dral and octahedral according to the geometrical configuration associated
to the stretching of metal ions (Me==O). Waldron [68] has attributed the
�1�400–450 cm−1� band to the intrinsic vibrations of tetrahedral groups, the
�2 �520–560 cm−1� band to the octahedral groups, and the �3 �800 cm−1�
band is associated with the vibration of metal ions in the isotropic force
fields of the octahedral or tetrahedral environments of ferrites. Figure 9.3
shows PANI-coated ferrite with different concentrations of aniline. A small
band appears at 441 cm−1 due to the vibrations of Mn2+ −O2

2 bond, indi-
cating the incorporation of Mn. Figure 9.3 also shows that a decrease of
aniline concentration causes lower absorption peak intensity. Table 9.2
shows the comparative assignment of FT-IR spectra of PANI and Ni-PANI
particles. New peaks appear at 1287 and 1394 cm−1 and they are assigned
to Ni−O, whereas the intensity of peaks at 785 and 873 cm−1 was greatly
diminished.

PPy/MnZn ferrite

Characteristic absorption bands of PPy are observed at 1652, 1560, and
1459 cm−1. The absorption peaks at 1652, 1560, and 1459 cm−1 were
induced in the PPy−MZF composite by the interaction of MZF and PPy
backbone. The C−H in-plane vibrations at 1309, 1044, and 1190 cm−1

and C−H out-of-plane vibrations at 786 and 922 cm−1 were observed in
Fe3O4–PPy, and were found to shift to a lower wave number. The IR
absorption bands in the range between 100 and 1000 cm−1 are usually
assigned to vibrations of ions in the crystal lattice. The metal ions in
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Figure 9.3: FT-IR spectra of (a) 0.72%, (b) 5.8% and (c) 46.5% aniline-coated
MZF particles.

Table 9.2: FT-IR peaks of electrochemically Ni-coated PANI at different current
conditions

PANI �cm−1� Ni/PANI,
10 mA �cm−1�

Ni/PANI,
15 mA �cm−1�

Peak assignment

785 – 777
873 – –
1135 1111 1013,1099 Quinoid–NH
1234,1296 1212,1217 1218,1243 –CN benzoid
– 1287 1295 –C–N str.
– 1394 – Ni–O
1489,1574 1438,1496 1440,1467,1496 Quinoid ring,

–C=C– benzoid
ring

1603,1630 1645 1637

ferrites are situated in two different sub-lattices designated as tetrahedral
and octahedral according to the geometrical configuration of the oxygen
nearest neighbors. Intrinsic vibrations of tetrahedral and octahedral groups
of ferrites are observed in PANI/MZF structures.
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9.5.2. X-ray Diffraction (XRD)

PANI/MnZn ferrite

X-ray diffraction is used to determine the crystalline structure of metal
oxides and polymer-coated metal oxides by comparing the diffraction angle
(2Theta) with that of metal oxides of known compositions. Figure 9.4
shows the XRD patterns of PANI/MZF composites (curve c) as well as
PANI (curve a), Ni/PANI (curve b), and PANI/Ni/MZF (curve d) parti-
cles. The main diffraction peaks are at 18.13, 29.78, 35.10, 36.73, 42.63,
56.33, and 61.83 degrees for PANI-MZF powder, whereas MZF shows
2Theta peaks at 29.78, 35.10, 36.70, 42.58, 52.825, 56.33, 61.83, and 73.13
degrees. The broad ferrite peaks indicate very small crystallite size in the
sample. The pattern for PANI (curve a) itself does not show sharp peak,
suggesting the quasi-amorphous nature of the material. However, the poly-
mer displays a diffuse broad peak ranging from 20 to 35� in consistent with
the results obtained by others [69–72]. The PANI/MZF composite shows
a high degree of crystallinity due to either the presence of high amount of
ferrite in the composite or the more homogeneous protonation of PANI by
synthesis with ferrite. During the process of composite formation of PANI
with ferrite, it shows the change in the amorphous nature of PANI as a result
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Figure 9.4: XRD spectra of PANI (a), Ni-coated PANI (Ni/PANI) (b), 0.72%
PANI-coated MZF (PANI/MZF) (c), and 0.72% PANI-coated 3% Ni-coated MZF

(PANI/NiMZF) (d).
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of the interaction with ferrite. For Ni-coated PANI, crystallinity increases
as a result of incorporation/addition of Ni coating to the PANI lattice as
observed in Ni-coated MZF.

PPy/MnZn ferrite

X-ray powder diffraction measurements of PPy particles and PPy (weight
1% pyrrole monomer to Ni/MZF) coated over Ni/MZF were performed
(Fig. 9.5). The X-ray pattern of PPy does not show sharp peak, suggesting
no ordered structure in PPy CP. In fact, the polymer displays a diffuse
broad peak ranging from 20 to 50� and broad peaks centered around 45–55�

similar to the one observed for electrochemically synthesized PPy doped
with p-TSA [73], which can be interpreted as the ordering in PPy chains
at interplanar spacing [74]. PPy has been reported to be a 95% amorphous
material where the controlling of synthesis and types of dopant can result
in slight ordering. Figure 9.5 shows the crystalline structure of PPy coated
over Ni/MZF particles. MnZn ferrite shows the spinel crystal structure [75].
PPy-coated Ni/MZF shows similar characteristic peaks as observed for
MZF particles, indicating that the crystalline structure can be maintained
by coating PPy CP. The composite formation of PPy with ferrite shows the
spinel structure of MZF, which can be maintained by making each particle
of PPy to interact.
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Figure 9.5: XRD spectra of PPy and 1% PPy coated 3% Ni-MZF.
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9.5.3. Electrical Properties

DC measurements of PANI/MnZn ferrite

The DC conductivity results of chemically polymerized PANI coated over
MZF and PANI coated over Ni/MZF are shown in Table 9.3. These results
suggest that the aniline percentage significantly affects the conductivity
of the resulting PANI composite particles. The increment of PANI over
NiMZF particles would result in higher conductivity in comparison to
MZF particles. However, there may not be much appreciable change in
conductivity for containing a lower concentration of aniline monomer under
chemical polymerization of PANI over NiMZF particles. Based on the
conductivity measurements, 3% of aniline is sufficient to obtain PANI
coating over MZF particles.

The conductivity results on electrochemically formed PANI over coated
MZF particles are shown in Table 9.4. The monomer, varying from 2 to
10%, does not significantly affect the value of PANI-coated MZF particles

Table 9.3: Conductivity results of chemically polymerized aniline
over MnZn ferrite (MZF) and 3% Ni-coated MZF particles

Aniline (%) PANI/MZF
��−1 cm−1�

PANI/NiMZF
��−1 cm−1�

46 0.92 3.28
23 0.51 0.75
11.5 0.74 1.93

5.75 0.62 1.36
2.8 0.16 1.80
1.43 0.08 0.22
0.72 0.05 0.21

Table 9.4: Conductivity results of electrochemically
PANI coated MZF (in ACN at 1.2 V)

Monomer (%) Conductivity ��−1 cm−1�

2 0�29
3 0�30
5 0�26
10 0�21
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electrochemically. In fact, it was known that a 3% coating of polymer makes
homogenous composite material for both chemical and electrochemical
synthesis techniques.

DC measurements of PPy/MnZn ferrite

The DC conductivities of ‘chemically polymerized PPy over MZF par-
ticles’ and ‘PPy over Ni/MZF particles’ are shown in Table 9.5. These
results suggest a significant change in the conductivity values of composite
particles by varying the percentage of pyrrole monomer and amount of
oxidant and electrolyte (used for doping PPy). In general, Ni/MZF par-
ticles reveal significant conductivity values. The increment of PPy over
Ni/MZF particles shows better conductivity than MZF particles. However,
the change in conductivity may be observed by varying 1 or 2% of pyrrole
monomer over the weight of Ni/MZF particles for obtaining PPy/Ni/MZF
composite particles. Table 9.6 shows the results of Ni-coated PPy particles.
Interestingly, a decrease in conductivity may be observed in PPy/Ni/MZF
composite particles by varying the amount of dopant (p-TSA), indicating
that the concentration of dopant is an important parameter for repositioning
Ni anions on PPy surface.

The conductivities of PPy and Ni/MZF with increasing PPy content in
PU are summarized in Table 9.7. The conductivity of the 1% PPy coated
MZF containing PU composites shows higher conductivity compare to 2%
PPy ones. Pure PPy is a very lightweight polymer and has poor com-
pactness. Therefore, 2% pyrrole-containing composites are very randomly

Table 9.5: Conductivity results of polymers obtained chemically in the
presence of MnZn ferrite (MZF) and 3% Ni/MnZn ferrite (Ni/MZF)

Pyrrole (%) PPy-MZF ��−1 cm−1� PPy-Ni-MZF ��−1 cm−1�

1a 0�29 4�24
1b 0�43 1�98
1c 1�02 2�08
2a 0�25 4�07
2b 1�13 1�98
2c 1�47 2�18

a p-TSA: 0.026 M, FeCl3: 0.006 M.
b p-TSA: 0.052 M, FeCl3: 0.012 M.
c p-TSA: 0.104 M, FeCl3: 0.104 M.
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Table 9.6: Conductivity results of electrochemical Ni coating of
PPy particles (synthesis conditions: PPy1: 0.1 M Py, 0.2 M p-TSA,
0.2 M FeCl3; PPy2: 0.1 M Py, 0.1 M p-TSA, 0.2 M FeCl3)

Sample Applied current (mA) ���−1 cm−1�

Ni/PPy1 3 0�21
Ni/PPy1 10 0�18
Ni/PPy2 3 1�47
Ni/PPy2 10 1�28

Table 9.7: Conductivity results of Ni-coated PPy
and PPy-coated MZF and Ni/MZF containing PU
sheets

Sample ���−1 cm−1�

1% PPy/MZF, 99% PU 8�15×10−6

2% PPy/MZF, 98% PU 1�64×10−6

5% PPy/Ni, 95% PU 2�9×10−5

2% PPy/Ni, 98% PU 4�01×10−5

1% PPy/Ni, 99% PU 4�87×10−5

oriented. Its interaction with polymer particles through grain boundaries is
very poor, resulting in lower conductivity. As the PPy content is lowered
in the samples, the change in compactness becomes more significant and
the weak links between the grains are increasingly improved. The coupling
through grain boundaries becomes stronger, resulting in the improvement
of conductivity [76].

AC measurements of PANI/MnZn ferrite

Figure 9.6 shows the Bode plot of MZF, Ni/MZF, PANI-coated MZF, and
PANI-coated NiMZF particles. The impedance of either MZF or Ni/MZF
decreases by coating PANI over the particles. In the low frequency region,
there is not so much appreciable change in the value of impedance as
shown in Fig. 9.6. Impedance was also measured for electrochemically
PANI-coated MZF particles. The Bode plot shows that a composite made
at 1.2 V has lower impedance than a PANI made at lower potential.
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Figure 9.6: Bode plot of Ni/MZF (a), MZF (b), chemically 2.8% PANI-coated
MZF (c), and 2.8 % PANI-coated NiMZF (d).

AC measurements of PPy/MnZn ferrite

Figure 9.7 shows the plot of log f (frequency, Hz) vs. log Z (impedance,
�) for the chemically PPy-coated over MZF (a), PPy (b), and Ni-MZF
(c) particles. It has earlier been shown that impedance measurements were
performed in two-electrode setup by compacting the powder in a cylinder
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Figure 9.7: Bode plot of chemically PPy coated MZF (a), PPy (b), and
chemically PPy coated 3% Ni/MZF (c),



Electromagnetic applications of conducting and nanocomposite materials 455

between the two steel rods. The force (5 N) between the steel electrodes
was kept constant in the measurement process. The impedance decrease by
increasing the PPy over Ni-MZF was similar to the conductivity increase
by four-point probes. No appreciable change in impedance was observed
at frequency below 103 Hz to 104 Hz similar to that observed in the films
studied by Beladakere et al. [77]. Conductivity was always attributed to the
PPy systems. Interestingly, the PPY–Ni–MZF composite does not reveal
any appreciable change in impedance in the low frequency region.

Figure 9.8 shows the plot of log �f� vs. log �Z� of MZF (a) and the
results of electrochemically PPy coated MZF particles (3% (b), 8% (c),
10% (d)) by using 0.1 M TEATFBO4 as an electrolyte in acetonitrile (ACN)
at 10 mA.

ACN has been chosen as a solvent for PPy coated over ferrite. The results
show that the dispersion of ferrite particles in ACN is very close to the
dispersion of water, resulting in similar conductivity of the electrochemical
system. The decrease in Z as a function of PPy coated over the particles
indicates the increment in dopant content in the polymer.

The impedance of electrochemically PPy-coated Ni/MZF particles
is measured in the presence of different electrolytes (LiTFBO4 and
TEATFBO4). The results show that the size of dopant significantly affects
the polymer properties. The impedance studied for various composites by
varying the PPy has not revealed the dependence, showing that PPy does
not perform any polarization effect and that the solvent or water effects
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Figure 9.8: Bode plot of MZF (a) and electrochemically 3% (b), 8% (c), 10% (d)
PPy coated MZF by using 0.1 M TEATFBO4 as an electrolyte in ACN at 10 mA.
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have been trapped at the junction of PPy and Ni-MZF particles. PPy shows
stability till 103 kHz.

Based on impedance measurements, 1% and 2% of pyrrole is sufficient
to obtain the PPy coating over MZF particles, as already observed from
FTIR and X-ray measurements, respectively.

9.5.4. Magnetic Properties

Magnetic properties of PANI/MnZn ferrite, Ni/PANI/MnZn
ferrite, and Ni/MnZn ferrite

Saturation magnetization vs. temperature measurements were performed
over the 10–300 K temperature range. With the aim to study the magnetic
properties, as-synthesized powdered samples were filled in gelatin cap-
sules having a small diamagnetic background. The PANI sample reveals a
paramagnetic behavior at lower H values at 300 K; whereas at higher mag-
netic fields the diamagnetic contribution is dominant over paramagnetic
contribution. Due to the soft ferromagnetic properties of manganese zinc
ferrite, we did not observe any measurable coercivity and remnant mag-
netization. At 10 K, the paramagnetic contribution was dominant over the
temperature-independent diamagnetic contribution for paramagnetic mate-
rials. According to Curie–Weiss law, magnetic susceptibility increases with
decreasing temperature.

A comparative measurement of M-H curves for MZF and PANI-coated
MZF is shown in Fig. 9.9. The results suggest that none of the sam-
ples show appreciable coercivity even at 10 K within the resolution of
our measurement; these results are consistent with the soft ferromagnetic
nature of MZF. The coating of PANI reduced the magnetization value per-
taining to the dominant diamagnetic nature. At 300 K, the MZF samples
showed saturation magnetization �MS� of 66 emu g−1, which increased up
to 140 emu g−1 at 10 K, indicating that MZF samples saturate much faster.

The MS of MZF reduced to 64�2 emu g−1 after PANI coating, which
raised up to 135�8 emu g−1 at 10 K. The values of MS for these samples
are tabulated in Table 9.8.

The M-H curves for Ni-coated MZF and PANI-Ni-coated MZF particles
are shown in Fig. 9.10. It can be noted that the magnetization of MZF
particles increased after coating with Ni. A thin coating of Ni over micron-
sized particles of MZF can affect the moments of surface atoms leading
to an increase in saturation magnetization or Curie temperature of the Ni-
coated MZF particle with respect to MZF particles. It is well known that the
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Figure 9.9: Comparison between magnetization vs. magnetic field results on
MZF and PANI-coated MZF particles at 10 K and 300 K.

Table 9.8: Summary of magnetic characterization

Sample Saturation magnetization at
15 kOe �emu g−1�

300 K 10 K

PANI 0�1 0�17
MZF 66 140
PANI/MZF 64�2 135�8
Ni/MZF 72�7 78�2
Ni/PANI/MZF 67�7 72�7
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Figure 9.10: Comparison between magnetization vs. magnetic field results on
Ni-coated MZF and PANI- and Ni-coated MZF particles at 10 K and 300 K.

surface chemistry highly affects the magnetic properties of fine magnetic
particles due to relatively larger surface area. After coating with PANI,
the magnetization of these particles strongly reduced. This was due to
its diamagnetic contribution. Interestingly, none of these samples showed
any detectable coercivity. At 300 K, the Ni-coated MZF has shown the
MS of 72�7 emu g−1, which increased to 78�2 emu g−1 at 10 K. The weak
temperature dependence of Ni-coated MZF particles pratically supports the
fact that the Curie temperature of Ni-coated MZF is much higher than
that of uncoated MZF. A high-temperature magnetization study is required
to understand the effect of Ni coating on the Curie temperature of MZF.
The PANI-Ni-coated MZF particles showed an MS of 67�7 emu g−1, which
increased to 72�7 emu g−1 at 10 K.
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The magnetization vs. temperature curves at 15 kOe magnetic fields are
shown in Fig. 9.11. This field was sufficient to magnetically saturate all
the studied samples. The temperature dependence of MS is quite strong for
MZF and PANI-coated MZF samples. On the other hand, the temperature
dependence is relatively weak for Ni-coated and PANI/Ni-coated MZF
samples. This fact establishes again the role of Ni coating over surface
magnetic moments.
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Magnetic properties of PPy/MnZn ferrite Ni/PPy/MnZn ferrite,
and Ni/MnZn ferrite

Saturation magnetization vs. temperature measurements were performed
over the 10–300 K-temperature range. With the aim to study the mag-
netic properties, as-synthesized powdered samples were filled in gelatin
capsules having a small diamagnetic background. Figure 9.12 shows the
M-H loop measurements on PPy and Ni-coated PPy samples at 300 K and
10 K. The PPy sample reveals a weak ferromagnetic behavior at lower H
values at 300 K, whereas at higher magnetic field the diamagnetic contribu-
tion is dominant over ferromagnetic contribution. At 10 K, the M-H curve
shows primarily weak ferromagnetic behavior, masking the temperature-
independent diamagnetic contribution. In principle, magnetically pure PPy
should show a diamagnetic signal. We assume that the present behavior is
due to small ferromagnetic impurities mixed in our PPy samples due to the
processing technique, as it is evident from Fig. 9.12. In the inset of this
figure, we have shown the temperature dependence of magnetic moments
that show evidence of ferromagnetic impurity.

Comparative measurements of M-H curves at 300 K and 10 K were
performed for MZF, MZF coated with PPy, MZF coated with Ni, and MZF
coated with both Ni and PPy (Fig. 9.13). The results suggest that none of the
samples show appreciable coercivity even at 10 K within the resolution of
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Figure 9.12: M-H loop measurements on PPy at 10 K and 300 K. In the inset, we
have shown the temperature dependence of magnetization.
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our measurement. These results are consistent with the soft ferromagnetic
nature of MZF. The magnetization values are summarized in Table 9.9. The
coating of PPy reduces the magnetization value pertaining to the dominant
diamagnetic nature. At 300 K, MZF samples show an MS of 66 emu g−1,
which increases up to 140 emu g−1 at 10 K indicating that MZF samples
saturate much faster. The MS of MZF reduced to 61�7 emu g−1 after PPy
coating, which increased to 121�3 emu g−1 at 10 K. It can also be noted
that the magnetization of MZF particles increased after its coating with Ni.
A thin coating of Ni over micron-sized particles of MZF can affect the
moments of surface atoms leading to an increase in saturation magnetization
or Curie temperature of the Ni-coated MZF particle. After coating with
PPy, the magnetization of these particles significantly reduced, and this was
due to its diamagnetic contribution. These results are rather similar to those
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Table 9.9: Summary of the magnetic characterization

Sample Magnetization at 15 kOe
�emu g−1�

300 K 10 K

PPy −0�025 0�257
MZF 66 140
PPy/MZF 61�7 121�27
Ni/MZF 72�7 78�20
PPy/Ni/MZF 71�93 78�07

obtained for PANI coating. The PPy-Ni-coated MZF particles showed an
MS of 71�93 emu g−1, which increased to 78�07 emu g−1 at 10 K.

Studies have revealed that the temperature dependence of MS is quite
strong for MZF and PPy-coated MZF samples. On the other hand, the
temperature dependence is relatively weaker for Ni-coated and PPy-Ni-
coated MZF samples. This fact again establishes the role of Ni-coating
over surface magnetic moments.

9.6. Conducting Polymers and EMI Shielding
Applications for Textiles

The main limitations of chemically or electrochemically produced con-
ducting polymers in commercial applications are their poor mechanical
properties and lack of processability. A thin homogeneous coating of con-
ducting polymer can be formed on the surface of the fabric by direct
polymerization. This enables the combination of a wide range of struc-
tural and mechanical properties of fabrics with the electrical properties
of conducting polymers, providing infinite possibilities in the design of
conductive composites. Synthetic fibers have been occupying a great part
of textile and industrial materials, but their undesirable hydrophobic and
electrically insulating properties bring about inevitable disadvantages, such
as static charge accumulation under dry conditions and transmission of
electromagnetic waves. A spark due to static charge may cause a fire or
an explosion. The transmission of electromagnetic waves may cause EMI;
it is harmful to human body as well [78,79]. To overcome these problems
in synthetic fibers, a number of methods have been suggested, including
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spinning of electrically conducting fibers [80,81], and coating fibers with
electrically conducting materials such as metals [82,83] or intrinsically
conducting polymers [84–87]. Instead of synthesizing conducting polymer
fibers and their blends, a homogenous coating of conductive PANI and PPy
samples on the insulating woven–non-woven fabrics is another promising
method to prepare mechanically strong, flexible, and conducting fabrics.
The use of functional fabrics coated with CPs and/or metals maximizes the
processability for various EMI shielding situations of both commercial and
military purposes.

9.6.1. PANI as a Shielding Material for Textiles

Conducting PANI-coated fabrics, including polyester fabric and silica fab-
ric, were evaluated for EMI shielding properties at 101 GHz by Dhawan
et al. [88]. The EMI shielding measurements have suggested that the SE of
PANI-coated fabrics increased with the thickness of PANI. For instance,
a coated polyester fabric, with a resistivity of 160 � cm, has shown an
SE of 6.3 dB. However, with the thickness doubled and trebled, SE of
25.52 and 29.1 dB, respectively, was achieved. In the case of a TSA-doped
PANI-coated polyester fabric (resistivity of 40 � cm), the SEs for single-
fold, two-fold, and three-fold samples were 17.77, 28.26, and 47.63 dB,
respectively. Similar results were obtained for a HCl-doped PANI-coated
polyester fabric (resistivity of 26 � cm), and the SEs were 21.48, 40, and
48.72 dB for single-, two-, and three- fold samples, respectively. Moreover,
the higher SE of coated silica fabric (35.61 dB) than that of coated polyester
fabric (21.48 dB) under identical conditions implies that the conductive
silica fabric retains more PANI in their interstices than did polyester fab-
ric. According to Dhawan et al. [89], the PANI-coated fabric exhibited an
SE of the order of 30–40 dB over the 100–1000 MHz range measured by
coaxial transmission line method. The values of resistivities are given in
Table 9.10. From the measurements, we understand that a resistivity of
10–108 � cm can be achieved depending upon the doping level of dopant
attached. Observe that a single coating of PANI on silica cloth gave a
resistivity of 1�6 k� cm. A second coating gave an electrical resistivity of
150–170 � cm, whereas a third coating gave a resistivity of 10–28 � cm.
However, undoped silica cloth gave a resistivity of 108 � cm. Similarly,
PPy-coated fabrics show a resistivity of 292–5300 � cm.

The SE, as measured by coaxial transmission line method from 100
to 1000 MHz, is shown in Fig. 9.14. The figure shows that the use of
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Table 9.10: Resistivity data of conducting polymer coating
on fabrics

Conducting polymer coating Resistivity �� cm−1�

PANI on silica fabrics 10–108

PPy on glass fabric 292–5300
PANI on glass fabrics 300
PANI on glass fabrics by
indirect method

104–108

60

54

48

42

36

30

24

18

12

6
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Figure 9.14: SE of PANI-coated fabrics in the frequency range 100–1000 MHz.
(Reprinted from Synthetic Metals, Vol. 129, Dhawan S.K., Singh N.,

Venkatachalam S. ‘Shielding behavior of conducting polymer-coated fabrics in
X-band, Wband and radio frequency range’ pp. 261–267, Copyright 2002

Elsevier; with permission from Elsevier.)

conducting PANI-coated fabric resulted in a SE of the order of 30–40 dB.
However, for most industrial applications, a SE of 30 dB is a useful attenua-
tion value because it will prevent 99.9% of EMI. The microwave absorption
studies of conducting polymer-coated fabrics were carried out in the range
of 8–12 GHz and are presented in Fig. 9.15. The measurements suggest
that conducting PANI-coated fabrics show a SE of −3 to −11 dB in the
range of 8–12 GHz.

The reflectance/transmittance of CP-coated fabrics was also studied to
see the percentage of energy absorbed by the fabric. The studies have
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Figure 9.15: Microwave absorption studies of conducting PANI-coated fabrics
in the frequency range 8–12 GHz (Reprinted from Synthetic Metals, Vol. 129,

Dhawan S.K., Singh N., Venkatachalam S. ‘Shielding behavior of
conducting polymer-coated fabrics in X-band, Wband and radio frequency

range’ pp. 261–267, Copyright 2002 Elsevier, with permission
from Elsevier.)

shown that, in the UV-Vis-NIR range, 98% of the energy was absorbed
by the PANI-coated fabrics, which is larger than the absorbed energy per-
centage of PPy-coated fabrics (95%), leaving only 2% of the energy being
reflected.

9.6.2. PPy as a Shielding Material for Textiles

In preparing conductive composite fabrics, many researchers have focused
on COP. Li et al. have prepared a PPy–carbon fabric composite by coat-
ing PPy onto carbon fibers [90]. In addition to this conductive substrate,
a conductive composite fabric was prepared using the COP of pyrrole in
the presence of a nonconductive matrix, such as nylon 6 fabric, nonwoven
fabric, and acryl fabric [90,91]. However, its application to EMI shielding
is limited, because the conductive composite fabric from the COP process
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has a low level of conductivity. There were some reports on the preparation
of conductive composite fabrics using ECP, which is a common method
for producing conductive films [87,92]. The ECP technique is simple and
inexpensive and it provides ease in controlling the film thickness by an
electrical current or potential. Kim et al. have compared PPy-N composite
nylon 6 fabrics prepared by COP and ECP techniques for use in EMI shield-
ing applications. Measurements were performed in the frequency range
from 50 MHz to 13.5 GHz [93]. The stability of the composite prepared by
ECP was better than that of the composite prepared by the COP process,
because the sodium salt of anthraquinone-2-sulfonic acid (AQSA) dopant
was able to interact strongly with the PPy main chain.

The temperature dependence of the conductivity of composites was ver-
ified over four heating and cooling cycles. The change in conductivity over
four repeated cycles was affected by the interaction between the thermal
stability of the dopant and the rearrangement of PPy main chain. The EMI
SE values were in the range of 5–40 dB and depended on the conductivity
and layer array sequence of the conductive fabric. The composites with high
conductivity represented reflection-dominant EMI shielding characteristics,
which are typical for the EMI shielding characteristics of metals. However,
composites with low conductivity have shown absorption-dominant EMI
shielding characteristics.

Joo et al. [94–96] have extensively studied the EMI shielding per-
formances of PPy-coated ethylene terephthalate (PET)-woven fabric, or
polyester, chemically or electrochemically. The PPy sample doped with
naphthalene sulfonic acid (NSA) was chemically coated on the PET-woven
fabrics (one to eight times). By using the electrochemical coating of
PPy-doped AQSA on PPy-NSA/PET complexes, the PPy-AQSA/PPy-
NSA/PET complexes were synthesized. Silver was thermally evaporated
on the surface of PPy–AQSA/PPy-NSA/PET complexes (AgIPPy-
AQSA/PPy-NSA/PET). The EMI SE and DC conductivity ��dc� of fabric
complexes were measured for EMI shielding characteristics and theoretical
simulations. The SEs of PPy-AQSA/PPy-NSA/fabric and Ag/fabric were
c. 22 and 55 dB, respectively, over 1 MHz to 1 GHz, while the SE of
Ag/PPy-AQSA/AgPd/fabric was c. 80 dB, signifying the potential military
applications of the fabrics [95,96]. The contribution of absorption to the
total EMI SE was higher for PPy-AQSA/PPy-NSA/fabric without Ag and
lower for those with Ag, and vice versa for the contribution of reflection to
the total EMI SE of the fabric [94], confirming the EMI shielding character-
istics of PPy as an excellent radio frequency and microwave absorber due
to the deeper skin depth of PPy (or PANI) than metals [92]. The EMI SE
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of PPy/PET fabric increased with conductivity, and the same relationship
was reported for many ICP-based systems [97–102]; the increase resulted
dominantly from reflection rather than absorption. The EMI SEs of
PPy-AQSA/PPy-NSA/PET and Ag/PPy-AQAS/PPy-NSA/PET complexes
are shown in Fig. 9.16. When Ag was partially (c. 37%) evaporated on
one side of fabric complexes, the EMI SE was 29 dB at 0.5 GHz, while the
EMI SE of the sample with Ag evaporation on the whole area was 33 dB
at 0.5 GHz.

9.7. Concluding Remarks

The use of electronic devices for communication, computation, and automa-
tion is rapidly increasing, and it enhances working capability. As the
operating frequency and the integration of electronic devices increase, EMI
has become a major problem, which reduces the lifetime and efficiency
of electronic devices and electrical products. An example of a potential
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application of conducting polymers in EMI is the control and modification
of indoor wireless channel for minimization of interference by fabricating
frequency-selective absorbers and shields based on multilayer conducting
polymer composites. Electrically conductive materials, especially PANI
and PPy, are used to protect electronic equipment from EMI. These prod-
ucts could have specific absorption and reflection properties intended for
radiation shields in electronic equipment.

The main advantages in using electrically conductive materials for
shielding applications include lightweight, which is of critical importance
in aerospace applications, corrosion resistance, ease of processing, and
tunable conductivities as compared with typical metals. In addition, the
dominant shielding characteristics of absorption for these materials, other
than that of reflection for metals, render ICPs more useful in applications
requiring not only high EMI SE but also shielding by absorption, such as
in stealth technology.

Conductive polymers with relatively high conductivity and dielectric
constant are promising materials for EMI shielding applications; however,
a very high level of SE cannot be achieved by using only CPs. There-
fore, in this chapter, we have shown some possible synthesis techniques
and material characterization for applications. PANI/MZF, PPy/MZF,
PANI/NiMZF, and PPy/NiMZF hybrid-type particles can effectively shield
electromagnetic waves generated from electric and magnetic sources. A
combination of both conducting and magnetic components can be success-
fully synthesized for shielding applications. The results show that chemical
and electrochemical polymerization techniques yield homogenous coatings
onto ferrite particles, which is important to generate electromagnetic waves
from magnetic sources, especially at low frequencies, together with those
generated from electric sources by CPs with a single coating. In addition to
these results, the conductivity of nanocomposites can be varied by relative
composition of used materials. The particles were stable during two years.
It was also found that the annealing temperature affects the conductiv-
ity of samples starting from 493 K, resulting in restructured composition
together with decomposition of the polymer backbone. The MS values of
MZF increases in the 10–300 K temperature range by the addition of thin
Ni coatings, while the addition of polymer decreases MS.

Shielding from EMI using conducting polymer-coated fabrics also offers
several advantages including flexibility, access to a wide range of struc-
tures, reduced weight and lower cost. Conducting fabrics provide an
absorption-dominant interaction with microwave radiation.
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AC measurements

of PANI/MnZn ferrite 453
of PPy/MnZn ferrite 454–456

Acetylcholinesterase (AChE) 367, 372
Acetylene black (AB) 158–159
Activated carbon 160
Adaptive circuit 339–342
Adaptive networks

demonstrative circuits 336–346
electrochemical element 298–336
polymer-based 287

Adobe 144
Advanced optical spectroscopy see

Spectroscopy
AF-488 labeled dextran 56
Affinity immobilization 361–362
Aligned carbon nanotube/carbon

(ACNT/C) nanocomposites 164
Alkanethiols 273, 398
�-chymotrypsin 374
Alzheimer’s disease 126, 129
Amine-functionalized nanogel 374
Amine groups 405, 407
3-Aminopropyldimethylethoxysilane

(APDMES) 400, 405
Aminopropyltrimethoxysilane

(APS) 184
Anesthetic gases 46, 54
Aniline dimer-assisted

polymerization 177
Antimonic acid 188
Apiezon wax 245, 246

Artificial atoms see Nanoclusters
Artificial neuron networks 288,

293–298
graphical representation 294
hardware realization 297
learning paradigms 296
mathematical models 294
schematic representation 294
signal propagation 298
weight functions 295
see also Adaptive networks

Atomic force microscope (AFM) 85,
118, 238

Au nanoparticle/polycation
multilayer 16–17

Au–NPs/polyaniline (Au–PANI) 377
Au–PPy nanocomposite 363
Avalanche photodiode (APD) 76
Azurin

potential-dependent EC-STM
contrast 262–266

redox midpoint 270

B
B–C–N nanotubes 164–165
Back signal propagation 296
Ball milling 164, 166, 178
Bead array-multiplexed assays 428
Belousov–Zhabotinsky (BZ)

reaction 331, 333–335
Lotka–Volterra equation 334

Biodegradable capsules 50–51
Biological benchmark 291–293
Biological neuron network 293–294
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Biosensors and enzyme
immobilization

carbon nanotubes 365–369
mesoporous silica 379–381
metal nanoparticles and

nanocrystals 371–376
nanocomposite materials 376–379
nanofibers and nanowires 369–371

Blinking effect 98–104
Bubble stabilization 47
Buckytubes see Nanotubes
Building blocks 309–313

for layer-by-layer self-assembly 4–5
polyaniline 309
polyethylene oxide 309

Bulk solution 399–402
Bursts 76–77

C
Capsule core 46–47
Capsule permeability 47
Carbon 153–165

graphite 153–160
mesoporous materials 165

Carbon nanofibers (CNs) 161,
369–370

Carbon nanotube/polyion
multilayer 18–19

Carbon nanotubes (CNT) 69, 71, 72,
161–164, 365–369

in biomodification 365
coating 38
covalent bifunctionalization

368–369
physical adsorption 366–368
preparation 162
properties 161
Raman spectroscopy 130
types 161

Catalytic chemical vapor deposition
(CCVD) process 162

Catalytic membrane reactors
(CMR) 200

CdS nanowires 196

CdS–NPs 371–372
Cell analysis

multicolor labels 424–428
Cell population

positive and negative, separation
of 426

Cell-surface staining methodology 424
Charge coupled device (CCD) 76
Chemical oxidative polymerization

(COP) 193, 195, 444
Chemical vapor infiltration (CVI) 164
Chitosan 35, 51, 184
Chloroauric acid (HAuCl4� 363
Clay 148–153

and PANI nanocomposite 172–175
and PPy nanocomposite 181–185
polymer/layered silicate

nanocomposites (PLSN) 148
smectites 148

Cobalt-hexacyanoferrate 379
Coherent Anti-Stokes Raman

spectroscopy (CARS) 123–125
Colloids 69
Combined learning 296–297
Composite membrane 48
Conducting nanocomposite

systems 143
classification 145–147
guest materials 170–203
host materials 148–170

Conductive atomic force microscopy
(C-AFM) 273

Conductive polymer composites
(CPC) 145

Conductive polymer nanocomposites
(CPN) 145

electrochemical strategies 146
Conductive polymers (CPs) 436

coatings 48
EMI shielding 438–439
multifunctionalized

micro/nanostructures 437
and polyion multilayer 17–18

Confined polymerization 182
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Confocal microscope 79, 81, 85
Confocal optics 126
Confocal Raman microscope 128–129
Controlled permeability switching 47
Conventional fluorescent-labeled

immunoassay 419
Core materials see Capsule core
Core shell

fabrication 36, 37
nanocrystals 422, 426
QDs 373
technique 37

Core-shell nanoparticles (CSNP) 178
Covalent bifunctionalization, of

CNT 368–369
Covalent coupling 361
Covalent layer-by-layer

self-assembly 22–23
CP/CNT composites 161
CP/V2O5 nanocomposites 168–169
Cryomilling 165–166
Crystal templates 203
Current applications of, LbL

self-assembly
biomedical 34–36
electronic devices 30–33
nonplanar templates 36–39
optical coating 33–34

Cyclic voltammogram (CV) 248, 253,
254, 263, 320, 364–365

D
DC measurements

of PANI/MNZN ferrite 451–452
of PPy/MnZn ferrite 452–453

Delaminated nanocomposites 154
Demonstrative circuits 336

adaptive circuit 339–342
polymer fibers network 342–346
simple mimicking element 336–339

Dewetting 245
DEXS/PArg microcapsules 50
Dextran sulfate (DEXS) 50

Dielectric relaxation spectroscopy
(DRS) 151

Direct methanol fuel cell
(DMFC) 194, 201

Direct polymerization 185, 186, 462
DNA multilayer 21
Dodecylbenzene sulfonic acid

(DBSA) 181
Drain current 33

negative 325
positive 322, 324, 325, 326
temporal behavior 320, 328,

329, 333
V/I characteristics 318

Dual-channel-barcoding 428
Dual-phase composites 200

E
Electric field directed layer-by-layer

assembly (EFDLA) method 24
Electric force microscopy (EFM) 276

probes, fabrication of 277–279
Electrical properties

PANI/MnZn ferrite, AC
measurements of 453

PANI/MnZn ferrite, DC
measurements of 451–452

PPy/MnZn ferrite, AC
measurements of 454–456

PPy/MnZn ferrite, DC
measurements of 452–453

Electrochemical element,
polymer-based 298

building blocks 309–313
molecular layers 298–309
neuron body analog

314–315
out-of-equilibrium element

326–336
polymeric electrochemical

element 315–326
Electrochemical etching 244–245,

249–250
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Electrochemical scanning tunnelling
microscope (EC-STM) 240

on biological redox adsorbates
262–274

biopotentiostatic approach 241–243
potential-induced molecular

assembling and phase
transitions, visualization
of 256–259

on redox adsorbates 259–262
substrate electrode

preparation 248–250
tip characterization 246–248
tip preparation 243–246
tunnelling, in water 250–253
for underpotential

deposition 253–256
video rate 274–275

Electromagnetic applications, of
CPs 435

dispersion 446
electrical properties 451–456
EMI shielding studies 439, 440–443
FTIR measurements 446–448
magnetic properties 456–462
Ni coating, over PANI and

PPy 445–446
PANI and PPy synthesis 444–445
shielding material, for

textiles 463–467
shielding theory 438–439
X-ray diffraction (XRD) 449–450

Electromagnetic interference (EMI)
shielding 436, 438–439

with PANI 440–442
with POTh and PPV 443
with PPy 442–443
sloughing 437

Electron beam lithography (EBL) 72
Electrophoretic deposition

(EPD) 193–194
Electropolymerization technique 146,

181, 187, 188, 192, 368, 377, 445

Electrorheological (ER) fluids
173, 175

Electrostatic self-assembly (ESA) 3
Emulsion polymerization 150, 157,

181, 410–411
Encapsulated materials, release of

AF-488 labeled dextran polymer 56
enzyme-mediated 50–51
by laser 52
from polyelectrolyte capsules 49–50

Encapsulation technology 47
benefits 54
flavor industry 54
food industry 54
of gases 52–54
magnetic microcapsules 48
of semiconductor metal

oxides 188
shell modification 48–49
of water-soluble compounds 48
see also Small-molecule

encapsulation
Endoscope 119–121
Enhanced spectroscopy 82–91
Enzyme immobilization 355

and biosensors 365
affinity immobilization 361–362
applications 382–385
covalent coupling 361
entrapment 362–365
material properties of 358–359
methods 359, 360
physical adsorption 359–361

Enzyme leaching 362, 371, 380
Enzyme-mediated release, of

encapsulated materials 50–52
Epitaxial growth technique 114
Europium-labeled proteins 404
Evanescent wave excitation

scheme 79, 112
Exfoliated nanocomposites 148–149,

172, 181
Expanded graphite (EG) 154–157
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F
‘Faceted’ particles 85
Fe3O4–NPs 374
Fe3O4/PPy nanocomposites 186
Flame-annealing technique

248–250
Flavor encapsulation 54
Flocculated nanocomposites 148
Flory radius 401
Fluctuation–dissipation theorem 61
Fluorescent dyes 415, 428
Fluorescent microscope 27
Focused ion beam (FIB) 159, 276
Foliated graphite (FG)

nanosheets 157, 158
Force volume (FV) technique

279–282
Fourier-transform infrared

spectroscopy (FTIR) 365
PANI/MnZn ferrite 446–447
PPy/MnZn ferrite 447–448

Free electron laser (FEL) 121
Fuel cells 200–201

types of 201
Fullerenes 160–161

synthesis 71

G
Gas encapsulation 52–54
Gas–molecular trapper 53
Gate current

active component 330
cyclic behavior 332–333
oscillating behavior 331
passive component 330
temporal behavior 328, 331
V/I characteristics 318–319

Glassy carbon electrode (GCE) 364
Glucose biosensor 370, 379
Glucose oxidase (GOS) 366
3-Glycidoxypropyltrimethoxysilane

(GOPTS) 403, 405
Glycidyl methacrylate 411, 412

Gold nanoparticles (GNP) 16–17, 83,
110–111, 178, 195, 361, 363

detection assay, heterogeneous
111, 115

Gold nanorods 110
Grapheme tube see Single-walled

carbon nanotube (SWNT)
Graphite 153–160
Graphite intercalation compounds

(GIC) 154, 155
Graphite oxide (GO) 154, 156
Graphitic tube see Multiwalled carbon

nanotube (MWCNT)
Greenhouse gases 46
GRIN (GRaded INdex)

lens 119, 120
Guest materials 170

crystal templates 203
for membranes 199–203
polyaniline 170–180
polypyrrole 180–191
polythiophene 191–196
polyvinylcarbazole 196–199

H
Halogenated agents 46
Hanbury-Brown and Twiss stellar

interferometer 102
Hebbian rule 288, 297, 298
High-density polyethylene

(HDPE)/FG
nanocomposites 157–158

Hollow gas-filled microbubbles
53–54

Horseradish peroxidase (HRP) 371
Host materials 148–170

carbon 153–165
clay mineral 148–153
metal oxides 166–170

Human serum albumin (HSA)
404, 406

Hybrid nanocomposites 144,
153, 170
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Infrared (IR) spectroscopy 22
In situ polymerization 150, 155, 156,

157, 171, 177, 178, 181, 189, 197
Immunoassays 396

development 408–416
see also Multiplexing

immunoassay; Solid-phase
immunoassays; Quantum Dots

Imprinting synthesis 152
Inorganics in organics (IO) 145
Intercalated nanocomposites

148–149
Intercalative polymerization 150, 167,

172, 192, 194
Intracellular degradable capsules 50
Ion beam irradiation

159–160
Ion-sensitive field-effect transistor

(ISFET) 34–35
Isothiocyanate

single monolayer, RRS of 94

J
J-aggregates 203

K
Kiessig fringes 8

L
Langmuir–Blodgett (LB) technique 2,

198–199, 304–309
amphiphilic molecules 304
layer transferring 307
two-dimensional gas state 305
two-dimensional liquid state 306
two-dimensional solid state 306
Wilhelmy balance 305

Langmuir–Schaefer (LS) method
198–199, 307–309

Langmuir trough 305
Laponite 378
Laser excitation power 96
Laser illumination 56

Layer-by-layer (LbL) self-assembly 1,
169, 184, 444

applications 30
building blocks for 4–5
drawbacks 41
kinetics 5–9
modified procedures 21–23
nanocomposite thin films,

fabrication of 11–21
principles 3–4
tuning of 9–11
see also Electrostatic self-assembly

(ESA)
Layered aluminosilicates 149
Layered ceramic plates 17
Layered double hydroxide (LDH) 150
Learning paradigms 296
Linear spectroscopy 119
Long-chain PEGs 397, 411
Lotka–Volterra equation 334, 335
Lysozyme 70, 72
Lévy statistics 98, 101

M
Magnetic microcapsules 48
Magnetic properties
Ni/MnZn ferrite 456–462

Ni/PANI/MnZn ferrite 456
Ni/PPy/MnZn ferrite 460–462
PANI/MnZn ferrite 456
PPy/MnZn ferrite 460–462

Magnetic release, of encapsulated
materials 49

Magnetopolymeric materials 185
MCM-41 380
Mechanochemical reaction 166, 172
Mesoporous materials 165
Mesoporous silica (MPS) 379–381
Metal nanoparticles 179,

371–376
Metal oxides 166–170, 175–180

vanadium-based oxides 167
Metal-oxide semiconductor field

effect transistor (MOSFET) 32
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Metalloproteins
direct access to current 268–274
further evidences 266–267
potential-dependent EC-STM

contrast, first evidence
262–266

Micro electro-mechanical system
(MEMS) 190

Minimum detectable dose (MDD) 414
Mixed ionic and electronic

conductivity (MIEC)
membrane 200

Molecular architecture 143, 191,
304, 308

Molecular layers 298–309
Langmuir–Blodgett technique

304–309
self-assembling (SA) 299–304

Molecular template-assisted
synthesis 146

Montmorillonite clay (MMT) 17, 18,
144, 172

Multicolor labels
in cell analysis 424–428

Multifunctional microcontainers
tuned permeability 45

Multilayer adsorption, kinetics of 5–9
Multiplexing immunoassays 408, 415

principles 415–416
Multiwalled carbon nanotube

(MWCNT) 161, 163, 179–180,
368, 378

N
Nanoclusters 65, 110
Nanocomposite materials 199–200,

376–379
bifunctionalized membrane

378–379
polymer nanocomposites 377–378

Nanocomposite thin films, fabrication
Au nanoparticle/polycation layer

16–17

carbon nanotube/polyion multilayer
18–19

conductive polymers/polyion
multilayer 17–18

DNA multilayer 21
layered ceramic plates 17
protein/polyion multilayer 19–20
semiconductor nanoparticle/polyion

multilayer 14–16
silica/polyion multilayer 14

Nanocrystalline silica 182
Nanocrystals 70, 110, 371–376
Nanofibers 369–371, 383
Nanoparticles (NPs) 4, 50, 110–113,

144, 166, 195, 374
application 56
core-shell 171
crystalline 418
MnO2 34
oxide 12
packing density 10
platinum 194
sandwiching 17
semiconductor 418–429
silica 11, 174

Nanoscale sorbents 53
Nanoscience 68, 143, 237
Nanospectroscopy 73, 74, 104
Nanostructure system

‘normal’ spectroscopy in
127–133

types 90
Nanotube 18, 19, 160–165
Nanowires 369–371
Nanoworld 66

small structure 72–76
small world 68–72

Natural graphite (NG) 153–154
Natural hydrotalcite see Layered

double hydroxide (LDH)
Nervous system 290, 292, 298

vs. electronic circuits 288–289
of living organism 291
of real biological object 289
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Neuron 289, 291, 293
Neuron analog 296
Neuron body analog 314–315
Neuron network algorithm 288

key elements 294
Ni-coated polymer particles 446
NiFe2O4/PANI nanocomposites 178
Non-ionic polymers 399
Non-linear conduction 158
Novel polymer materials

capsule permeability 47–49
NSOM 80, 121–122, 124

spectroscopic version 80

O
One photon microfluorescence

119, 121
Optical absorption spectra 63, 64, 65

of Au nanoparticles 68
of CdSe nanocrystal 67

Optical release, of encapsulated
materials 49

Optical spectroscopy see Spectroscopy
Organically modified

montmorillonites (OMMs) 149
Organics in inorganics (OI) 145
Organophosphate hydrolase

(OPH) 374
Out-of-equilibrium element 326–336
Oxadiazole-based polymers 159
Oxidative polymerization

technique 442

P
PANCMA fibers 370
PANI-coated polypropylene

(PANI/PP) 379
PANI–Fe3O4 nanoparticles 177
PANI-PEO 129, 130
PANI/MnZn ferrite

AC measurements 453
DC measurements 451–452
FTIR measurements

446–447

magnetic properties 456
X-ray diffraction (XRD) 449–450

PANI/V2O5 nanocomposites 169
Paraoxon 374
PDDA/SnO2 nanoparticle 6–7, 8
PE capsules 47
Pechini process 200
PEG monolayer

brush conformation 405
chain conformation 405
grafted to, planar surface 403–408
grafted to, surface repels

proteins 399–402
mushroom conformation 405

Penicillin biosensor 379
Percolation threshold 155, 157, 158,

159, 163, 172, 203
Percolation transition 155
Phase transitions,

visualization 256–259
Phenol biosensor 378
Photon antibunching 103
Photon correlation spectroscopy

(PCS) 62, 104
Phycobiliproteins 425
Planar surface 50

design and methods 403
measuring protein adsorption

404–408
PEG monolayer grafted to 403–408
protein labeling, with europium 404

PMMA/clay nanocomposite 150
PMMA/graphite nanosheet 157
Polarization and anisotropy effect

113–117
Poly(3-caprolactone) (PCL) 189
Poly(3-octyl thiophene) (POTh) 443
Poly(allylamine hydrochloride)

(PAH) 48
Poly(allylamine) (PAA) 405, 408
Poly(amidoamine) dendrimers 379
Poly(aniline-co-aminobenzenesulfonic

acid (PAOABSA) 444
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Poly(ethylene glycol) (PEG) 158, 397,
406, 416–418, 429

long-chain PEGs 397, 411
microparticles tailoring 408–416
molecular weight 398
and protein interactions 399
short-chain PEGs 397, 405

Poly(hydroxypropylmethacrylamide
dimethylaminoethyl)
P(HPMADMAE) 50

Poly(N-vinylcarbazole) (PNVCZ)
147, 199

Poly(phenylene-vinylene) (PPV) 443
Poly(propylene glycol) (PPG) 398
Poly(propylene oxide) (PPO) 152
Poly(sodium 4-styrenesulfonate)

(PSS) 48
Poly(vinylalcohol) (PVA) 156, 441
Polyacrilonitrile-co-maleic acid

(PANCMA)
fibers 370

Polyaniline (PANI) 127–128,
146–147, 170–180, 309, 436

active area 322–324
chemical synthesis, with MnZn

ferrite and Ni/MnZn ferrite 445
clay composites 172–175
electrochemical synthesis, with

MnZn ferrite and Ni/MnZn
ferrite 445

EMI shielding studies 440–442
LB technique 313
metal oxides 175–180
Ni coating 445–446
shielding material, for textiles

463–465
specific resistance 310–311
transition 312

Polydiphenylamine (PDPA) 175
Polyethylene oxide (PEO) 128, 152,

309, 313, 342, 343, 344
Polyfuran 194
Poly-l-arginine (PArg) 50
Poly-l-aspartic acid (PAsp) 51

Polymer-based electrochemical
element 290–291, 320, 321,
322, 327

Polymer fibers network 342–346
Polymer mushroom conformation 401
Polymer nanocomposites 145, 153,

171, 377–378
Polymer/layered silicate

nanocomposites (PLSN) 148
Polymeric electrochemical element

315–326
PANI channel 316
synapse analog 315
temporal dependencies 320–322
V/I characteristics 318–320

Polymeric nanofibers 370
Polymers nanocomposites 377, 378
Polymethylmethacrylate (PMMA) 441
Poly-N-[5-(8-quinolinol)ylmethyl]

aniline (PANQ) 175
Polyol process 176
Polyolefins 151
Polypyrrole (PPy) 48, 55, 56, 173,

180–191, 363, 436
applications and perspectives 52–57
bioanalytical sensor 183
capsule preparation 49
chemical synthesis, with MnZn

ferrite 444–445
clay composites 181–185
clay nanocomposites 181
cosmetology 52
deposition 48
disadvantages 180
drug-delivery devices 53, 56
ECP technique 466
electrochemical synthesis, with

MnZn ferrite and Ni/MnZn
ferrite 445

EMI shielding studies 442–443
gas encapsulation 52
metal oxides 185–191
Ni coating 445–446
pharmacology 52
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Polypyrrole (PPy) (Continued)
redox process 52
shielding material, for textiles

465–467
silica 182
skin layer 48

Polysilicate magadiite 152
Polystyrene particles, nanoscale

modification 397–399
Polythiophene (PTh) 191–196
Polyvinyl chloride 440
Polyvinylcarbazole (PVC) 196–199
Positive temperature coefficient (PTC)

effect 157
Potential applications, LbL

self-assembly
bioreactors 40
electronics 40–41
nanoreactors 40
pharmacy 40
sensor layers 40
surface modifications 39–40

Potential-induced molecular
assembling, visualization
256–259

PPy/clay nanocomposites 181
PPy/MnZn ferrite

AC measurements 454–456
DC measurements 452–453
FTIR measurements 447–448
magnetic properties 460–462
X-ray diffraction (XRD) 450

PPy/zirconium nanocomposites 186
Probe performance test 279–283
Pronase® 50
Protein folding–unfolding study

70, 74
Protein/polyion multilayer 19–20
Proton-exchange membrane fuel cell

(PEMFC) 201, 202
PS/graphite nanosheets 156
Pump–probe configuration 125–126
Pyyrole polymerization 48

Q
Quantum Dots (QDots) 372, 397,

420, 424
fluorescence lifetime 420
future prospects 428–429
multicolor labels, in cell analysis

424–428
and nanoparticles 110–113
photophysical properties

419–421
spectrophotometric characterization

of 423–424
in surface chemistry 421–422

Quartz crystal microbalance (QCM)
5–6, 254

Quasi reference electrode 243, 260
Quenching effects 104

R
Radial breathing mode (RBM) 131
Raman spectroscopy 130
Red algae 425
Redox adsorbates

EC-STM 259–273
Redox process 48
Remote permeability switching 47
Remote release, of encapsulated

materials 52
Resonant Raman spectroscopy 128
Reverse selective mode see Solubility

selective mode
Reversible hydrogen electrode

(RHE) 242
Rhodamine 6G (R6G) 68, 69, 78

S
S-NSOM 90
Saturated calomel electrode

(SCE) 242
Scaling theory 399, 401
Scanning electron microscopy (SEM)

13, 20, 28, 29, 32, 70, 245, 246,
247, 411
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Scanning probe microscopy (SPM)
237, 238, 275, 282

EFM probes, fabrication 277–279
probe performance test 279–283
see also Electrochemical scanning

tunnelling microscope
(EC-STM)

Scanning tunneling microscopy
(STM) 76, 238

Self-assembled film 70
Self-assembled monolayers

(SAM) 2, 24
covalent coupling 361

Self-assembling (SA) 299–304
biotin–streptavidin interactions

301–302
oxide-terminated material 300–301
polyelectrolyte technique 302–304
thiol-containing molecules 301

Semiconductor nanoparticle/polyion
multilayer 14–16

Semiconductor nanoparticles
in immunoassay and cell analysis

418–419
SERRS spectra 83, 85
SERS effect 82–91
SERS-like confocal Raman

spectroscopy 74
Shell materials 46
Shielding theory 438–439
Short-chain PEGs 397
Signal-to-noise ratio (S/N) 426
Silanization of quartz surface 403, 405
Silica nanoparticle 174
Silica/polyion multilayer 14
Silicon carbide (SiC) 184–185
Silicon nanowire 371
Silver nanowire 117
Simple mimicking element 336–339
Single-molecule fluorescence

spectroscopies (SMFS) 62, 76–82
Single-molecule photon bursts 81
Single molecule sensitivity 111

Single-walled carbon nanotubes
(SWNTs) 18–19, 93, 161,
365–366

Small-molecule encapsulation 47
Smectites 148
Sol–gel process 152–153
Solid state green laser 415, 416
Solide phase design, for protein

arrays 395
Solubility selective mode 199
Spectroscopy

blinking, statistics and PCS 98–104
coherent Anti-Stokes Raman

spectroscopy (CARS) 123–125
dielectric relaxation spectroscopy

(DRS) 151
enhanced spectroscopy 82–91
Fourier-transform infrared

spectroscopy (FTIR) 365
infrared (IR) spectroscopy 22
innovative methods and results

118–127
linear spectroscopy 119
in nanoscale 61–68
nanostructures with, conventional

optical spectroscopy 127–133
nanoworld 68–76
photon correlation spectroscopy

(PCS) 62, 104
polarization and anisotropic effect

113–117
quantum dots and nanoparticles

110–113
Raman spectroscopy 130
single-molecule fluorescence

spectroscopy (SMFS) 62,
76–82

surface-enhanced Raman
scattering-based spectroscopy
82–91

surface plasmon engineering and
sensors 104–110

tip-enhanced spectroscopy 91–97
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Spin layer-by-layer self-assembly
21–22

Spinel ferrites 177
Spray layer-by-layer self-assembly 22
Stain index (SI) 426
Streptavidin–biotin technique 74
Styrene 408, 410
Substrate electrode preparation

248–250
Sub-wavelength excitation spot 80
Sulfonated polyanilines (SPANs)

177–178
Supervised learning 289, 296, 322
Surface patterning 23–29
Surface-enhanced Raman

scattering-based (SERS)
spectroscopy 82–91, 372

Surface plasmon engineering and
sensors 104–109

Synapse 291, 315
Synergy 144

T
TE-CARS 124
Template-assisted synthesis 146
Template synthesis 171, 191, 195
Templateless synthesis 146
Terrylene 116
TERS (tip enhanced Raman

scattering) 93, 96, 117
Tert-butyloxy-carbamate (tBOC) 370
Tetramethylrhodamine isothiocyanate

(TRITC) 48
Thyroid stimulating hormone (TSH)

assay 415, 416–418
TiN 163
Tip characterization, of EC-STM

246–248
Tip-enhanced spectroscopies

91–96
Tip preparation, of EC-STM 243–246
Titanium-doped-sapphire (Ti:S)

laser 76

Transmission electron microscopy
(TEM) 39, 150, 193, 194, 197,
343, 344

‘Two lift-off’ method 28–29
Two-photon spectroscopy 81, 82, 119

U
Ultramicroelectrodes (UME) theory
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Colour plate 1: Principle of multiplexed assay. The solid phase for the reaction
comes in the form of 8 �m polystyrene particle as depicted. Each particle has a

unique combination of two fluorescent dyes, which serve as a spectral ‘barcode’.
In TSH assay, the capture anti-TSH antibody is anchored to the solid phase by

binding to carboxyl functionalized PEG. By using a complement anti-TSH
antibody, which is ‘tagged’ with PE, TSH could be sandwiched and captured on
the solid phase. The detection system involves a solid state green laser. It excites

reporters that are bound on the particle surface after the immunoreaction is
completed. (See Figure 8.9, pp. 415).
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Colour plate 2: Absorption and emission spectra of Qdot-655 conjugate. Bars
represent laser lines of the violet and red lasers. The shape of the absorption
spectrum reveals that the Qdots can be excited by several commonly used

visible-range emission lasers. Although the extinction coefficient is much lower
at the red laser line than at the violet, it can be seen that it is still quite high

(∼1 000 000�. (See Figure 8.11, pp. 420).
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Colour plate 3: A panel of conventional fluorophores and quantum dots that
might be used in a single laser platform design. (See Figure 8.12, pp. 421).
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Colour plate 4: Comparative quantum yields of PE, Qdot-655 and Qdot-705,
excited at 405, 488 and 532 nm. (See Figure 8.14, pp. 423).
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