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Preface

Polyelectrolytes, i.e., water-soluble polymers with a lot of dissociating functional
groups, and nanoparticles, i.e., fine particles with diameters on the nanometer
scale, are two substance classes of growing interest. Both polyelectrolytes and
nanoparticles can be found in many industrial applications such as in paints, pa-
per coatings, cosmetics, and pharmaceuticals. For adjusting the properties of such
multicomponent systems, the knowledge of the macromolecular and electrochem-
ical features of the polyelectrolytes on the one hand, and the size and shape of the
nanoparticles on the other hand is essential.

Understanding thebasicprinciples involved in thepreparationofnanoparticles
and control of the interparticle interaction forces by adsorbing polyelectrolytes is
therefore crucial, both from a scientific and application oriented point of view.

Over the last years, the term nanotechnology, which refers to the technology
that produces nanosize particles, has been established, and a new fast-growing
market has been born. The pioneers in this field were the alchemists, who were
already able in the 16th century to produce colloidal gold, however, without knowl-
edge of the scientific background of the formulation process. Today, of course, we
know much more about the colloidal metal nanoparticles, but still some questions
are open. Therefore, especially the formation, characterization, and stabilization
of gold nanoparticles as a nanoscalic model system in presence of polyelectrolytes,
is discussed here in more detail. Polyelectrolytes can play an important role with
regard to the formation and stabilization of nanoparticles with diameters smaller
than 10 nm, which is of special interest with regard to new fields of application.

The purpose of this book is to outline synergistic effects between polyelec-
trolytes and nanoparticles to show new ways of synthesis and to present methods
to characterize well-defined polyelectrolyte-modified nanoparticles.

This book originates from the lecture and laboratory course of the Polymer
Science Program at the University of Potsdam (Institute of Chemistry), and is
expanded by topics from lectures and experiments in colloid chemistry. The book
will be useful for graduate students and postgraduates of polymer and colloid
science or research and industrial chemists, physicists, or engineers working in
related areas of material or life sciences.

In a comprehensive manner, the book combines the basic principles of the
characterization of water-soluble polyelectrolytes with their ability to control the
nanoparticle formation process and/or to stabilize the nanoparticles due to an
adsorption on the particle surface.



X Preface

Potentiometric techniques are used to characterize phenomena of counte-
rion condensation, the nature of interactions with oppositely charged surfactant
molecules as well as the stoichiometry of polyelectrolyte complexes. Zeta-potential
measurements are carried out to detect the adsorption of polyelectrolytes on the
nanoparticle surface. Forcharacterizing theshapeandsizeof thenanoparticles, dy-
namic light-scattering measurements can be successfully used in combination with
transmission and/or scanning electron microscopy (SEM). The different prepara-
tion techniques are outlined and experimental details are described.

We would like to express our sincere thanks to Dr. Brigitte Tiersch for her
EM contribution to the book including the TEM and SEM micrographs and we
would also like to thank the members of our workgroup involved in this project.
Furthermore, we want to thank Prof. Burkart Philipp for introducing us to the
still-fascinating field of polyelectrolytes and polyelectrolyte complexes; Prof. Stig
Friberg and Prof. Raymond Mackay for introducing us to self-assembled template
phases, and Prof. Keisheiro Shirahama for surfactant-selective electrodes. The
fruitful cooperation with Prof. Markus Antonietti from the Max Planck Institute
on the other side of the railway in Golm is gratefully acknowledged, and finally,
the authors give thanks to Prof. Werner-Michael Kulicke and Dr. Harald Pasch for
encouraging us to write this book.

Potsdam, December 2005 Joachim Koetz
Sabine Kosmella
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1 Introduction and Objective

Polyelectrolytes (PEL), i.e., polymersbearingdissociated ionic groups schematized
in Fig. 1.1, are a fascinating class of macromolecules that exhibit various interesting
phenomena due to their dual character of highly charged electrolytes and macro-
molecular chain molecules. Polyelectrolytes can be classified into natural (e.g.,
DNA), modified natural (e.g., cellulose or chitin derivatives), and synthetic poly-
mers (e.g., poly(styrenesulfonic acid) or poly(diallyldimethylammonium chlo-
ride). In terms of their charge, they can be divided into polyanions, polycations,

Fig. 1.1. Schematic representation of a polyelectrolyte in solution
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and polyampholytes (Fig. 1.2). Depending on the charge density and acidity of the
functional groups, strong and weak polyelectrolytes of high or low charge den-
sity are known. In contrast to the more common flexible-chain polyelectrolytes,
rigid rod-like (e.g., poly(p-phenylene)-based) or spherical (e.g., globular proteins)
polyions can occur in aqueous solution. Substantial theoretical and experimental
efforts have been made over the past few decades for example in understanding the
origin of domains or clusters in semidilute polyelectrolyte solutions or counterion
binding phenomena.

However, the broad spectrum of variability of polyelectrolytes opens a lot of
applications in different fields, e.g., medicine, paper-making processes including
paper coating, water treatment, mineral separation, paint and food industries, cos-
metics and pharmacy. In most of these applications polyelectrolytes play a crucial
role, but the processes are more complex. For better insight into these processes,
firstly, a current understanding of the fundamental nature of polyelectrolytes is
necessary, but in addition, the interactions between the polyelectrolytes and some

Fig. 1.2. Classification of polyelectrolytes into polycations (a), polyanions (b), and polyampholytes (c)



1 Introduction and Objective 3

additives have to be studied in more detail. The most important additives in these
systems are colloids, and this means nanosize particles.

In the world of nanoparticles, the interaction forces between the nanosize par-
ticles as well as the interactions with the surrounding molecules are much more
important than in the macroscopic world. This is caused by the high surface-to-
volume ratio of nanoscalic particles and their tendency to aggregate to larger di-
mensions. To prevent aggregation or coagulation phenomena in colloidal systems,
the nanoparticles have to be stabilized against coagulation due to electrostatic or
steric repulsion forces.

This means non-charged surface active substances (e.g., non-charged surfac-
tants or polymers) adsorbed onto the particle surface can stabilize the nanoparti-
cles due to a steric stabilization, and adsorbed ionic substances due to an electro-
static stabilization effect.

However, when polyelectrolytes are adsorbed at the surface of nanoparticles
they can do both, and electrosterically stabilized nanoparticles result (Fig. 1.3).
Polyelectrolyte-stabilized nanoparticles smaller than 20 nm are of special interest
for quite new fields of application because of the size-dependent special optical
and optoelectronical material properties of nanoparticles (quantum dot effect).

The purpose of the book is to show synergistic effects between polyelectrolytes
and nanoparticles, new ways to produce polyelectrolyte-stabilized nanopar-
ticles, and methods to characterize the polyelectrolyte-modified nanoparti-
cles. The volume is subdivided into three main sections, i.e., Polyelectrolytes
(Chap. 2), Nanoparticles and Polyelectrolytes (Chap. 3), and Characterization of
Polyelectrolyte-Modified Nanoparticles (Chap. 4).

After a short introduction into the field of polyelectrolytes, peculiarities of their
macromolecular characterization are outlined in Chap. 2. Some special electro-
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chemical properties of polyelectrolytes are then discussed on the basis of a “simple”
potentiometric approach. One special feature of polyelectrolytes is their possibil-
ity to form complexes with oppositely charged surfactants and/or polymers. The
mechanism of complex formation is discussed on the basis of experimental data
obtained in the semidilute concentration range. Polyelectrolyte-surfactant inter-
actions are studied by using surfactant selective electrodes and polyelectrolyte-
polyelectrolyte interactions by using a combined titration technique, consisting of
potentiometry, conductometry, and turbidity.

In general, one can recognize that by a “simple” potentiometric approach
(using different types of electrodes) it is possible to learn a lot about some special
features of polyelectrolytes in solution. To comprehend the measurements, the
experimental details are given for some selected examples.

In Chap. 3 different routes to form polyelectrolyte-modified nanoparticles are
outlined. The most common way, by simple adsorption of pre-stabilized nanopar-
ticles due to a polyelectrolyte adsorption is compared to a nucleation process
where the polyelectrolytes act both as a reducing and stabilizing agent. Finally,
the nanoparticle formation is realized in a template phase, e.g., in PEL-modified
microemulsions or PEL-based block copolymer micelles. In this connection, the
polyelectrolytes can stabilize the surfactant film of the template phase, control the
particle growth process, and finally stabilize the formed nanoparticles.

In Chap. 4 polyelectrolyte-modified nanoparticles are characterized with re-
gard to their particle charge and particle size. By using a particle electrophoresis
it becomes possible to detect reloading processes due to the adsorption of poly-
electrolytes at the nanoparticle surface. Other methods, like acoustophoresis and
streaming potential measurements, can be successfully applied for the surface-
charge characterization, too. The particle size and particle-size distribution of the
polyelectrolyte-modified nanoparticles can be characterized by means of dynamic
light scattering. In addition, transmission and scanning electron microscopy can
be used for visualizing the template phases as well as the produced polyelectrolyte-
modified nanoparticles.



2 Polyelectrolytes

2.1 Macromolecular Characterization of Polyelectrolytes

Polyelectrolytes have to be characterized in two directions with regard to their
macromolecular and electrochemical properties. All methods for characterization
of the macromolecular parameters of neutral polymers in solution, i.e., molar mass
and molar mass distribution, radius of gyration, thermodynamic solution quan-
tities, and structural parameters (e.g., branching), may also be used to character-
ize polyelectrolytes, but the special features of ionically charged macromolecules
have to be taken into account. After a short introduction into the methodical
background, the special features of polyelectrolyte characterization are briefly
discussed.

2.1.1 Chromatography

Chromatographic methods, i.e., size exclusion chromatography (SEC), field-flow
fractionation and electrophoresis are widely used to obtain the macromolec-
ular parameters of polyelectrolytes. The most popular method in this field is
SEC. However, the charge of the polyelectrolytes can have an effect on the chro-
matograms [1, 2].

When the packing material of the column is inert, the charged polyelectrolytes
can lead to a Donnan-membrane equilibrium between the excluded and the pen-
etrating molecules, resulting in an additional charge-induced retardation (ion
inclusion). This effect can be eliminated by the addition of low molecular salt;
however the added salt is retarded by the same effect. Therefore, the salt con-
centration has to be reduced to a minimum. When the packing material contains
charges (often the packing material of the columns is negatively charged), the
penetration of equally as well as oppositely charged polyelectrolytes is influenced,
too. Again, the addition of low molecular salts can suppress this effect.

The determination of the molar mass distribution needs a calibration with
well-characterized standards with a narrow molecular weight distribution and the
same chemical structure, which are often not available. In the case of an ideal size
exclusion mechanism, the separation corresponds to the hydrodynamic volume
(Vh) of the macromolecules, which is given by the relation:

Vh = [η]M (2.1)
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Knowing the [η]−M relation, the molar mass can be calculated.
However, by a combination of online multi-angle light scattering and vis-

cometry the [η]−M relation can directly be determined for homogeneous, linear
polymers.

2.1.2 Osmometry

Osmometric pressure measurements, i.e., membrane as well as vapor pressure
methods, are the major techniques for determining the number average molar
mass (Mn) of polyelectrolytes. Vapor pressure measurements allow the detection
of lower molar masses, membrane osmometry up to Mn = 106 g/mol.

Due to the presence of a polymer in solution, the solvent flows through the
membrane of a given membrane osmometer, yielding a pressure p0 +π and a chem-
ical potential μ′′

1 on the solution side [3]. From the equilibrium conditions of equal
chemical potentials of both sides of the membrane the expression

π
c

= RT

(
1

Mn
+ A2c + A3c2 + ...

)
(2.2)

is derived.
For polyelectrolytes, the situation is changed drastically, because of the disso-

ciation into macroions and counterions, resulting in a higher osmotic pressure.
However, in salt-free solutions, no permeation of the counterions can occur due to
the electroneutrality conditions.

To overcome the non-ideal behavior of polyelectrolyte solutions, solvents of
higher ionic strength are used. In such salt-containing polyelectrolyte solutions
the low molecular salts can permeate the membrane or salt out the polymer. This
results in the need to optimize the ionic strength for a given system.

2.1.3 Light Scattering

Scattering methods, i.e., static and dynamic light scattering, are of special impor-
tance to characterize nanoparticles as well as macromolecules in solution, and can
provide information on the mass and size of the scattering particles, their polydis-
persity, as well as on particle–solvent interactions. When the particle diameter (d)
is very small (d < λ/20), the scattering intensity Is is given according to Rayleigh:

Is =
8
3

πN2

(
2π
λ

)4

α2Io (2.3)

where N2 is the number of particles, λ the wave length, α the polarizability, and
Io the light intensity. For highly diluted colloidal systems, a reduced scattering

intensity Rϑ

(
Rϑ = r2Iφo

Io

)
can be defined in relation to the scattering intensity

integrated over the whole sphere area (Iφo).



2.1 Macromolecular Characterization of Polyelectrolytes 7

For vertical polarized light, Rϑ,v is given by

Rϑ,v = K∗
vcMw (2.4)

For the investigation of more praxis-relevant solutions of higher polymer concen-
tration, interference phenomena have to be taken into account. The interactions
between the particles can be described by a virial coefficient expansion:

K∗
vc

Rϑ,v
=

1
P(ϑ)

(
1

Mw
+ 2A2c + 3A3c2 + ...

)
(2.5)

When the particle dimensions exceed the Rayleigh conditions (d > λ/20) the
scattering intensity also depends on the scattering angle ϑ. According to Debye,
the scattering function 1

P(ϑ) can be described by the following equation:

1
P(ϑ)

= 1 +
16π2

3λ2
[r2]z sin2 ϑ

2
+ ... (2.6)

Combining Eqs. (2.5) and (2.6) the scattering behavior of a colloidal dispersion
can be described by the following equation:

K∗
vc

Rϑ,v
=

1
Mw

+ 2A2c +
16π2

3λ2

[r2]z

Mw
sin2 ϑ

2
+ ... (2.7)

The extrapolation procedure via a Zimm plot yields the weight-average molar mass
of polymers Mw, the radius of gyration [r2]z, and the second virial coefficient of
the osmotic pressure A2. However, difficulties in the extrapolation procedure lead
to the application of a logarithmic Guinier plot.

More information about structural details and the polydispersity can be ob-
tained by a detailed interpretation of the shape of the scattering curves in com-
parison to theoretical ones (so-called master curves) [4]. This approach is not
trivial, because the shape of the scattering curve is determined by quite different
parameters. In salt-free polyelectrolyte solutions, the scattering intensity becomes
extremely low and independent of the molar mass of the polyelectrolyte. There-
fore, it is very difficult to realize static light scattering experiments in salt-free
solutions, and measurements on polyelectrolytes in aqueous solutions are usually
carried out in the presence of salt. However, due to the very low mobility of the
polyions in comparison to salt ions, a quasi two-component system is considered,
which can be analyzed in the same way as neutral polymers. Salt-containing poly-
electrolyte solutions are much more complex systems, and preferential solvation
effects has to be taken into account. Therefore, the specific refractive index incre-
ment has to be determined after dialysis, as to be shown in more detail for a series
of poly(acrylamide-co-acrylates) by Kulicke et al. [5].

To improve the reliability of the scattering data analysis, static light scat-
tering experiments are often combined with small-angle X-ray scattering and
small-angle neutron scattering experiments, realized at a quite different Q range
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(Q – magnitude of the scattering vector according to Eq. (2.9)), and therefore
yielding complementary information.

Dynamic light scattering is a commonly used and widely established method
for analyzing the diffusion coefficient correlated to the Brownian motion of the
scattering particles in solution. In principle, the diffusion coefficients can be ob-
tained from the analysis of the line width of the spectral density profile of the
scattered light in analogy to the well-known Doppler effect of acoustic waves.

The intensity I of the scattered light of frequency ω can be represented by:

I(ω) = A1
DQ2

(ω − ωo)2 +
(
DQ2

)2 (2.8)

where ωo is the centre frequency (i.e., the frequency of the incident radiation), A1

is a constant, D the diffusion coefficient, and Q the magnitude of the scattering
vector:

Q =
4πno

λ
sin

(
ϑ
2

)
(2.9)

where no is the refractive index of the medium and ϑ is the scattering angle.
Q measures how strongly the light interacts with the particle.

Since polymers or small particles in solution move rather slowly, the spectrum
broadening is very small and cannot be resolved sufficiently by current spectrum
analyzers. Therefore, the intensity-time correlation function g2(τ) is measured
instead, which is related to the correlation function of the electric field g1(τ). For
monodisperse small particles the correlation function g1(τ) decreases as a single-
exponential function, the decay constant, which yields the translational diffusion
coefficient D.

g1(τ) = Be−Q2Dt (2.10)

τ − correlation time (in the order of microseconds)

t − time

Therefore, the hydrodynamic radius (Rh) can be derived via the Stokes–Einstein
relation:

Rh =
kT

6πη0D
(2.11)

with T as the absolute temperature, k as the Boltzmann’s constant, η as the solvent
viscosity and Rh as the hydrodynamic radius.

However, dynamic light scattering is a delicate technique that should be applied
very carefully for polyelectrolyte solutions. On the one hand there are practical
problems arising from the aqueous solution and on the other hand difficulties in
the analysis of the correlation functions. In polyelectrolyte solutions, strong inter-
actions between the particles may influence the intensity correlation functions.
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In the absence of low-molar-mass electrolytes (salt) the intensity of scat-
tered light of aqueous polyelectrolyte solutions is very low, often only weakly
exceeding the intensity level of the pure solvent, and deviations from the simple-
exponentially, attributable to quite different causes, can be observed. Sometimes,
two well-separated contributions to the correlation functions for polyelectrolyte
solutions can be detected. Such bimodal correlation functions with a fast and a slow
contribution have been observed for PSS, PAA, and PVP in absence of salt [6–8].

In the presence of an abundant amount of added salt, compared to the equiv-
alent concentration of the polyelectrolyte, the behavior of the polyelectrolyte so-
lution can be discussed in terms analogous to solutions of uncharged macro-
molecules. Scaling concepts may be used to distinguish various concentration
regimes for polyelectrolytes of varying molar mass.

2.1.4 Ultracentrifugation

The analytical ultracentrifuge can be used for the determination of the molecular
mass of polymers in a wide range from 300 up to 108 g/mol [9].

Due to thecentrifugal forceactingonthepolymersolution, themacromolecules
start to sedimentate with a given velocity. The sedimentation velocity is related to
the molar mass, and therefore ultracentrifugation can be used for the molar mass
determination according to:

M =
SeRT

D
(
1 − v∗ρ

) (2.12)

Where Se is the sedimentation constant, the so-called Svedberg constant (sedimen-
tation velocity divided by the centrifugal acceleration), D the diffusion coefficient,
v∗ the partial specific volume of the particles, and ρ the density of the solvent.
However, the sedimentation is superimposed by a diffusion effect. At a high speed
of centrifugation the diffusion term leads only to a broadening of the boundary.
For low speeds, a balance between sedimentation and diffusion processes can be
achieved and sedimentation equilibrium measurements become available. Under
these special conditions the molar mass can be determined according to:

M =
2RT ln(c2/c1)(

1 − v∗
2ρ1

)
ω2

(
r2
2 − r2

1

) (2.13)

where ω is the angular frequency, and c1, c2 are the polymer concentrations in
dependence on the distance r1 and r2 from the rotation centrum.

Inaddition, the sedimentationequilibriumcanberealized inadensitygradient.
This technique can be used for the determination of the molar mass, the molar
mass distribution, and the composition of the polymer solution, and based on
the formation of a continuous density gradient in the cell by mixing at least two
solvents of varying density.

In principle, salt-free polyelectrolyte solutions can be characterized by means
of sedimentation measurements, but the sedimentation velocity of polyelectrolytes
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is much lower than for the corresponding neutral macromolecules. Because of the
absence of theoretical approaches, no appropriate data for the molecular mass of
salt-free polyelectrolytes are available. In the presence of low molecular salts the
motion of the polyions and the counterions is largely decoupled, and ultracen-
trifugation can be successfully used as an analytical tool for the determination of
the molecular mass of polyelectrolytes [9].

2.1.5 Viscometry

Viscometry is a relative method for determining the molar mass of polymers in
solution and requires a calibration with an absolute method, e.g., light scattering,
osmometry or ultracentrifugation. However, viscometry is easy accessible and due
to the simplicity of the instrumental technique and the experimental performance
a widely used method in the technical chemistry and chemical engineering.

Based on Einstein’s [10] expression for the specific viscosity, which means the
ratio of the viscosity ηp of non-interacting impermeable spheres to the solvent
viscosity ηs:

ηsp =
ηp

ηs
= 2.5Φs (2.14)

(where Φs is the volume fraction of the spheres) the intrinsic viscosity [η] is related
to the specific viscosity and the molar mass M according to the following equation:

lim
c→0

ηsp

c
≡ [η] =

2.5 · NL · Vh

M
(2.15)

where NL is the Loschmitz number and Vh the hydrodynamic volume.
In general, the correlation between the intrinsic viscosity and the molar mass

is given by the Kuhn–Mark–Howink–Sakurada equation:

[η] = KKMHSMa (2.16)

However, the constants K and a have to be determined for each given system
separately.

The intrinsic viscosity has to be determined by using an extrapolation proce-
dure. Empirical equations often used for determining [η] in dependence on the
polymer concentration are given by Schulz-Blaschke:

ηred =
ηsp

c
= [η] + kSB [η] ηsp (2.17)

and Huggins:

ηred =
ηsp

c
= [η] + kH [η]2 c (2.18)

Using dilute aqueous polyelectrolyte solutions, an extrapolation procedure fails
due to a strong increase of the viscosity in the highly diluted concentration range
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(cf. Fig. 2.1). The so-called polyelectrolyte effect has to be attributed to a pro-
nounced decrease of the intermacromolecular electrostatic interactions in com-
parison to the intramolecular ones. However, the reliability of these findings was
questioned because of the difficulties in measuring the viscosity in the dilute con-
centration range and the appearance of similar effects even for rigid polymer
chains and expanded coils. To overcome these problems, measurements are real-
ized in the presence of low molecular salts to suppress the viscosity increase at low
polyelectrolyte concentrations (cf. Fig. 2.1).

Generally, it has tobementionedhere thatpolyelectrolytes canbecharacterized
quite similar to nonionic macromolecules when low molecular salts are added in
an appropriate concentration. However, depending on the method as well as the
specific type of polyelectrolyte, the salt concentration has to be optimized and
disturbing or adulterating effects have to be minimized.

Finally, one can conclude that the determination of molar mass and the radius
of gyration together with their distribution are of high relevance for many appli-
cations. One very exciting example therefore is the use of water-soluble polysac-
charides as colloidal blood plasma volume expanders, since products of low molar
masses do not have the desired effect and parts of large molar mass can lead to
an anaphylactic shock [11]. Taking this knowledge into account, the synthesis of
homogeneous series of molar mass for establishing structure-property relation-
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ships is of high importance, but it is hard to realize uniform polymer fractions by
polymer synthesis. An alternative method for obtaining a series of molar masses
is ultrasonic degradation [12, 13].

For a more general review on the methods, only briefly described here, the
reader is referred to methodical-oriented textbooks [14–17] on the one hand and
polyelectrolyte-oriented ones [18, 19] on the other.

2.2 Electrochemical Characterization of Polyelectrolytes

As already outlined before, the most specific character of polyelectrolytes is corre-
lated to the presence of ionic charges along the macromolecular chain. Therefore
polyelectrolytes have to be classified according to the acidity or basicity of the
charged groups into polyacids, polybases, and polyampholytes on the one hand,
and into weak and strong polyelectrolytes on the other. According to the position
of the functional groups one has to differ between integral and pendant types (cf.
Fig. 1.2), and according to the charge density between polyelectrolytes of high
or low charge density. Polyion interactions with counterions, including the coun-
terion condensation (cf. Fig. 1.1), is one of the most characteristic properties of
polyelectrolytes and can be described by different theoretical approaches on ter-
ritorial binding via an analysis of the cylindrical Poisson–Boltzmann equation,
hypernetted-chain theory, and Monte Carlo computer simulations. However, the
most interesting theory is that of Manning. According to Manning’s simple bind-
ing theory, the experimentally observed condensation of counterions on highly
charged polyelectrolyte chains can be described qualitatively. The counterions
are condensed around a polyion skeleton so that the effective charge density on
a polyion no longer increases when the charge density exceeds a critical value.
Potentiometry is one of the most important characterization methods for a quan-
titative and qualitative determination of the electrochemical behavior of charged
macromolecules, and is discussed here therefore in more detail. For detecting the
condensation of counterions, ion-selective electrodes can be successfully applied
as well as spectroscopic methods, e.g., NMR and UV/VIS spectroscopy.

2.2.1 Potentiometry

Potentiometric methods are predominantly used for the experimental determina-
tionof ionactivitiesbyusing ion-selectiveelectrodes incombinationwith reference
electrodes. The most important measurements in that field are based on the deter-
mination of the H+-ion activity by using a single-rod glass electrode (Fig. 2.2) [20].
By characterizing the electrochemical behavior of polyelectrolytes in solution,
pH measurements are mainly used to determine the degree of functionalization
(often called as the degree of substitution (DS)), the acidity constants (pKa values)
as well as for the identification of pH-induced conformational changes.

Often potentiometric titrations are carried out only for a simple determination
of the amount of functional groups, i.e., for the determination of the degree of
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substitution. For example, polyanions in the acid form are titrated with sodium
hydroxide and free amino group-containing polybases with hydrochloric acid.
Polyampholytes, having both types of functional groups, are titrated with NaOH
and HCl into the basic as well as the acidic range of pH. However, in contrast to
low molecular acids or bases the equivalence point of the titration curves of the
adequate polyacids or polybases is less steep, making the endpoint determination
more difficult. For compensation of this special effect of weak polyelectrolytes, low
molecular weight salts are added. Generally, the titrations are realized at a NaCl
concentration between 0.1 and 1 mol/l.

The measurements can be performed by using commercially available poten-
tiometers, but in comparison to a “classical” acid-base titration of low molecular
species, some peculiarities have to be taken into account. First of all the polyelec-
trolyte solutions have to be shaken for at least 10 h before the ion exchange is
complete. The final titration has to be then carried out very slowly with a dosage
rate smaller than 5 ml/h (titration time between 0.5–2 h) to guarantee that all ionic
groups have been detected.

An example for such a type of titration is given here:

Experimental

Fifty milliliters of a 0.1% (w/v) solution of the polyelectrolyte is titrated after
ion exchange with 0.1 M NaOH in absence and presence of a low molecular
weight salt (0.1 M NaCl, 1 M NaCl) at a dosage rate of 2 ml/h.

The experiments are carried out in a thermostated 100-ml glass vessel
equipped with a pH glass electrode (pMX 3000, WTW) at 25 ◦C.

2.2.1.1 Acidity Constants
For a more comprehensive consideration of the potentiometric titration behavior,
especially with regard to the detection of the acidity constants of polyelectrolytes,
some fundamental statements have to be made. Generally, the dissociation con-
stant Ka of a weak acid HA can be described according to the law of mass action as
follows:

Ka =
[H+] [A−]

[HA]
(2.19)

From Eq. (2.19), the so-called pKa value, which means the negative decadic loga-
rithm, can be calculated easily:

pKa = pH − log
[A−]
[HA]

(2.20)

For a weak acid, [A−] can be related directly to the degree of neutralization (α′)
and [HA] to 1 − α′. Finally, the pKa value can be calculated by means of the
Henderson-Hasselbalch equation:

pKa = pH + log
(1 − α′)

α′ (2.21)
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However, things are changed when a weak polyacid is considered. In this case,
an additional work (ΔGel) is necessary to carry a proton against the electrostatic
attraction from the polyion chain to infinite distance. ΔGel is related to the elec-
trostatic potential (ψ) on the surface of the polyelectrolyte according to:

ΔGel = NAeψ (2.22)

Taking this into account, the analogous Henderson–Hasselbalch equation for poly-
electrolytes leads only to an apparent value:

pKapp(PEL) = pH + log
(1 − α)

α
(2.23)

where the degree of dissociation (α) can be calculated from the degree of neutral-
ization:

α = α′ +
CH+

CPEL
(2.24)

with

CH+ − Molar concentration of H+ ions

CPEL − Molar concentration of the polyelectrolyte

Taking into account that additional work is necessary to separate the proton from
the polyion according to Eq. (2.22), the potentiometrically available pH value is
correlated for weak polyelectrolytes to the intrinsic pK◦

a value according to the
following equation:

pH = pK◦
a − log

(1 − α)
α

+ 0.4343
ΔGel

RT
(2.25)

and the apparent value pKapp, calculated from Eq. (2.23), can be rewritten in
combination with Eq. (2.25) to:

pKapp(PEL) = pK◦
a + 0.4343

ΔGel

RT
(2.26)

Principally, two different procedures for determining the intrinsic pK◦
a values for

weak polyacids can be used. First of all, the diluted polyanion solutions have
to be treated with an ion exchanger (in the acid form) until all counterions are
exchanged. Then two procedures (1 and 2) of a pH titration can be realized by
using a pH-electrode [21]:

Experimental

Procedure 1:
Fifty milliliters of a salt-free polyacid solution (0.01–0.05 M) are titrated with
an NaOH solution (0.1 M) up to the equivalence point (α′ = 1). The pKapp

values are calculated according to Eq. (2.23), and the pK◦
a value can then be

obtained by an extrapolation of the pKapp values to α → 0.
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Procedure 2:
Fifty milliliters of the polyacid solution (0.01–0.05 M) in presence of a ap-
propriate amount of low molecular salts (≥ 1 M NaCl) are titrated with an
NaOH solution (0.1 M) up to the equivalence point (α′ = 1), and the pH of
half neutralization (α′ = 0.5) can be determined.

According to the modified Henderson–Hasselbalch equation for polyelec-
trolytes:

pKapp(PEL) = pH + n log
(1 − α)

α
(2.27)

at high ionic strength n becomes equal to one, reflecting the disappearance of an
electrostatic effect. This means the pH of half neutralization is equal to the pK◦

a
value due to the suppression of the polyelectrolyte effect:

pK◦
a = pHα=0.5(1 M NaCl) (2.28)

An experimental example is given in Fig. 2.3 for both procedures by titrating the
acid form of a carboxymethylcellulose with NaOH.

The experimental determination of the pK◦
a values is of special interest with

regard to a characterization of weak polyacids with carboxy groups and weak
polybases containing amino groups as well as polyampholytes having both.
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Fig. 2.3. Determination of the
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boxymethyl cellulose in water
(according to procedure 1) and in
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procedure 2)
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The acidity constants (pK◦
a values) of carboxy groups in polyacids can be lower

in comparison to the low molecular acids, e.g., polyacrylic acid in comparison
to acetic or propionic acid, as seen in Table 2.1. However, substituent as well as
conformational effects are important, too. Considering different types of polyelec-
trolytes, the carboxy groups become more acid by turning to a stiffer polymer
backbone chain, e.g., in the case of polysaccharides [22]. Furthermore, there is
a relationship to the spacer length of polyelectrolytes of the pendant type with
functional groups in the side chain [23]. However, the acidity constants seem to
not be influenced by the charge density of the polyelectrolytes. When the poly-
electrolyte becomes more hydrophobic, e.g., by incorporating benzyl groups, the
pK◦

a value is increased as can be seen in the case of carboxymethyldextranes [24].
Similar effects can be observed by incorporating hydrophobic side chains into
polyacrylic acid. It is well known that the pK◦

a value is also affected by conforma-
tional changes of the polyelectrolyte in solution. Poly(methacrylic acid) and its
derivatives exhibit a compact globule form (microdomain formation according to
the model proposed in Fig. 2.4) at low pH induced by the hydrophobic interactions
between the methyl groups. The abnormal pKa versus α curve of poly(methacrylic
acid), in comparison to poly(acrylic acid), indicates the pH-induced globule-coil
transition schematized in Fig. 2.4. A number of studies have been dedicated to
the phenomenon of microdomain formation in solutions of hydrophobic polyelec-
trolytes [25, 26].

Using dicarboxy-group-containing polyacids, e.g., poly(fumaric acid) or
poly(maleic acid), a conformation dependent two-step dissociation process is
observed [27, 28], in similarity to poly(vinylamines) [29]. However, a two- or
three-step dissociation behavior can be observed by titrating polyampholytes with
functional groups of different acidity, too [30, 31]. By knowing the molar fraction

Table 2.1. Acidity constants (pK◦
a value) of carboxy groups of low molecular and macromolecular

acids

Carboxy Acid Formula pK◦
a value

Propionic acid CH3 — CH2 — COOH 4.87

Acetic acid CH3 — COOH 4.75

Poly(acrylic acid) (CH2 — CH)n

|

COOH

4.58

Succinic acid COOH — CH2 — CH2 — COOH 4.19; 5.48

Maleic acid CH == CH

| |

COOH COOH

1.9; 6.2

Poly(maleic acid) (CH — CH)n

| |

COOH COOH

3.2 ; 7.9
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of the acidic groups (x) as well as the pK◦
a value of the functional group in excess,

the isoelectric point (pHiso) can be calculated according to the following equations
given by Merle et al. [31]:

– at an excess of the acid monomer

pHiso = pK◦
a + log

(1 − x)
(2x − 1)

(for x > 0.5) (2.29)

– at an excess of the base monomer

pHiso = pK◦
b + log

(1 − 2x)
x

(for x < 0.5) (2.30)

– at equimolar conditions

pHiso = − log(K◦
bK◦

a)−0.5 (for x = 0.5) (2.31)

Advances in studying the solution behavior of polyampholytes are given in [32].
More detailed results describing the potentiometric behavior of different types
of ionically modified polysaccharides, i.e., starch, cellulose and chitin derivatives,
have been given for example by us in [33–35].
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For a more comprehensive interpretation of potentiometric data of polyelec-
trolytes, a quantitative description of the pKa values in dependence on the degree of
dissociation is needed. In contrast to the low molecular similarity described by the
Debye-Hückel theory, no linear increase of the acidity constants with increasing
degree of dissociation can be observed. This special behavior of polyelectrolytes
can be understood in relation to the conformation of the polymer in solution,
i.e., random or compact coil, helical or rod-like conformation. There are two
general models established for describing the theoretical titration behavior for
rod-like [36, 37] as well as line-charged macromolecules [38]. Furthermore, the
models can be classified with regard to the charge distribution assuming a smeared
charge density in contrast to a discrete charge distribution. For example, Naga-
sawa et al. [36] used a rod-like model with a smeared charge density for describing
the potentiometric behavior of poly(acrylic acid) by a numerical solution of the
Poisson-Boltzmann equation, and at a high degree of ionization a good agreement
between the experimental and the calculated data is observed. Deviations between
theory and experiment indicate that the infinite model of a smeared charge density
is not appropriate at low degree of substitution.

However, the two-step dissociationbehavior ofpoly(fumaric acid), poly(maleic
acid) or poly(vinylamine) can only be described by taking into account nearest
neighbor interactions. The ΔpK value describing the deviations between the ap-
parent and intrinsic pK values of polyelectrolytes according to Eq. (2.26):

ΔpK = pKapp − pK◦
a = 0.4343

ΔGel

RT
(2.32)

is often used to consider the special feature of poly(diprotic acids). The experimen-
tal steep jump observed at α = 0.5, for example by the titration of poly(maleic acid),
can be described theoretically by incorporating the second neighbor interactions
according to Minakata et al. [39]. For more rigid fully ionized polysaccharides
of low charge density, Cleland [40] developed another discrete site model. The
theoretical titration curves for hyaluronic acid according to the Ising [41], the
Bragg–Williams [42] and the Skolnick–Fixman model at low molecular salt con-
centration are in good agreement with the experimental data [40].

A more extended theoretical model for describing the nearest-neighbor inter-
actions between charges of opposite sign in polyampholytes is given by Merle [43].
However, it has to be mentioned here that polyelectrolytes of a more compli-
cated structure, especially with regard to the conformation in solution, often show
deviations from the theoretical behavior discussed before.

In contrast to the models describing rod-like polyelectrolytes with smeared
or discrete sited charges Manning developed a model of an infinite line charge
with two discrete phases for condensed and non-condensed counterions [38]. The
limiting law for the degree of condensation θ is given then by:

θ =
[1 − (zξ)−1]

z
with zξ > 1 (2.33)

where z is the valence of the counterion and ξ the charge density parameter (or
so-called Manning parameter) defined as:



20 2 Polyelectrolytes

ξ =
e2

ε b kT
=

λB

b
(2.34)

where e presents the unit charge, ε the bulk dielectric constant, k the Boltzmann
constant, T the Kelvin temperature, λB the Bjerrum length, and b the spacing be-
tween charged groups along the axis of the polymer chain. Therefore, the Bjerrum
length is defined as the distance at which the Coulomb interaction between two
unscreened elementary charges is equal to the thermal energy.

Based on the Manning approach, equations for the theoretical calculations
of the pKa values in dependence on the degree of dissociation were derived. At
a critical charge density, above which condensation take place, the predicted curves
showasignificantdiscontinuitydue to theabruptappearanceof thevolumeterm Vp

for the condensed phase. Because of deviations in the experimental findings,
Satoh et al. [44, 45] developed a modified model for describing the counterion
condensation differing in the state of condensed counterions. In the corrected
model of Satoh et al., the mixing entropy of the condensed counterions is neglected
and in the intermediatemodel thepositionof thecounterions is assigned tocharged
groups [46]. In contrast to the Manning model, both Satoh models predict no break
points, but there is no full agreement between the theoretical and the experimental
values.

2.2.1.2 Counterion Activity Coefficients
The free fraction of counterions (schematized in Fig. 1.1) can be detected by using
specific selective electrodes. Most electrodes are selective to cationic counterions,
i.e., Na+, Ca2+, Ba2+, Sr2+, Mg2+, Cu2+ or anionic chloride ions Cl−. Detailed infor-
mation about the type of electrodes used can be found in several textbooks [47].
For each counterion a calibration curve is necessary.

The activity coefficient σ of the free fraction of counterions is then given by:

σ =
Cexp

Ctot
(2.35)

where Cexp is the experimentally determined counterion concentration, and Ctot is
the total counterion concentration, the theoretical value of the functional groups
in the polyelectrolyte solution (in equivalent/liter). The effective ionization (Ie) is
givenby introducing thedegreeofdissociationaccording to the followingequation:

Ie = ασ (2.36)

The activity coefficients of counterions depend on the charge density of the poly-
electrolyte, the rigidity of the macromolecule in solution, as well as on the acidity
and valency of the counterion.

For monovalent counterions an increase of the activity coefficient is observed
in the following order:

Ag+ < K+ < Na+ < Li+ < H+

related to the mass of the counterions [48].
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Generally, it has to be noted that the experimental data coincide well with
the predictions given by the Manning condensation theory [38], which means for
condensation of the counterions at a critical value of zξ ≥ 1.

The activity coefficients of monovalent counterions are higher than the ad-
equate coefficients for the divalent ones indicating stronger interactions of the
divalent counterions with the polyelectrolyte. By adding divalent counterions to
a polyelectrolyte solution containing monovalent counterions, a preferential bind-
ing to the divalent counterion is observed, as is shown in the case of maleic acid
copolymers [49] or sulfate and sulfonate-containing polyelectrolytes [50, 51]. The
quotient of the activity coefficients for Na+ and Ca2+ is often about two for different
types of polyelectrolytes as already shown by Rinaudo [52]. In these cases, the re-
lease of monovalent counterions is in full agreement with the Manning theory [38],
but in some other examples deviations from this theory were observed, e.g., by
varying the Na+:Ca2+ ratio in poly(styrene sulfonates) [49].

Synergistic effects were found for binding Cu2+ ions from water in presence
of imidazole carboxylic polymeric systems [53]. The influence of the polymer
concentration and ionic strength was demonstrated by investigating cationic poly-
electrolytes [54].

However, Rinaudo [52] was able to show that the Manning parameter, originally
given in Eq. (2.34), has to be rewritten, taking into account a parameter for the
rigidity of the polymer backbone. Incorporating the degree of substitution (DS)
the following modified equation for the Manning parameter ξ is given then by:

ξ = αDSξ◦ (2.37)

In this equation, the parameter ξ◦ describes the rigidity dependent behavior of the
polyelectrolyte. For rigid polysaccharides, e.g., carboxymethylcelluloses, a con-
stant value of ξ◦ = 1.38 was found experimentally, and for more flexible ionic
polyvinyl derivatives a value of ξ◦ = 2.83 [52].

The results discussed here show that potentiometry is a “cheap” but very use-
ful method for a more comprehensive physicochemical characterization of the
solution behavior of polyelectrolytes in water. Nevertheless, deviations from the
well-established theories, predominantly the Manning counterion condensation
theory, give experimental hints for more complicated counterion binding phe-
nomena which can be understood only by a more specific binding. For example,
Porasso et al. [55] have shown for poly(acrylic acid) and/or poly(methacrylic acid)
deviations in the titration curves in dependence on the type of counterion (Ca,
Mg, Zn, Cu).

Already Desnoyers [56] proposed a model on the effects of hydration on solute–
solute interactions, the so-called structural hydration interaction (SHI) model.
Based on this model, especially phenomena of hydrophobic hydration can be
addressed. Since most polyelectrolytes have hydrophobic moieties, there should be
coexisting hydrophilic and hydrophobic hydration in aqueous solution. However,
a combination of both the Manning and the SHI model may be most effective for
a semi-quantitative understanding of specific counterion binding phenomena.
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2.2.2 Spectroscopy

For a more comprehensive characterization of the microscopic hydration struc-
ture of polyelectrolytes in solution and the qualitative assessment of the state of
counterion binding spectroscopic techniques like NMR spectroscopy are of spe-
cial relevance. In addition UV/VIS spectroscopy is widely used to characterize
polyelectrolytes containing chromophoric groups and interactions of PELs with
chromophores. Therefore, these two spectroscopic techniques are discussed ex-
emplary.

2.2.2.1 NMR Spectroscopy
Nuclear magnetic resonance spectroscopy is a widely used analytical method for
characterizing the chemical composition of polyelectrolytes. Nevertheless, addi-
tional information about the local dynamics, molecular and supramolecular orga-
nization, and last but not least the counterion condensation can be obtained. From
the experimental point of view, liquid and solid-state NMR spectroscopy are al-
ready well-established methods. Normally, one-dimensional NMR spectroscopy
is used, but also two- and three-dimensional techniques are available, which
are of special interest when protein structures or complex aggregate structures
are characterized. In addition, relaxation and diffusion measurements can be
realized to determine the T1 and T2 relaxation times and the diffusion coeffi-
cient D. Beside the classical 1H and 13C NMR spectroscopy, also 15N, 23Na, 7Li,
and 43Ca can be used as active nuclei. Especially, these techniques are of rele-
vance to study the condensation of mono- and divalent counterions in much more
detail.

In dependence on the polyelectrolyte and the experimental set up used, quite
different information can be obtained by NMR spectroscopy. In the following part,
only some well-chosen examples are given.

A conformation-dependent peak assignment was investigated by Lancaster
et al. [57] by analyzing the different ring conformations of poly(diallyldimethyl-
ammonium chloride). The microdomain formation of poly(methacrylic acid) at
low degree of dissociation, already outlined in Chap. 2.2.1.1, was experimen-
tally confirmed by using NMR spectroscopy [58]. By means of 23Na NMR spec-
troscopy Qian et al. were able to quantify the binding of different alkali ions
to poly(styrene sulfonate). A preferential binding of the alkali ions in the or-
der Cs+ > Rb+ > K+ > Na+ > Li+ was determined for “strong” polyacids, like
poly(styrene sulfonate), but not yet for “weak” polyacids like poly(acrylate) or
poly(galacturonate) [59].

By combining 23Na relaxation measurements with frequency-dependent
1H NMR measurements Weill et al. are able to subdivide the condensed part of
counterions into site-bound (dehydrated) and atmospheric entrapped (hydrated)
ones, in contrast to thenon-condensedcounterionsnormallydiscussed [60].Coun-
terion interactions between poly(acrylic acid) and Li+, or between DNA and Mg++

and Ca++ were investigated successfully by means of relaxation and self-diffusion
measurements by different other groups.
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2.2.2.2 UV/VIS Spectroscopy
Chromophoric polyelectrolytes, i.e., PEL having UV-active units, e.g., aromatic
PELs, can be characterized a priori by UV spectroscopy. For example poly(styrene
sulfonate) is a very suitable synthetic polyelectrolyte, as well as lignosulfonate
a natural-based one. Due to the fact that each monomer unit of the poly(styrene
sulfonate) is a chromophore as well as a fluorophore, fluorescence spectroscopic
investigations are of relevance, too. However, fluorescence measurements are much
more sensitive to conformational changes, while absorbance measurements show
only a slight effect [61]. Nevertheless, UV-absorption phenomena are widely used
for determining the PEL concentration, for example to determine the amount
of lignosulfonates in waste water by detecting the UV-absorption at 280 nm or
proteins in chromatographic equipments.

Because of the fact that most of the conventional PEL are UV-inactive, they have
to be chemically modified by incorporating a UV active marker. An example for
the synthesis of a polyelectrolyte with a covalently attached luminescence marker
of the anthracene type was given by Anufrieva et al. [62].

Another interesting field is dealing with the interactions between polyelec-
trolytes and chromophores, i.e., dyes. When the dye molecules are charged,
Coulomb interactions with PELs become relevant. Therefore, interactions between
polyanions and cationic dyes and vice versa between polycations and anionic dyes
can be investigated spectroscopically.

To use fluorescence spectroscopy in combination with PEL, the so-called fluo-
rescence probe technique has been established. This technique, based on a change
in decay time and emission characteristics due to the binding of various fluo-
rescence probe molecules, is sensitive to conformational changes, and therefore
of special interest with regard to biological systems. A review on the application
of the steady-state and time-resolved fluorescence techniques, and fluorescence
anisotropy measurements for characterizing synthetic polyelectrolytes is given
in [63].

When an ionically charged methacromatic dye (e.g., Toluidine Blue or Eri-
chrome Black T) is added to an oppositely charged PEL a color change can be
observed and detected spectroscopically. The color effect can be related to an
electrostatic-based adsorption of the dye molecules on the PEL chain in similarity
to the adsorption of oppositely charged surfactant molecules (cf. Chap. 2.3.1).
When another PEL is added, oppositely charged to the first one and similar charged
to the dye, the dye molecules are desorbed by the PEL, and a change to the initial
“non-effected” dye color is observed. The cleavage of the adsorbed dye molecules
fromthePELchaincanbeexplainedby the fact that thecomplex formationbetween
oppositely charged polyelectrolytes is much stronger (cf. Chap. 2.3.2). Indeed, this
is a typical example for a recognition process in presence of polyelectrolytes
(Fig. 2.5).

Terayama already used this principle for an endpoint detection of a poly-
electrolyte titration (cf. Chap. 2.3.2), the so-called “colloid titration” [64], and
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Fig. 2.5. Scheme of a preferential polyanion-polycation complex formation under release of anionic
dye molecules and low molecular salts

nowadays this technique enables the detection of polyelectrolytes down to a trace
concentration of 10 μg/l [65].

2.3 Polyelectrolyte Complex Formation

As previously outlined, one characteristic feature of polyelectrolytes with high
charge density is the phenomenon of counterion condensation, which can be
detected for example potentiometrically by using counterion selective electrodes
(cf. Chap. 2.2.2).

Another interesting special feature of polyelectrolytes is the formation of com-
plexes with oppositely charged larger molecules, i.e., with oppositely charged
surfactants on the one hand and oppositely charged polyelectrolytes on the other
hand. Both types of interaction are discussed in this chapter now in more detail.
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2.3.1 Polyelectrolyte Complex Formation
with Oppositely Charged Surfactants

It is already well established that surfactant molecules associate at a critical concen-
tration, the so-called critical micellization concentration (cmc), and form sponta-
neouslyaggregatesof colloidaldimensionscontaining ten tohundredsof surfactant
molecules. Figure 2.6 schematizes the formation of spherical micelles above the
cmc. Therefore, the following chapter is divided into two parts. In the first part,
polyelectrolyte–surfactant interactions are discussed in diluted systems below the
cmc, and in the second part polyelectrolyte–micelle interactions are considered.

The presence of both hydrophilic and large hydrophobic groups in a surfactant
molecule leads to many intriguing properties which are academically interest-
ing and practically very useful. These aspects have been well documented by
many authors [66–69]. Generally, surfactants can be subdivided into non-ionic
and ionic ones. However, the last mentioned class of surfactants with ionically
charged head groups is of special interest with regard to Coulomb interactions.
The second molecule of interest of the current topic is again the polyelectrolyte
with oppositely charged functional groups. The physical and chemical properties
of polyelectrolytes, including amphiphilicity, are also divers because of many pos-
sible variations of monomers and molecular size. The combination of these two
classes of molecules has brought us a new rich area of investigation.

Most of the experimental papers on polymer surfactant interactions in the past
two decades have been dealing with either interactions between polyelectrolytes
and oppositely charged surfactants, or the association of nonionic polymers with
ionic surfactant micelles [70, 71]. In the former case, electrostatic forces domi-
nate the interaction, and hydrophobic forces play a secondary role. The binding

Fig. 2.6. Schematic representation of micell formation at a critical surfactant concentration
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of ionic surfactants to the oppositely charged polyelectrolyte is a process of dis-
charging, and is more favorable than binding to a neutral polymer. Compared to
the uncharged polymer, the formation of surfactant-polyelectrolyte complexes is
conceptually more straightforward since there are well-defined binding sites on
the polyelectrolyte.

The properties of polyelectrolytes are of obvious importance for the interac-
tions with surfactants. These factors include chemical composition, linear charge
density, location of the charges, and the backbone flexibility of the polymers. The
linear charge density of the polyelectrolyte in this connection is correlated to the
distance between adjacent charges along the polymer backbone.

2.3.1.1 Polyelectrolyte Complex Formation
below the Critical Micellization Concentration of the Surfactant

The purpose of this chapter is to provide some general aspects and our own experi-
ments to one of the most important topics, i.e., the binding isotherms for surfactant
molecules attached to the polymer chain and their theoretical interpretation.

2.3.1.1.1 Investigation Methods A number of methods have been employed
to study interactions between polyelectrolytes and surfactants in dilute systems,
such as surface tension, electrical conductivity, fluorescent probes and fast kinetic
measurements as well as electrophoresis and gel filtration [72]. The suitability of
a method, however, differs in dependence on the components used. Equilibrium
dialysis and surfactant selective electrodes are of special interest for quantitative
measurements of surfactant binding to polymers as the binding isotherm.

Dialysis is one of the simplest standard experiments to study binding phe-
nomena and has traditionally been used for the direct determination of the free
surfactant concentration. The principle of dialysis is easy to understand: a dialysis
membrane is inserted between a pair of cells and the amount of surfactant in
a polymer solution and in the polymer-free solution is measured after the dialysis
equilibrium has been established. The membranes used often consist of cellulose
derivatives or synthetic polymeric materials. Although this method has been suc-
cessfully used to study the early stage of binding and has provided a lot of basic
information [73, 74], it takes a long time (from a few days to a week) for the equi-
librium to be established because of the slow diffusion of the surfactant ions, and
these measurements have to be followed by tedious chemical analysis.

Alternatively, surfactant selective electrodes can be used. In the last decades
these useful devices have led to great progress in the study of polymer–surfactant
interactions. The central part of such an electrode is the surfactant sensitive mem-
brane. An assembly of experimental setup is given in Fig. 2.7.

The cell can be expressed as:

Ag/AgCl // Reference solution C1 / Surfactant selective membrane / Sample solu-
tion C2 // Ag/AgCl

The most often employed electrodes are based on a polymer membrane con-
taining a mobile ion-exchanger (polymer gel electrode). Normally, the electrode
membrane consists of poly(vinylchloride) (PVC) with a high plasticizer content.
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Fig. 2.7. Experimental setup for measuring polymer-surfactant interactions by using a surfactant
sensitive membrane (d) and two Ag/AgCl electrodes

To make such a PVC electrode, PVC together with ion-exchangers are dissolved
in tetrahydrofuran and cast on a flat glass plate. This kind of electrode has been
successfully used in constructing binding isotherms of polymers and surfactants
with opposite charges [71, 75]. If the concentrations on the two sides are differ-
ent, C1 	= C2, a surfactant cation diffuses through the PVC membrane and causes
a charge separation. The diffusion of cationic surfactant is balanced by the elec-
trostatic attraction between separated charges at equilibrium. When the forces
between the diffusion and electrostatic force reach equilibrium, a stable mem-
brane potential can be established in the above mentioned cell schematized in
Fig. 2.7.

The electrochemical potential of surfactant ions in the reference (μ1) and
sample solution (μ2) can be expressed as:

μ1 = μ0
1 + RT ln a1 + zFφ1 (2.38)

μ2 = μ0
2 + RT ln a2 + zFφ2 (2.39)

where ar (r = 1, 2) is the activity of surfactant in solution. Since the ionic species
of the reference solution is the same as that of the sample solution, the standard
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chemical potential becomes equal (μ0
1 = μ0

2). At the equilibrium, (μ1 = μ2), then
the electromotive force (emf) is given by

emf = φ1 − φ2 = −
(

RT

zF

)
ln a1

ln a2
(2.40)

For highly dilute solution, the activity a is equal to the concentration c, and
Eq. (2.40) can be rewritten as:

emf = φ1 − φ2 = −
(

RT

zF

)
ln c1

lg c2

= − 2.303
(

RT

zF

)
ln c1

lg c2
(2.41)

This expression for the concentration dependence of emf, Eq. (2.40) or (2.41), is
known as the Nernst equation. At 25 ◦C the theoretical Nernst slope is

−2.303
(

RT

zF

)
≈ − 59.1 [mV/decade]

In emf measurements, the concentration of the sample solution is changed
by titrating a certain amount of surfactant to the initial sample. The calibration
curves, which are carried out in a polymer-free sample, are measured before
and after each binding experiment (so-called sandwich method). However, the
dissolution of ion exchanger and plasticizer into polymer–surfactant complexes
may cause an aging of the electrode performance. Using polymeric plasticizer and
partially charged PVC have meant a breakthrough in overcoming this difficulty.
Charged groups are introduced as a monomer before or by chemical modification
after the polymerization of PVC.

This kind of electrode has been extensively used by Wyn-Jones et al. and by
the group of Shirahama [76–78]. Nowadays, surfactant selective electrodes are
commercially available in the form of single-rod glass electrodes.

2.3.1.1.2 Binding Isotherms and Theoretical Treatments A binding isotherm
is an equation of state, which is expected to provide a better understanding of
the nature of polymer–surfactant interaction. The experimental determination
of a binding isotherm requires a procedure to separate surfactant molecules in
the whole system into bound and free species. For this, the surfactant-sensitive
electrode has proven to be a very convenient tool and has become increasingly
popular. Figure 2.8 shows the schematic plot of the emf in a surfactant solution
with and without polymer.

A Nernstian response of the electrode can be found in the polymer free solution
by titrating the concentrated surfactant solution continuously. In the presence of
polymer, however, a deviation from the linearity is found, suggesting that a part of
the surfactant is bound to the polymer. Under the assumption that the membrane
is only sensitive to free surfactant molecules but not to bound ones, and that the
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Fig. 2.8. Potentiogram. Nernst slope in presence and absence of an interacting polymer

activity coefficientof free surfactantmolecules is constant, thedegreeofbinding (β)
can be calculated by comparing the binding curves with the calibration curve:

β =
cb

cp
=

(
cs − cf

)
cp

(2.42)

where cb is the concentration of bound surfactant, cf the concentration of equilib-
rium surfactant, and cp the concentration of polymer residue. Binding isotherms,
therefore, can be constructed by plotting the binding degree β vs. free surfactant
concentration cf. A typical binding isotherm is shown in Fig. 2.9. The isotherm
is often in a marked sigmoid shape, which indicates the cooperative binding be-
tween ionic surfactants and oppositely charged polyelectrolytes. The sudden onset
of binding is referred to as critical aggregation concentration (cac), in analogy
with the cmc in micelle formation. The cac value, however, is usually 1–3 orders of
magnitude lower than the cmc. The leveling off of the binding isotherm at higher
surfactant concentrations is due to a saturation of the polymer with surfactant and
indicates the maximum amount of surfactant that can be bound per polymer unit.

To understand binding isotherms, theoretical treatments are required to model
the binding phenomena. There are several kinds of models, e.g., multiple bind-
ing equilibrium [79, 80] and statistical thermodynamics [81, 82]. Among them,
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Fig. 2.9. Binding isotherm

a statistic treatment based on the Ising model [83] is very convenient. In this
model, a linear polyelectrolyte is regarded as a one-dimensional array of binding
sites. The theory assumes two types of binding processes: the binding to an isolated
binding site and the binding to a binding site in the immediate neighborhood of
an already bound one, as illustrated in Fig. 2.10.

K is the intrinsic constant for binding with the isolated site, Ku the binding
constant for the neighboring binding and u the parameter of cooperativity. The
partition function Z of surfactant-bound polymer can be expressed by the matrix:

Z = (1, 1)
(

1 1
s
u s

)m (
1
0

)
(2.43)

K Ku

Fig. 2.10. Illustration of the cooperativity of binding to an already bound surfactant molecule
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with s = Ku cf, where m stands for the number of binding sites on a polymer.
Equation (2.43) was originally devised for describing magnetization phenomena,
and because of analogous logic, i.e., alignment of magnet in parallel/antiparallel
vs. bound/vacant sites, Schwarz [84] applied it to binding problems of dyes to
poly(amino acid), and later Shirahama et al. [85] introduced it to the study of
polymer–surfactant interactions. This partition function generates all statistical
configurations.

The binding degree β of surfactant by using this function is given as:

β =
(

d ln Z

d ln cf

)
· m−1 (2.44)

As foran infinitely longpolymerchain (m → ∞),Eq. (2.43) togetherwithEq. (2.44)
takes an explicit form after a long matrix manipulation

β =

√
1 − (1 − s)(

1 − s2
)

+ 4s/u
(2.45)

(
cs,f

)
0.5 = (Ku)−1 (2.46)

(cs,f)0.5 is here the concentration of the free surfactant equilibrium concentration
at the half bound point (n = 0.5).

Equation (2.44) is well known as the Satake–Yang equation [86]. They derived
it by some other methods corresponding to the regular solution theory based on
the one dimensional lattice model with an infinite length. This equation has been
successfully used to analyze binding isotherms in many systems and is still one of
the basic methods to study polymer surfactant interactions.

Experimental

The setup for the titration experiment is given in Fig. 2.7. Complementary,
a single-rod commercial glass electrode with a surfactant sensitive mem-
brane can be used.
Chemicals: aqueous surfactant solution (50 mM), aqueous polymer solution
(0.2 mM of ionic groups)
1. Calibration (a)
Fifty milliliters of water is put into a thermostated glass vessel (25 ◦C)
equipped with a stirrer. The surfactant solution is added in defined amounts
(μl) to the water. After each addition, the solution is stirred for about 3 min
until a stable emf value is reached.

The obtained straight line (emf vs. c) contain at least 20 values and the
slope must give at 25 ◦C the theoretical Nernst slope of − 59.1 mV/decade.
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2. Binding curve
Fifty milliliters of the aqueous polymer solution are put into a thermostated
glass vessel (25 ◦C) equipped with a stirrer. The concentration of the sample
solution is changed by titrating a certain amount of surfactant to the initial
polymer solution.

After each addition, the solution is stirred for about 3 min until a stable
emf value is reached.
3. Calibration (b)
After careful cleaning of the membrane, the calibration procedure, as de-
scribed above, has to be repeated.

The amount of bound surfactant can be obtained by comparing the bind-
ing curve to the calibration line.

2.3.1.1.3 The Nature of Interactions The binding of surfactants to polyelec-
trolytes of opposite charge has been reported to be a highly cooperative process
in which the cooperative binding range is restricted to the early stage of binding.
It is known that the presence of polyelectrolytes induces aggregation of the oppo-
sitely charged surfactant [72]. In a series of papers, Hansson and Almgren [87–89]
have shown that the surfactant aggregates formed in polyelectrolyte solutions are
similar to free micelles (Fig. 2.11).

The influence of the charge density of the polyelectrolytes, NaCMC (sodium
salt of carboxymethylcellulose) and NaPAA (sodium salt of poly acrylic acid),
on the binding isotherms, as well as on the surfactant aggregation number, was
studied in [85]. However, an increase in linear charge density of the polyelectrolyte
gives rise to stronger interactions.

Fig. 2.11. Model of polyelectrolyte surfactant aggregates
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Wei and Hudson [90] studied binding of SDS to chitosan of various degree
of acetylation where the polymer charge density decreases. They obtained the
same initial binding constant K for each of the systems, which indicates that the
contribution of the charge density may not be high enough to influence the ef-
fective potential at the polymer surface. Investigations of polyelectrolytes with
similar charge density showed that binding parameters can still vary significantly.
It seems obvious from these observations that the detailed structure properties
of the polymer play an important role in the surfactants binding process. Appar-
ently, other influences such as hydrophobic character, flexibility, and detailed local
structure of the polymer also strongly influence both the binding constant Ku and
the cooperative parameter u.

The influence of the charge density of cationic and anionic copolymers in
primary formed, negatively charged, soluble polyelectrolyte complexes on the
interaction of these complexes with the cationic surfactant dodecylpyridinium
chloride (DoPyCl) was investigated by some authors [91–93]. The studies consid-
ered the question of preferential binding in the aqueous pseudo-quaternary system
polyanion, polycation, cationic surfactant. The results clearly show that binding is
cooperative for all systems investigated but its strength is found to be dependent on
the charge density of the polyelectrolyte in the preformed complexes. The values
of the binding constants indicate that the binding interaction between the com-
plexes and the surfactant plays a minor role. The cationic surfactant molecules give
preference to the free polyanion molecules in solution. Static light-scattering meas-
urements on primary complex aggregates support the assumption of diminished
polymer chain accessibility in the presence of polyelectrolyte complexes [92].

Addedsalt always reduces thebindingaffinitybetweensurfactants andopposite
charged polyelectrolytes. A linear relationship between the binding affinity and
the salt concentration has been observed in various systems [94, 95]. While added
salt decreases the binding affinity, it increases the cooperativity of the interaction.
The cooperativity is forced through side-by-side molecular interaction of n-alkyl
chains in local molecule arrangements, i.e., micellar aggregates. An addition of low
molecular salt favors the formation of polymer segments because polymer chain
expansion is suppressed.

The effect of polymer hydrophobicity on cationic surfactant binding shows that
at very hydrophobic polyelectrolytes where the most repeat units are involved in
microdomains, the surfactant aggregation number is proportional to the surfac-
tant concentration. On the contrary, hydrophilic polyelectrolytes bind surfactants
cooperatively above the cac, and the surfactant aggregation number is nearly in-
dependent on the surfactant concentration [96, 97]. A higher local and therefore
higher total surfactant concentrations will be needed for strong binding of sur-
factants with shorter chain length. The observed cac’s are well below the cmc of
the surfactant manifested in highly exothermic and surfactant independent en-
thalpies of binding [98]. The enthalpies of binding are not only determined by
the aggregation of the hydrocarbon chain of the bound surfactant but also by the
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counterion-polyion–solvent interactions taking place in a hydrophobic environ-
ment by the bound aggregates.

Interactions of surfactants with biopolymers, e.g., proteins, have several sim-
ilarities to the interaction of surfactants with synthetic polymers, especially with
amphoteric polyelectrolytes. Surfactants are well known to denaturize proteins,
i.e., uncoiling or unfolding of the secondary and tertiary structure without rupture
of the covalent links of the primary structure. The binding of charged surfactants to
protein can be treated as taking place in two distinct stages. At first, the surfactant
binds to the specific site on the protein surface, so-called high-energy binding re-
gion where electrostatic and hydrophobic interactions are involved. In the second
stage of binding, the protein unfolds to expose its hydrophobic interior and hence
further potential binding sites. The binding of cationic surfactants to biopoly-
mers of low charge density is a combination of non-cooperative and cooperative
binding [71].

Shirahama et al. [99] measured the conformational changes in the anionic
polypeptide/cationic surfactant system of sodium poly(L-glutamate) (P(Glu)) and
several cationic surfactant solutions, where the surfactants differ in their head
groups. The authors discuss the obtained differences in the typical α-helix spectra
with regard to the steric hindrance of surfactant head groups, which may mainly
inhibit the induction of ordered conformation of polypeptide.

A review of the models discussed for polymer–surfactant complexes is given
by Shirahama in [100].

2.3.1.1.4 Polyelectrolyte–Surfactant Complexes in the Gel Phase Onespecial
research field dealing with polyelectrolyte surfactant interactions is related to the
complex formation in the gel phase. Polymer gels consisting of a crosslinked
polyelectrolyte network are of special interest with regard to their ability to absorb
large amounts of water (up to thousand times its own weight). For sanitary use
polyelectrolyte gels, e.g., partially neutralized, weakly cross-linked poly(acrylic
acid)s can be successfully applied as so-called “superabsorbent polymers”.

One interesting feature of these hydrogels is their ability to incorporate surfac-
tants, which can penetrate into the network. Surfactant binding to polyelectrolyte
gels can be compared to polyelectrolyte surfactant interactions in solution (dis-
cussed in more detail before) but the binding is less cooperative [77, 101]. This
effect can be explained by the interruption of binding at the cross-linking sites.
Okuzaki et al. [101] have shown a decrease in cooperativity by cross-linking. Ka-
banov et al. [102] proposed a lamellar structure for polyacrylate–CTAB complexes,
and Chu et al. [103] determined a highly ordered cubic structure by means of
high-resolution SAXS.

2.3.1.2 Polyelectrolyte Complex Formation
above the Critical Micellization Concentration of the Surfactant

Above the cmc, polyelectrolytes interact in most cases with oppositely charged
surfactants so strongly that irreversible macroscopic phase separation occurs. Du-
bin et al. [104] showed that such strong electrostatic interactions can be attenuated
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by ‘diluting’ the surface charge of ionic surfactant micelles with nonionic surfac-
tants (mixed micelles) leading to the formation of soluble polyelectrolyte–micelle
complexes. With respect to this, it is possible to identify a critical micellar surface
charge necessary for complex formation and its square-root dependence on ionic
strength [105, 106].

2.3.1.2.1 Investigation Methods Many experimental approaches have been
used to study polymer–surfactant interactions, but relatively few techniques can
be utilized to identify and to clarify the dynamics of polyelectrolyte–micelle as-
sociation. Important information can be derived from static and dynamic light-
scattering experiments. But soluble complexes can only be detected by quasielastic
light scattering if their lifetime is sufficiently long and the scattering intensity of
the complexes is large compared to those of the micelles and polymers from which
they formed.

Fluorescencemeasurementshavebeenestablished tostudypolymer–surfactant
interactions because of their inherent sensitivity. Dubin et al. presented a series
of articles regarding these questions [107, 108] by examining the quenching of
a pyrene labeled polyanion. Interactions between the polyanion and cationic mi-
celles of varying charge density (mixed micelles with non-ionic surfactants) lead to
a fluorescence quenching, which can be correlated to the binding and association
constants. The binding is strongly related to the Coulombic part of interaction, but
hydrophobic forces are of importance, too.

Deutero-labled surfactants can be successfully used to study the molecular
order and dynamics in phase separated anionic surfactant/cationic surfactant mi-
celle complexes by means of 2H NMR spectroscopy [109]. Monte Carlo simulations
suggest that the flexibility of the polyelectrolytes is responsible for the final packing
density of the complexes [110].

Cryo-transmission electron microscopy can be used to visualize the micelle
complexes. For example, Swanson-Vethamuthu et al. identified mixed SDS mi-
celles in presence of the cationic polyelectrolyte poly(diallyldimethylammonium
chloride) by means of cryo-TEM [111]. However, the preservation of the mi-
celles upon binding with oppositely charged polyelectrolytes is still an open
question.

More information about the complex formation process and especially the
complex stoichiometry (which refers to the molar ratio of cationic to anionic
functional groups at the titration endpoint) can be obtained by using titration
techniques. When a micellar ionic surfactant solution is titrated by an oppositely
charged polyelectrolyte solution the titration endpoint can be judged turbidimet-
rically by a maximum of turbidity or as a break in the curve of turbidity vs. titrant
consumption. In addition, the electrochemical endpoint of the complex formation
can be detected as a break in the curve of conductivity. Besides these titration end-
points, the shape of the titration curves can be evaluated in a qualitative manner,
too. The application of such titration techniques is quite similar to the complex
formation between polyanions and polycations, and will be discussed in more
detail in Chap. 2.3.2.
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Much more than with polyanion–polycation complexes, a 1:1 stoichiometry is
an exception rather than a rule, and deviations between the electrochemical and
turbidimetric endpoint are common. This behavior can be related to the combined
action of electrostatic and hydrophobic forces.

Another special feature of these complexes is their tendency to coacervate at
the titration endpoint, and to redissolve by adding the titrant in excess.

2.3.1.2.2 Polyelectrolyte–Surfactant Complexes in the Solid State Phase-
separated and finally solid-state polyelectrolyte–micelle complexes have recently
received interest as a new class of materials with unusual optical, electrical, and
mechanical properties. The mechanical properties, range from elastomers to crys-
talline solids. By tuning the assembly processes the material properties can be ma-
nipulated in a broad range. Very special effects can be observed by using biopoly-
mers or synthetic polypeptides. Tirell at al. [112,113] have shown that stoichiomet-
ric complexes consisting of sodium poly(α,L-glutamate) and cetyltrimethylammo-
nium bromide can still adopt an α-helical conformation of the polymer chain in
the solid state. The complexes are organized in lamellar structures of alternating
layers of the peptide chains separated by surfactant bilayers. Other examples, given
by Antonietti et al. [114], demonstrate the formation of free-standing films with
rubber properties by using lecithin-PDADMAC complexes.

Special structural and mechanical properties of the resulting complexes can
be realized by using fluorinated surfactants, as shown by Thünemann et al. [115].
Films prepared from the complex exhibit lamellar repeat units, and a very low
critical surface tension. Another approach is to use monomeric surfactants. By
this way it becomes possible to produce polymerizable polyelectrolyte–complexes
with controlled mesoscopic properties and internal order [116].

These selected examples already show the broad spectrum of possibilities in
this fascinating field at the frontier between surfactant and polymer research in
manipulating properties of materials on the nanometer scale. Remarkably diverse
mechanical properties ranging from elastomers to crystalline solids become avail-
able by self-assembly between surfactants and polyelectrolytes.

2.3.2 Polyelectrolyte Complex Formation
with Oppositely Charged Polyelectrolytes

In the field of polymeric materials, polyelectrolyte complexes (PECs), also called
symplexes, are of high relevance since they offer the possibility to combine physic-
ochemical properties of at least two polyelectrolytes. The driving force for the for-
mation of PECs are the strong Coulombic interactions between oppositely charged
polyelectrolytes, which leads to interpolymer ionic condensation. In addition,
inter-macromolecular interactions are involved in the formation of PEC struc-
tures such as hydrogen bonding, Van der Waals forces, hydrophobic and dipole
interactions.

The process of complex formation is entropy-driven because of the release of
counterions that are no longer restricted to the polymer backbone chain. Up to
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a chain length of about six monomer units, the complex formation constant is
exponentially increased. Above this critical chain length, no significant influence
of the molar mass on the complex formation constant is found. The process of
complex formation is very fast and predominantly controlled by the counterion
diffusion. After an initial ion pairing further crosslinks are formed because of the
close proximity to the next charge center. Besides rearrangements of the primary-
formed aggregates have to be taken into account.

Studies on polyelectrolyte complexes date back to 1896 when Kossel [117]
precipitated egg albumin with protamine. Complexes between synthetic polyelec-
trolytes were first investigated in 1961 by Michaels [118], who reported that poly(4-
vinylbenzyltrimethylammonium chloride) associates with poly(sodiumstyrene-
sulfonate). In this aspect, the accessibility of the functional groups is of special
interest. Therefore, one has to distinguish between polyelectrolytes of the pendant
or integral type (cf. Fig. 1.2). For pendant-type polyions, which have placed their
charges at the side groups, it is found that immediately after at least one ionic bond
is formed, adjacent reactive sites interact with complementary units at the nearest
neighbor distance, generating an equilibrium salt structure.

Fig. 2.12. Polyelectrolyte complex models for more (a) or less (b) ordered stoichiometric complexes
according to Michaels in contrast to non-stoichiometric complexes according to Kabanov
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According to the structural features of the initial PEL components, two main
types of PEC structures, i.e., stoichiometric and non-stoichiometric ones have to
be considered. When polyelectrolytes with weak ionic groups and large differences
in molar mass were used and mixed in a non-stoichiometric ratio (related to the
cationic and anionic functional groups) water-soluble PECs can be formed. Such
structures consist of a long host molecule sequently complexed with shorter guest
polyions of opposite charge, schematically demonstrated in Fig. 2.12 [119].

When polyions with strong ionic groups and quite similar molar mass were
mixed together for the most part a 1:1 stoichiometry is observed. The final
supramolecular structure of the complex aggregates can be described by two
borderline models:

– a ladder structure with fixed ionic cross-links and
– a more chaotic scrambled-egg structure with a statistical charge compensation

(Fig. 2.12).

Therefore the formation of more ordered structures mainly depends on the
fitting accuracy of the charge center of both components as well as on the complex
formation conditions.

Considering the numerous colloidal phenomena observed in dependence on
the polymer concentration of the reacting components in water, we have to discern
between homogeneous one-phase systems (“water-soluble complexes”) according
to Dautzenberg [120], and phase-separated systems, including turbid dispersions,
according to Koetz [121], in contrast to precipitates.

2.3.2.1 Diluted Polyanion–Polycation Systems
(Water-Soluble Polyelectrolyte Complexes)

Structures of water-soluble complexes consisting of a long host molecule sequently
complexed with shorter guest polyions of opposite charge are schematically given
in Fig. 2.12. They may be compared to block copolymers since they contain single-
stranded hydrophilic and double stranded hydrophobic sections. One characteris-
tic special feature of the polyelectrolyte complex is the flexibility of the guest PEL,
which is able to “walk” along the host PEL.

The water-soluble character is preserved up to a critical value of the ratio be-
tween the concentrations of the guest and host polymers over which water-soluble
PECs coexist with insoluble PECs [119]. Especially Kabanov et al. investigated such
complexes in much more detail. They focused their interest on the complexation
between polymers stabilized by additional H-bridges.

Because of their flexibility water-soluble non-stoichiometric, PECs are of spe-
cial interest as potential drug carrier systems for parenteral administration. Com-
plexes between quaternized poly(vinyl imidazole) of low molar mass and an excess
of a higher molecular weight partially sulfonated dextran were designed to inherit
the biocompatible properties of dextran [122]. An increasing polycation/polyanion
ratio resulted in smaller, more compact complex aggregates. Studies about the
platelet aggregation have shown that toxic effects normally induced by the polyca-
tions can be eliminated in vitro due to the complex formation.
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Interpolymer recognition reactions in presence of water-soluble PECs have
been investigated by several authors [123, 124]. The selectivity of interpolymer
reactions, i.e., their ability to “recognize” a certain partner has a dominant role in
living organisms. However, this is not only a characteristic feature of biopolymers,
synthetic polymers can also show phenomena of “recognition”. The knowledge
about basic principles of macromolecular recognition is of general interest espe-
cially to understand the biological evolution of macromolecules. Whereas inter-
polymer recognition reactions via hydrogen bonding between polycarbon acids
and poly(ethylene glycol) were studied comprehensively, there are some publica-
tions concerning these processes in PECs.

The complex stability and ability of exchange processes were intensively in-
vestigated by Karibyants et al. for the complexation of polyanions of different
molar mass and of different chemical nature (weak and strong poly(styrene sul-
fonates) complexed with poly(diallyldimethylammonium chloride). The authors
used a combination of experimental methods as light scattering, UV spectroscopy,
and analytical ultracentrifugation and show that there is a preference for binding
of the shorter polyanions.

Stoichiometry and structure properties of the resulting highly aggregated
nearly spherical quasi-soluble complexes have been described especially by
Dautzenberg et al. by a scale of static and dynamic light scattering experi-
ments [125–127]. The authors have shown that very small amounts of NaCl lead to
a drastic decrease of the level of aggregation, while higher ionic strength results in
macroscopic flocculation.

The formation of PECs between the cationic homopolymer PDADMAC and
the anionic graft copolymers poly(sodium acrylate-co-sodium 2-acrylamido-2-
methyl-1-propanesulphonate)-graft-poly(N,N-dimethylacrylamide)-PDMAMwas
studied by Staikos et al. [128]. It revealed that associative phase separation is pre-
vented when the anionic polyelectrolyte is grafted with the nonionic hydrophilic
poly(N,N-dimethylacrylamide) side chains. The water-insoluble PEC core seems
to be stabilized by a hydrophilic PDMAM corona, leading to the formation of
nanoparticles with a hydrodynamic radius of some decades of nanometers as
determined by quasi-elastic light scattering.

If the PEC owing PEO blocks, the complexes were also stable in solutions
with comparatively high ionic strength [129]. When either the cationic or anionic
component was in excess, charged non-stoichiometric complexes were formed. By
changing thepHof thesolution thedegreeofdissociationofPEO-blockcopolymers
was tuned. In solutions with lower pH, a typical self-complexation of PEO-block-
PMAA was detected.

2.3.2.1.1 TheoreticalTreatments Theoretical considerationsconcerningwater-
soluble complexes were firstly presented by Kabanov et al. [119]. But this theory
cannot be applied to polyanion/polycation complexes that are predominantly sta-
bilized by electrostatic forces. Some general features of polyelectrolytes, such as
counterionbindingareneglected.Also, thedissolutionof the complexes at a certain
critical salt concentration can not be described by the theory.
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Recently, Nordmeier et al. [130] presented a mathematical model for water-
soluble polyelectrolyte complexes under consideration of the counterions, which
can be applied to synthetic as well as natural PECs.

Due to the electrostatic attraction between a polyanion and the oppositely
charged PEL, a polyanion can bind both a certain number of polycations as well
as a certain number of counterions. The result is a polyelectrolyte complex ag-
gregate such as sketched in Fig. 2.12, where polyanion regions complexed with
polycations alter with regions occupied with territorially bound counter ions. The
average number of bound polycations per polyanion is ncat. For simplicity, it will
be assumed that the two regions are distributed uniformly along a polymer chain.
Then the degree of complexation, ϕ, is given as:

ϕ ≡ number of polyanion repeat units occupied with polycation repeat units
total number of polyanion repeat units

(2.47)

=
ncatNG

N
≤ 1 (2.48)

where NG is the positively charged repeat units.
Another central parameter is the average number, Ns, of polyanion repeat units

lying between two neighbored bound polycations strands. These polyanion repeat
unit sequences are free for counterion binding, where Ns can be calculated. On
average, it holds:

Ns =
N − ncatNG

ncat + 1
=

N

ϕ(N/NG) + 1
(1 − ϕ) (2.49)

Where for ϕ = 0, one has Ns = N, and where for ϕ = 1, it holds Ns = 0.
The solution contains not only one polyanion but np polyanions. Their total

number of repeat units per liter solution is cp. When a polycation molecule binds
to a polyanion molecule it releases NG negatively charged ions, so-called counter
ions:

cco =
ncatNGcp

N
= ϕcp (2.50)

The molar repeat unit concentration of free polycations that are not bound to any
polyanion is ccat,f. The corresponding concentration of the complexed polycation
repeat units is ccat,b = cco = cpncatNG

N , so that the association constant, Kas, becomes:

Kas ≡ ccat,b

ccat,f
=

ϕcp

ccat,t − ϕcp
(2.51)

where ccat,t is the total polycation repeat unit concentration.
Each repeat unit of an uncomplexed polycation can release one counterion. It

holds the equilibrium repeat unit of a polycation ⇔ charged repeat unit of the
same polycation + counter ion.

The final counterion concentration can then be determined by using the dis-
sociation constant.
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2.3.2.2 Semidiluted Polyanion–Polycation Systems
(Turbid Polyelectrolyte Complexes)

From the chemical point of view, the process of symplex formation is rather simple,
but a deeper understanding of the colloidal structures generated in these systems
still presents open problems due to the wide variability of the component structure
and the external conditions of reaction.

The process of complex formation can be well analyzed by using a “simple”
titration technique. By this way it becomes possible to get information about the
degree of conversion, the aggregate size, as well as the surface charge and stability
of the complex aggregates formed. Due to the fact that the process of complexation
is controlled by the release of the counterions, a simple conductometric titration
technique is very useful. When the polyelectrolytes were titrated in form of their
salts the counterion release leads to a steeper increase of the conductivity. In the
case of an acid-base titration, by titrating a free polybase with a free polyacid
(or vice versa), the change of pH can bring additional information. However,
both methods can be used to detect the electrochemical titration endpoint of the
titration. In addition, a turbidimetric sensor can be used to detect the endpoint of
aggregation and to get a first hint to the size and stability of the complex aggregates
formed. Additional light-scattering experiments are necessary to directly measure
the size and compactness of the formed aggregates. By means of electrophoretic
measurements, it becomes possible to detect the surface charge of the complex
aggregates. Systematic experiments by using a titration technique consisting of
conductometry, potentiometry, and turbidity were conducted by us. For these
experiments, the sensors are placed in a thermostated glass vessel, where the
titrant is added continuously. A typical example of such a polyelectrolyte titration
procedure is given as follows:

Experimental

Fifty milliliters of a 0.1% by weight polyelectrolyte solution was stirred in
a thermostable 100-ml glass vessel that had three sensors: a potentiometric,
a conductometric, and a turbidimetric one. The dosage of the oppositely
charged polyelectrolyte solution, (1% by weight) was added continuously by
using a titrant system at a dosage rate between 3 and 30 ml/h.

A combined conductiometric, potentiometric, and turbidimetric titration
curve is demonstrated in Fig. 2.13. The turbidimetric titration endpoint is given
by a maximum in turbidity, and the electrochemical one by a break in the conduc-
tometric titration curve (Fig. 2.13). From the dosage of the titrant at the endpoint
in relation to the amount of polyelectrolyte given, the molar ratio of cationic to
anionic functional groups can be easily calculated (symplex stoichiometry). Be-
side the titration endpoint, different shapes of the turbidimetric curve can be
considered regarding the phase behavior of the colloidal system:
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Fig. 2.13. Potentiometric, conductometric and turbidimetric titration curve of a polyelectrolyte
titration

(i) Steep increase near the flocculation point with subsequent phase separation
at the titration endpoint.

(ii) Gradual increase of turbidity to a constant plateau indicating a stable symplex
dispersion.

(iii) Bell-shaped course of turbidity with a redissolution of the symplex aggregates
(Fig. 2.14) [131].

Deviations between the electrochemical and turbidimetric endpoint can be
observed, especially by using branched polymers [132]. A good agreement between

Fig. 2.14. Types of different turbidimetric titration curves
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the electrochemical and turbidimetric titration endpoint but differently shaped
turbidimetric curves show systems of modified Na-poly(styrenesulfonates) and
poly(methacrylatopyridinum bromides) [133]. Within systematic investigations
the authors demonstrate that the charge density of polyelectrolytes significantly
influences the stoichiometry of the complex aggregates as well as their colloidal
stability. Often, the deviations from a 1:1 stoichiometry (polyelectrolytes with low
charge density) are accompanied by a change from a flocculated system to a stable
colloidal dispersion at the titration endpoint.

2.3.2.2.1 Aggregation Mechanism In principle, a two-step process of symplex
formation [134] has to be discussed in dependence on the amount of titrant
consumption (Fig. 2.15). The first step (low titrant consumption) consists of the
formation of primary, rather small particles or aggregates. In dependence on the
polyelectrolyte concentration, the system can remain optically clear or opalescent.
The second step (high titrant consumption) is characterized by the formation of
significant larger particles or aggregates, which tends to flocculate. Only in some
special cases a stable dispersion or a redissolution of the large aggregates occurs
(comp. Fig. 2.14).

However, the phase behavior of the resulting polyelectrolyte complex aggre-
gates mainly depends on the chemical structure of the polyelectrolytes, and system
specific factors like the pH, ionic strength or the polymer concentration.

It has to be noted here that the complex aggregates (especially by using poly-
electrolytes with weak acidic functional groups) can be redissolved by increasing
the ionic strength of the system, i.e., by adding low molecular salts. At a system-
specific ionic strength the system becomes optically clear and a homogeneous

Fig. 2.15. Schematic representation of a two step process of polyelectrolyte complex aggregate
formation in dependence on the titrant consumption



44 2 Polyelectrolytes

“symplex precursor” phase is realized. However, a spontaneous dilution of such
a “symplex precursor” phase leads to a spontaneous inclusion flocculation. This
principle can be used for wastewater treatment by incorporating water-soluble
low-molecular compounds, e.g., surfactants, dyes, or suspended particles into the
polyelectrolyte complex aggregates [134].

2.3.2.3 Concentrated Polyanion–Polycation Systems
The PEC formation usually results in a microscopic phase separation due to the
formation of complex aggregates with colloidal dimensions, as already outlined
above. By mixing concentrated solutions of PELs with strong basic and strong
acid functional groups a macroscopic phase separation (i.e., flocculation and/or
coacervation) is observed whatever the mixing ratio.

2.3.2.3.1 Macroscopic Phase Separation When two oppositely charged poly-
electrolyte solutions with a polymer concentration of about 1% by weight were
mixed together, a more or less fast flocculation of symplex precipitates is observed.
The precipitated mostly stoichiometric polyelectrolyte complex hydrogels can be
isolated, washed and characterized. The general properties of such solid symplexes
are quite similar to other hydrogels, which means they can be hard, brittle, lathery
or rubbery, depending on the components and the moisture content. They can be
used as membranes, coating films and fibers, microcapsules and implants. Because
of their high degree of hydrophilicity, biocompatibility and permeability they are
of special interest in the field of medicine. Symplex-based materials can be used in
artificial kidneys, prosthetic materials for body repair, coatings and components
of heart valves and artificial hearts, or as contact lenses.

Another potential area of application is related to the symplex formation as
a process. Especially the process of encapsulation at the micron scale is moving
towards the fabrication of artificial cells, particularly in terms of structure and
semipermeability, as already shown in great detail in the review by Peyratout and
Dähne [135, 136].

In that connection, the interaction between natural or synthetic macro-
molecules and enzymes or living cells are of high practical and scientific relevance
with respect to immobilization techniques. As a main problem, the accompany-
ing change in biological activity of the enzyme has to be considered. Dautzen-
berg et al. [137] reported on effects of interactions between cationic polymers
and different species of living cells. Comprehensive studies on symplex microen-
capsulation of biological systems cover the problem of interaction between the
oppositely charged polyelectrolytes as well as of the resulting polyion complexes
with the biological system in question. For example, Mansfeld et al. [138] used this
principle to immobilize invertase. They encapsulated free and polystyrene-bound
invertase within symplex membranes that were composed of cellulose sulfate and
poly(dimethyldiallylammonium chloride).

Another field of growing interests are DNA complexes with synthetic or natural
polycations because of their application for the cell transfection of genes [139].
Among the natural polycations complexed with DNA, several studies reviewed
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by Liu et al. [140] report on the use of chitosan and glucan. The use of this
natural polymer in gene delivery systems is mainly motivated by its outstanding
biological properties such as biodegradation, biocompatibility, and bioactivity.
Complexation between natural polyelectrolytes such as charged polysaccharides
isoftendescribed fromamacroscopicormicroscopicpointof viewas the formation
of gels [141].

Biomaterials themselves, for instance, can be formed by films called “polyelec-
trolyte multilayers” made by an alternate deposition of polyanions and polycations
on a charged surface [142]. These films were discovered by Decher et al. [143,144]
and now receive considerable attention. Multilayer films composed of poly(styrene
sulfate)-chitosan and poly(allylamine hydrochloride)-chitosan constitute one ex-
ample of such films. Exponentially growing films were mainly observed with
polypeptides and polysaccharides [144].

Hydrophobizingof themultilayeredfilmleads to theso-called“lotuseffect”.Re-
search in this field has been widely extended to the extremely hydrophobic smooth
solid-surface-bearing small wax particles for self-cleaning surface application. For
the preparation, the combination of surface roughness and low surface energy is
required [145]. A fluoropolymer that provides good repellency towards both polar
and apolar liquids, low surface tension, and is inert to chemical substances is one
of the important hydrophobic coatings.

Techniques to fabricate hollow polyelectrolyte shells have been individually
reviewed, whereas problems transferring the multilayer technique from macro-
scopic flat substrates to the surface of colloidal particles lie in the separation of
the coated colloids from free, excess polyelectrolyte prior to the next deposition
cycle [146,147]. The general principle to enclose colloidal particles (i.e., templates)
by a polyelectrolyte shell in a first step, and to destroy the template in a second
step is quite similar to the process of nanocasting, as is discussed in Chap. 3.2 (cf.
Fig. 3.5).

A lot of core-shell systems based on a wide variety of polymers and inorganic
systems have been constructed. For instance, the calcination of a composite be-
tween PDADMAC and silica-gold nanoparticle core-shell system deposited onto
polymer spheres gave rise to hollow spheres [148]. To develop novel catalytic sys-
tems, noble metals were incorporated into the capsule or in the capsule wall [149].

2.3.2.3.2 Homogeneous Systems Concentrated mixtures of oppositely charged
weak polyelectrolytes, e.g., anionically and cationically modified polyacrylamides,
show a quite different behavior and become optically clear when the poly-
mer concentration is increased above a critical concentration. For example,
PAA/PDADMAC complexes dissolve at a critical ionic strength of 2.0 mol/l, as
already shown by us in [150]. The transition from a turbid dispersion to the
concentrated one-phase region was characterized by means of viscometric, den-
sitometric, turbidimetric, and spectrometric investigations. The results obtained
underline that the Coulombic forces between the oppositely charged functional
groups can be mainly suppressed when a critical ionic strength (induced by the
high polyelectrolyte concentration) is reached. However, nearby the borderline
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to phase separation such highly concentrated polyanion-polycation mixtures can
show phenomena of self-assembly. Liquid crystalline polyanion/polycation/water
systems are identified by us by mixing a concentrated PDADMAC solution with
a concentrated NaPSS solution or copolymers of maleic acid [151]. In general, self-
assembled polyanion/polycation structures were observed only when the following
conditions were fulfilled:

– high polymer concentrations (> 20 wt %)
– one component in excess (non-stoichiometric mixing ratio)
– after processing a special cooling-heating temperature procedure [151].
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3.1 Nanoparticle Formation by Nucleation Processes

For the preparation of monodisperse nanoparticles by a classical sol-gel approach,
a control of the initial number of particles and their subsequent growth is essen-
tial. As a consequence, the precipitation and crystal growth processes have to be
considered in more detail. The solubility of a particle in suspension depends on its
radius and the degree of supersaturation of the surrounding medium. Therefore,
some general statements about supersaturation, the free energy of dilution, and
the nucleation theory are outlined here.

3.1.1 Free Energy and Supersaturation

Principally, the thermodynamic driving force to form a new bulk phase must
balance the surface free energy of the small nuclei of the new phase. When the new
phase is formed, the surface free energies govern the growth of colloidal particles.
The particles may be either solid or liquid; their constituent molecules are present
as a solute in the liquid at a saturation concentration. Molecules exchange between
the particles and the solution so that each particle is in local equilibrium with the
solution close to it.

The free-energy change ΔG for the formation of a spherical aggregate (cluster
or nuclei), consisting of n molecules, depends on the difference between the free
energy of the aggregate g(n) and the chemical potential of the molecules (nμ):

ΔG = g(n) − n(μΘ + kT ln x) (3.1)

with (μ = μΘ + kT ln x).
The free energy of the cluster can be described by a bulk and an interfacial

energy term:

g(n) = nbgb + nsgs (3.2)

with nb − number of bulk molecules

ns − number of surface molecules

In this connection, the bulk energy is related to the chemical potential in the bulk
phase (μb) by:

nbgb = n · μb (3.3)



48 3 Nanoparticles and Polyelectrolytes

and the interfacial energy is given by:

nsgs = γ · bgf · n2/3 (3.4)

with γ − surface tension

bgf − geometric factor

A combination of Eqs. (3.3) and (3.4) leads to:

ΔG = n(μb − μΘ − kT ln x) + γ · b · n2/3 (3.5)

For a saturated solution (x = xsat; μb = μΘ + kT ln xsat), Eq. (3.5) can be rewritten
as:

ΔG = −nkT ln
[ x

xsat

]
+ γ · b · n2/3 (3.6)

and finally, by considering a spherical cluster with a radius R as:

ΔG = −nkT ln
[ x

xsat

]
+ 4πR2γ (3.7)

Since the bulk free energy term rises faster with radius than the surface area term,
there is a critical size, corresponding to a critical radius Rc, above which the free
energy of formation falls and the cluster tend to grow, schematically shown in
Fig. 3.1.

If R is smaller than the critical radius Rc, one is on the left-hand side of the
maximum and crystallization of nucleus gains more free energy. Rc, correlating to
the maximum of ΔG, is related to the supersaturation

[
x

xsat

]
by

ΔG

ΔGmax

number of moleculesnc

n > nc

spontaneous

propagation

0

Fig. 3.1. The free-energy
change for the formation of
a nucleus in dependence on
the number of molecules
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kT ln
[ x

xsat

]
=

2γVs

Rc
(3.8)

xsat − saturation concentration

Vs − solute volume

which is called the “Kelvin equation”. In a dispersion containing both large and
small particles, the solute concentration is higher close to the small ones, and
a diffusional flow of solute moves from the small particles to the large ones. As
a result, the small particles decrease in size and dissolve, and the larger ones scale
up. This process is called “Ostwald ripening”.

3.1.2 The Nucleation Process

The model proposed to explain the precipitation from solution in terms of super-
saturation, nucleation, and growth is based on the La Mer diagram (Fig. 3.2). It
illustrates the variation of the concentration with time during a precipitation and
is based on the principle that nucleation is the limiting step in this process.

At first, the concentration of the dissolved solute increases continuously with
increasing time. As the concentration reaches the critical supersaturation value,
nucleation occurs. This leads to a decrease of the concentration of the dissolved
solute. Nucleation continues as the concentration cmax falls to cmin, at which point

concentration

time

nucleation period

t1 t2

Cmax – critical limiting
supersaturation

Cmin – nucleation
concentration

growth period

Fig. 3.2. La Mer diagram. Concentration of dissolved solute before and after nucleation as a function
of time
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particle growth is presumed to replace particle nucleation. Later, the decrease of
the concentration is due to the growth of the particles by diffusion. This growth
occurs until the concentration reaches the equilibrium solubility value.

As more nuclei are formed at the beginning of the process, smaller particle
sizes are usually obtained because a given amount of mass is distributed over
a greater number of centers. This effect also often leads to a dramatically increased
viscosity. The faster a given supersaturation is reached, the greater will be the
number of nuclei formed. However, monodisperse nanoparticles can be produced
by this procedure only in highly diluted systems.

The limiting factor of the heterogeneous nucleation theory developed by La
Mer and Dinegar is to be seen in the fact that the model does not take into account
any stabilization of the particles formed [152].

3.1.3 Nanoparticles Produced by Nucleation Processes

The original application of the principles on the control of nucleation and growth
in supersaturated solutions was in the preparation of monodisperse sulphur sols
of submicron diameter by the slow decomposition of dilute sodium thiosulphate
in dilute hydrochloric acid [153].

Generally, four categories of crystalline particles can be produced by nucleation
processes:

– ionic crystals
– organic crystals
– metal oxides
– metals

Basing on the principle of La Mer, Ottewill and Woodbridge synthesized sil-
ver bromide and chloride sols by diluting silver halides from soluble complexes
rapidly [154]. The nucleation zone can also be approached from the ionic-solubility
region by varying the temperature. With these procedures monodisperse sols in
the half-micron diameter region can be prepared.

Matijevic et al. developed a method for the preparation of monodisperse metal
hydrous oxide sols of Cr, Al, Fe, Ti, Th, and Cu by using sulphate ions, which
are particularly effective in binding with metal hydroxides and controlling the
condensation polymerization step leading to the formation of a nuclei [155]. Other
examples are the preparation of TiO2 sols from hydrolyzed TiCl4 solutions, the
hydrolysis of ferric chloride in the presence of alcohols, and magnetite particles
by the formation of ferrous hydroxide from ferrous sulphate in the presence of
nitrate ions [156, 157]. The hydrolysis of tetrasilicate esters in aqueous alcohol
with ammonia as catalyst is used to prepare monodisperse silica suspensions. The
ester is hydrolyzed to silicic acid, which precipitates to form nuclei upon which
further growth occurs. The hydrolysis reaction is relatively fast, and consequently
small particle sizes are observed [158].
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The principles of nucleation can be applied to organic crystals, too, but the
high solubility of these compounds makes it much more complicated to produce
colloidal monodisperse suspensions by such a procedure.

Metal sols can be prepared by a variety of methods, resulting in metal nanopar-
ticles (e.g., Ag, Au, Cd, Cu, Co, Mo, Fe) with particle diameter ranging from 2 to
100 nm. Exemplary, the preparation of gold nanoparticles is discussed here now in
more detail under special accentuation of the role of polyelectrolytes as stabilizing
and/or reducing agent.

3.1.3.1 Colloidal Gold
Depending on particle size, shape, and step of agglomeration, gold colloids can be
red, violet, or blue. Usually, stable gold colloids with a small particle diameter of
about 20 nm are red due to the so-called surface plasmon effect. Any color change
to violet or blue indicate phenomena of agglomeration and, subsequently, in many
cases, particle precipitation. The goal is to obtain very small nanoparticles with
a diameter smaller than 10 nm and a narrow size distribution.

A wide variety of preparative methods for gold colloids are known, mostly
based on precursors containing gold complexes such as [AuCl4] [159] with tetra-
chloroauric acid HAuCl4, being the precursor most commonly used. Various in
situ reactions, such as chemical, photo-induced, thermal decompositions or con-
trolled solvent evaporation are used for realizing the reduction process [160,161].
The reduction process with low molecular salts as organic reducing compounds
and the photolytic reduction process is now discussed in more detail.

3.1.3.1.1 Reduction by Low Molecular Salts Stable colloidal particles can be
prepared by in situ reduction of tetrachloroauric acid (HAuCl4) in water by sodium
citrate or by potassium borohydride. Reduction by potassium borohydride is an
example of a fast reduction method performed at room temperature that gives
colloids that are stable for months with very small, spherical particles and a narrow
size distribution.

The reduction by sodium citrate requires temperatures of 100 ◦C. The resulting
stable gold dispersion is characterized by a deep red color and particle dimensions
of about 17 nm (Fig. 3.3).

The formation of colloidal gold at room temperature can also be realized by
using Fe(II) and ascorbic acid as reducing agents. Besides, citric acid, sodium
metasilicate and poly(vinylalcohol) were added as effectors for the formation of
nanoparticles.Thereduction(andfinally theparticle formation)occursbyamicro-
continuous flow process in a so-called flow-through Si chip reactor. As a result,
single particles of different sizes, simple particle aggregates, core shell particles
as well as complex aggregates and hexagonal nanocrystallites are obtained under
different reaction conditions [162].

3.1.3.1.2 Photolytic Reduction Gold colloids can also be formed using either
pulsed or continuous-wave UV laser radiation. The precise reaction mechanism
and intermediate species in this process are still not known. Especially the chem-
ical reduction and its success depends sensitively on the nature of the gold salt
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complex [163]. In contrast to chemical reactions, the UV irradiation, for instance,
usually results in larger particles because the reduction process is noticeably slower
(Table 3.1). Photolytic reduction can be initiated by a pulsed (353 nm, pulse width
∼ 10 ns) Nd-YAG laser (where YAG denotes ytrium aluminium garnet) whose
output is ∼ 60 mJ at 10 Hz. Heating of the sample can be avoided by immersion in
a large suprasil water bath.

An Ar ion laser beam at 514 nm in the transverse direction can be used along
with an NRC power meter to measure the change in absorbance as the reaction
proceeds. The formation of small gold colloids is characterized by an absorbance
peak whose maximum for sufficiently small colloids is proportional to the number
of colloids present. When this absorbance saturates, the reaction is deemed to be
complete. Gas evolution was observed as a product of the photolytic reduction.
Generally, complete reaction requires 3–5 min exposure for a 2-ml sample in 1-cm
square cuvette at a gold concentration of ∼ 5 × 10−3 M.

3.1.3.2 Polyelectrolytes as Stabilizing Agents
To stabilize the individual small gold nanoparticles, protective agents have to be
used.

The protective components have to fulfill the following requirements:

– Solubilization in different solvents
– Thermal stabilization during the preparation and technical application
– “Good” interaction with the metal surface
– “Good” interaction with the metal precursor

100 nm

Fig. 3.3. Red-colored gold sol characterized by transmission electron microscopy
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Polymers commonly used so far to stabilize metal colloids are poly(vinyl-
pyrrolidone) and poly(ethylene glycol) and their copolymers [164]. Several other
types of polymers are of interest, too. For example, water-soluble homopolymers
and random copolymers possessing a hydrophobic backbone to interact with the
metal surface and hydrophilic side-groups to interact with the dispersion medium
are often used. For these flexible polymers, the stabilization of the metal colloids
is based on steric effects.

Polyelectrolytes are of special interest due to their special features, e.g., their
hydrophilicity [165]. PEL combines both steric and electrostatic stabilization ef-
fects and can therefore stabilize colloidal metal particles much better. Polycations
also offer good interaction with the metal precursor, which means the negatively
charged tetrachloroauric acid anion, due to ion-pair formation. Furthermore,
negatively charged gold colloids, produced by a reduction with citric acid, can be
stabilized by adding cationic polyelectrolytes via Coulombic forces [166]. However,
in some other cases the polycation (e.g., PDADMAC) represent a flocculant.

On the other hand polyanions can also be successfully used, e.g., poly(methyl
methacrylate) as protective matrix for metal colloids in organic solvents. Table 3.1
lists the effect of different types of polyanions on the stability of gold nanoparticles
produced by the KBH4 reduction as well as by the UV irradiation method [166].

The use of poly(sulfonic acids) results in very stable gold colloids, in fact ones
that are stable for months. The negatively charged poly(sulfonates), however, are
less suitable stabilizers for gold colloids in comparison with the poly(sulfonic
acids). This behavior can be explained by the presence of sodium counterions and
the negative surface charge of the gold nanoparticles stemming from adsorbed

Table 3.1. Characteristics of gold nanoparticles reduced by KBH4 and UV irradiation

Polymer/ Color of colloid D (nm)

mol. weight (Mw × 105) (1) (2) (1) (2)

Poly(styrene sulfonic acid) / – Red Red 5 5.1

Poly(sodium-4-styrene sulfonate) / 0.7 Violet/

purple

Wine red 7.7 38.7

Poly(vinyl sulfonic acid,

sodium salt) / 0.05

Dark

violet

– 7.6 –

Poly(2-acrylamido-2-methyl-1-propane

sulfonic acid) / 20

Red Red 9.3 5.1

Poly(1-vinylpyrrolidone-coacrylic acid),

75:25 (wt.) / 0.8

Brownish-

red

Red/ purple 1.1 38.6

1 Reduced by KBH4
2 Reduced by UV irradiation



54 3 Nanoparticles and Polyelectrolytes

chloride ions from the precursor. These results clearly show that the polyelectrolyte
of choice has to be optimized for the given nanoparticle dispersion.

3.1.3.3 Polyelectrolytes as Reducing and Stabilizing Agents
Recently it was shown that C-H acid polyelectrolytes can act as both reducing and
stabilizing agents for gold nanoparticles. Protected gold particles have successfully
been obtained with linear polyethylenimine (PEI) which serve as reducing (over
the amine group) and protective agent [167]. However, the linear polyethylenimine
has some special features, e.g., the non-solubility in water at room temperature
and pH = 7. The polymer becomes soluble in water only at pH < 7, or by heating
up to higher temperatures (> 70 ◦C).

Wang et al. [168] reported about the formation of gold nanoparticles in dimer
and trimer aggregates of branched PEI in the range from 5–20 nm. Here it was
the secondary amine group, because of its stronger reducing ability than the
primary one that predominantly induces the reduction of the precursor, as the
authors speculate. On the other hand, it is the primary amine group of the
branched PEI that associates with the particle surface due to electrostatic in-
teractions between the positively charged amine groups and adsorbed Cl− an-
ions and result in the subsequent formation of uncoupled particles and coupled
aggregates.

An example for the formation of colloidal gold nanoparticles by using a com-
mercially available PEI was recently demonstrated by us [169]. The experimental
details are given in Table 3.2. If the samples are prepared as given in the Table
strong red-colored gold dispersions can be obtained in all cases.

Another kind of amine-containing polyelectrolyte that spontaneously reduces
HAuCl4 in aqueous solution at room temperature are amine-terminated PAMAM
dendrimers in the third and fourth generation [170]. Recently, it was demonstrated
that polyanions, i.e., polyacrylates, can act as reducing agents, too, when the
precursor solution is refluxed [171].

Table 3.2. Reaction conditions of gold reduction by using PEI
Temperature: 100 ◦C; CHAuCl4 : 2 mmol/L; Mass ratio: 1:1

Sample CPEI Time of reaction Particle size

(wt %) (Min) (nm), DLSa

A 1 30 18.9

B 5 20 19.3

C 10 20 20.9

D 1 3 9.1

a Average value of the main fraction (> 99%) obtained by automatic

peak analysis by number
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Table 3.3. Features of gold nanoparticles obtained by reduction with various polyelectrolytes at
room temperature

Particle size (nm)

Polymer UV-vis Color DLSa

PAA 533 nm Red-pink 19

PA3C4 535 nm Pink 24.5

PA10C4 550–600 nm Purple-blue 130

PA20C4 529 nm Pink 25.5

PSS-MA(3:1) – Red 15.5

PSS-MA(1:1) – Red 19.6∗

[HAuCl4] = 3 × 10−3 M
a Average value of the main fraction (> 95%) obtained by automatic peak analysis by number
∗ Fraction < 20%

Reduction and stabilization of gold colloids by adding hydrophobically modi-
fied anionic polyelectrolytes were investigated in more detail by Note et al. [172].
The polymers used were derivatives of poly(acrylic acid) with hydrophobic side
chains PA3C4 to PA20C4 (Table 3.2). The study mainly focuses on the influence
of the degree of substitution on the reduction and stabilization behavior, offer-
ing a possibility to come to effectively stabilized gold nanoparticles in apolar
solvents. First of all, the polymers were added at room temperature and the re-
duction process was investigated over a longer time period (up to 8 days), in
comparison to processes realized under heating conditions, i.e., under reflux at
100 ◦C. The nanoparticles obtained were characterized by dynamic light scatter-
ing in combination with transmission electron microscopy. The formation pro-
cess was followed by measuring the UV/VIS absorption band at about 530 nm
(Table 3.3).

In principle, it has been shown that hydrophobically modified polyelectrolytes
can act as both a reducing and a stabilizing agent for the formation of gold nano-
particles.

The advantage of the method used here is that the reduction can be realized in
water at room temperature very slowly or much faster by heating up the system to
100 ◦C. In both cases, gold nanoparticles of colloidal dimensions can be produced.
However, the size and shape of the individual nanoparticles mainly depends on
the polyanion added and the temperature procedure used. When hydrophobic
side chains are incorporated into the polymer, the stability of the primary gold
nanoparticles with regard to hydrophob–hydrophob interactions can be strongly
influenced. In general, the colloidal stability in aqueous systems is decreased and
aggregation phenomena were observed.
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Table 3.4. Features of gold nanoparticles obtained by reduction with various polyelectrolytes at
100 ◦C

Particle size (nm)

Polymer UV-vis Color DLSa

PAA 533 nm Purple-pink 37.5

PA3C4 532 nm Purple 18

PA10C4 527 nm Pink 18

PA20C4 528 nm Red-pink 18

PSS-MA(3:1) – Red 21

PSS-MA(1:1) – Red 20.6∗

[HAuCl4] = 3 × 10−3 M
a Average value of the main fraction (100%) obtained by automatic peak analysis by number
∗ Fraction < 20%

Table 3.5. Influence of the polymer/[HAuCl4] molar ratio on the features of gold nanoparticles

Sample Color Particle size (nm)

DLS

PSS-MA(3:1), 25 ◦C

[polymer]/[HAuCl4] = 0.29

Blue Aggregates

PSS-MA(3:1), 25 ◦C

[polymer]/[HAuCl4] = 0.8

Blue/green Aggregates

PSS-MA(3:1), 25 ◦C

[polymer]/[HAuCl4] = 1.4

Red 16

PSS-MA(3:1), 25 ◦C

[polymer]/[HAuCl4] = 5.8

Red 16∗

∗ Fraction < 20%

In the case of anionic charged copolymers (polystyrene sulfonate-co-maleic
acid, PSS-MA) the charge density (molar ratio PSS:MA = 3:1 and 1:1 respectively)
influence the particle size (Table 3.4). With higher charge density (PSS:MA = 3:1),
larger fractions of nanoparticles are stabilized due to electrostatic forces. More-
over, the molar polymer/HAuCl4 concentration ratio is important for reaching
more stable gold colloids of small size (< 25 nm) (Table 3.5). It seems that the elec-
trostatic stabilization is not the only reason for the results observed. The reduction
process is quite more effective, if more sulfonate groups (higher PSS content) are
available. This means if the molar concentration ratio of polymer/HAuCl4 is larger
than 1, the reduction in combination with an effective stabilization is much more
successful regarding small stable gold colloids. In consequence, the interaction of
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the sulfonic groups at the polymer backbone with AuCl−4 anions must be of con-
siderable importance. Despite the considerable research in this field, the reduction
mechanism is still a less understood phenomenon.

3.2 Nanoparticle Formation in Template Phases

As already outlined in the chapter above, monodisperse nanoparticles can be ob-
tained by using nucleation processes. However, nucleation processes are strongly
limited with regard to the solubility of the nuclei. This means monodisperse
nanoparticles can be obtained only in very diluted systems, when in a very short
time period many critical nuclei are formed, which grow up and remain on the
colloidal level. On the one hand this method is restricted to a limited number of
supersaturated systems, and for each of these systems the experimental conditions
have to be optimized. On the other hand it becomes very complicated to transfer
the process to technical dimensions.

Taken this knowledge into account and the inspiration of nature, the idea was
born to use template phases for the formation of well-defined nanoparticles with
anarrowsizedistribution. Frombiomineralizationprocesses [173], it iswell known
that proteins and polysaccharides can act as templates for structuring inorganic
materials on the nanometer scale. Sikes et al. [174] have shown that proteins, which
are essentially polyelectrolytes, extracted from marine shells (in particular the
American oyster) can act as inhibitors of all the common scale minerals. Synthetic
polyaspartic acid, i.e., an anionic PEL, has a similar effect on the control/inhibition
of calcite formation [175]. Collins proposed a tentative model of barium sulfate
inhibition in presence of polyaspartic acid and Ca++ ions [176].

Generally, the resulting composites offer special optical and mechanical prop-
erties. For example, the blaze of colors of pearls can be related to scattering effects
on 300 to 500-nm-thin aragonite sheets embedded into a microlaminat consisting
of carbohydrates and proteins, and the degree of hardness of tees and bone to
the self-assembly of hydroxyapatite nanoparticles in a microlaminat consisting of
proteins and collagen-fibrils. Another example for a self-assembled natural sys-
tem is Diatomeen, offering a broad spectrum of well-ordered silica structures. An
example for the diversity is given in Fig. 3.4.

What we can learn first of all from nature is that we need a self-assembled
template phase for producing nanoparticles of defined size and shape. In general,
polyelectrolytes can have both a controlling and inhibition function in precipi-
tation processes. Water-soluble polymers, including polyelectrolytes are usually
used as a stabilizing or chelating agent in the preparation of metal ultrafine parti-
cles. For example, barium ferrite nanoparticles are synthesized by coprecipitation
with polyacrylic acid as a protective agent [177]. Hierarchical superstructures
by oriented attachment and self-assembly of BaSO4 nanoparticles triggered by
polyacrylates are demonstrated by Antonietti and Cölfen [178]. By using block
copolymers with a PEL-block (e.g., poly(ethylene oxide)-block-poly(methacrylic
acid)) the polymer controlled crystallization of CaCO3 leads to highly ordered
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10 μm

Fig. 3.4. SEM micrograph of Diatomeen

supramolecular structures [179]. Furthermore, the PEL can fulfill multiple func-
tions in controlled crystallization processes [180], e.g., block copolymers can yield
smaller primary particles, which are initially amorphous [179].

Moreover, there are two strategies to use templates. With the first approach,
the template is surrounded by a network-precursor. After network formation, fol-
lowed by the decomposition of the template a nanoporous material is formed,
as a 1:1 replica of the template (Fig. 3.5). This process is called “nanocast-
ing”. As templates, one can use large molecules, i.e., dendrimers or macro-
molecules, colloidal particles, and amphiphilic systems (e.g., micelles or ly-
otropic phases). Often supramolecular aggregates of amphiphiles, i.e., surfac-
tants and block copolymers, were used. For example, Göltner et al. developed
a method to synthesize mesoporous silica by using a highly concentrated surfac-
tant phase as template [181, 182]. Lyotropic phases of amphiphilic block copoly-
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colloidal particle

as template

layer by layer

deposition of polyelectrolytes

Removel of template

(e.g. calcination – thermal decomposition)

Shell – in Shell structure

Fig. 3.5. “Nanocasting” by
using a spherical template
phase

mers were used because of the fact that the pore structures correlate to the block
length [183, 184].

The second approach is to use a restricted reaction room as a template phase.
Therefore, nanoscalic emulsions (i.e., mini- and microemulsions) are of special
interest. Furthermore, amphiphilic block copolymers provide a large number
of microstructures that can be used to prepare inorganic nanoparticles. Con-
sidering the nanoparticle formation in combination to polyelectrolytes, PEL-
modified microemulsions and block copolymers with a PEL-block are of special
interest.

3.2.1 Miniemulsions as Templates

Emulsions, which refers to droplets of one liquid in another, immiscible one, sep-
arated by a surfactant film, can be classified according to the size of the droplets
into macroemulsions (with a droplet size > 1 μm), and miniemulsions (also called
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fine-emulsions and nowadays nanoemulsions) having a significant smaller droplet
size between 100 and 1000 nm. However, in all of these different types of emulsions
the droplets are stabilized against a coalescence due to a steric, electrostatic or
electrosteric stabilization effect (cf. Chap. 4.1), achieved by the addition of sur-
face active materials as emulsifiers. The basic functions of the emulsifier can be
described as:

– to help make droplets small, and
– to keep them small by retarding coalescence.

This means the liquids inside the droplets are separated from each other by means
of the repulsive forces between the surfactant films and consequently exchange
processes are suppressed. Keeping in mind this special behavior, the individual
emulsion droplets can be used as templates for particle formation. When the par-
ticle formation process is realized inside the droplets and is not directly influenced
by droplet–droplet interactions, the primary droplet size is of high relevance.

Therefore, the main problem is to produce monodisperse nanoscalic emulsion
droplets. Nowadays, this problem is solved by a high energy input, e.g., by means
of an ultrasonic treatment, in combination with the addition of hydrophobes to
overcome the “Ostwald ripening” [185]. In this way it becomes possible to produce
oil-in-water or water-in-oil miniemulsions up to a droplet size of 100 nm. Espe-
cially polymer lattices can be successfully produced in such nanoscalic droplets.
For example, polyurethane latexes can be made by direct miniemulsification of
a monomer mixture of diisocyanate and diol in an aqueous surfactant solution fol-
lowed by heating [185], and polyester/polystyrene hybrid particles can be synthe-
sized in a simple one-pot procedure [186]. By using a three-step preparation route
including two miniemulsion processes for example, magnetite can be encapsu-
lated into polystyrene particles [187]. Other examples show that the crystallization
process in miniemulsions is quite different from the bulk phase.

3.2.2 Microemulsions as Templates

Microemulsions are thermodynamically stable, isotropic, optically clear solutions
of two immiscible fluids, commonly oil and water, containing one or more surface
active species. One has to distinguish between normal micellar, i.e., oil-in-water
(o/w, L1 phase), reverse micellar (w/o, L2 phase), and bicontinuous microemul-
sions. The transparent nature of a microemulsion in comparison to a macroemul-
sion can be related to the very small dimensions of the droplets in the order of 10 to
100 nm. The main difference to all other types of emulsions, including miniemul-
sions, is the spontaneous, thermodynamically controlled formation of the small
droplets induced by the ultra-low interfacial tension. The most essential parameter
of a microemulsion is the spontaneous curvature H0 of the surfactant film.

An unconstrained film of surfactant molecules will adopt a curvature H0 in its
lowest free energy state. Thus, at a constant number of molecules and surface area,
a spontaneous formation of microemulsions can be observed at:
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(
∂G

∂H0

)
= 0 for H = H0 (3.9)

where H is defined as the mean curvature at a point of a surface, which can be
influenced by the mass ratio of oil-water-surfactant.

For a sphere, H is given by the reciprocal value of the radius R:

H =
1
R

(3.10)

The spontaneous curvature H0 mainly depends on the type of surfactant. However,
when the polar head group, and/or the length and number of the hydrophobic tail,
or theexternal conditionsare changed,or cosurfactants areadded, the spontaneous
curvature can be influenced in a characteristic way. For nonionic surfactants,
a change of the temperature and for ionic surfactants a change of the ionic strength
has profound effects. Taking this knowledge into account, the incorporation of
polyelectrolytes in a microemulsion can lead to quite different effects.

Chan and Rosano [188] developed a mathematical model for the formation of
oil-in-water microemulsions, based on the total free energy GT to form a droplet:

GT = GSH + GA + GB + GI (3.11)

where GSH is the free energy of the interfacial sheath structure; GA is the work to
expand the interface; GB the interfacial bending energy; and GI is the free energy
of interaction between the droplets. Thus for a particular set of parameters the
system will have two possibly stable states, one at about 15 and another one at about
25 nm. Recently, we were able to show the individual microemulsion droplets by
means of ultrahigh-resolution cryo scanning electron microscopy (Fig. 3.6).

One very interesting feature of microemulsions is their use as templates for
the production of nanoparticles. Figure 3.7 schematically illustrates the forma-
tion of nanoparticles by mixing two adequate w/o microemulsions, containing
the water-soluble reactants A and B, respectively. By a simple mixing of the two
almost identical microemulsions, the water droplets collide and coalesce, allowing
the mixing of the two water-soluble reactants A and B, and the formation of the
product AB. Thus, a precipitation reaction can be carried out in the aqueous core
of the inverse microemulsion droplets, using the water droplets as nanoreactors.
However, the mixing process is very fast, the particle aggregation is realized im-
mediately, and the particles formed are mechanically limited by the size of the
water droplets. Since microemulsions are thermodynamically stable, the droplet
size is determined by thermodynamic conditions, and consequently the size of the
nanoparticles formed, too. When the water-surfactant ratio in the microemulsion
is varied, the droplet size can be tuned. In this way, nanoparticles of defined size
can be produced, and the method is an improvement over the previously dis-
cussed processes. Generally, it becomes possible to produce particles in the 2 to
10-nm diameter range by this procedure. For example, Shah et al. synthesized
silver halids (i.e., AgCl, AgBr), superconductors (i.e., YBCO), magnetic materials
(i.e., Fe2O3, BaFe12O19, and CoFe2O4), varistors (ZnO, and ZnO + Bi2O3), titanium
dioxide and polystyrene nanolatexes [189–194]. Superconductors prepared by the
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S4800 2.0kV 5.1mm x35.0k SE(M) 1.00um

Fig. 3.6. Cryo-SEM micrograph of a water-in-oil microemulsion

microemulsion method show significant changed physical properties, e.g., in the
magnetic susceptibility, density of sintered pellets, and the fraction of ideal Meiss-
ner signal [195]. A review of the preparation of metal nanoparticles in water-in-oil
microemulsions was recently published by Capek [196].

Reverse microemulsions formulated with the anionic surfactant sodium bis(2-
ethylhexyl)sulfosuccinate (Aerosol OT, AOT) have been extensively used for the
synthesis of inorganic nanoparticles of barium chromate [197], barium sul-
fate [198], calcium sulfate [199], silica [200], silver [201] and copper [202]. For
example, Pileni et al. obtained silver nanoparticles with the application of function-
alized surfactant silver bis(2-ethylhexyl)sulfosuccinate (Ag(AOT)) [201], which are
organized in nanocrystal self-assemblies in 2D and 3D superlatices [203]. Further-
more, organic nanoparticles of cholesterol, Rhovanil, and Rhodiarome have been
synthesized in AOT/heptane/water microemulsions [204]. However, these studies
suggest that complex fluids can be used not only to control the size and shape of
inorganic nanoparticles but as dynamical systems for the spontaneous organiza-
tion beyond the mesoscopic length scale. The morphological complexity of BaSO4

synthesized in AOT microemulsions was demonstrated by Mann et al. [198, 205].
Depending on the reaction condition, crystalline micrometer-long BaSO4 fibers,
filament bundles, highly curved and cone-shaped structures and spindle-shaped
aggregates can be observed [205]. These examples show that a direct templating is
oftendifficult toachieve, since the surfactantfilms, stabilizedbyweakvanderWaals
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forces, are often not strong enough to stop the particle-growing process. To over-
come this problem, Eastoe et al. [206] incorporated polymerizable surfactants into
the system and this approach makes it possible to enclose the nanometer-sized
aqueous reaction domains by covalent bonding. The results demonstrate clear
advantages of partially polymerized surfactant shells for templating anisotropic
inorganic particles from w/o microemulsions.

3.2.2.1 Recovery of Nanoparticles
Another problem that is still open is to recover the nanoparticles from the tem-
plate without changing the particle dimensions. Due to the high surface energy
of nanoparticles, the particles coagulate irreversible when one destroys the re-
verse micelles without any other protection treatment. Therefore, Kortan et al.
reported the preparation of ZnS ultrafine particles modified with thiophenol or
phenyltrimethylsilyl selenide [207]. A quantitative study on thiophenol modifica-
tion and redispersion of CdS nanoparticles was given by Shiojiri et al. [208]. In the
redispersion process of CdS nanoparticles, the added thiophenol molecules are
considered to have two functions:

– destabilizing the inverse microemulsions and
– binding to the surface of the particles and ejection from the micelles.

Finally, the nanoparticles can be redispersed in non-micellar solvents, e.g., in pyri-
dine, THF, DMF, DMSO, or acetone. The redispersion ratio varied in dependence
on the type of non-polar solvent between 10 and 100% [209].

Chemisorptive surfactants such as alkanethiols are known to also enhance
gold-particle dispersions and provide opportunities for further chemical modifi-

w/o microemulsion I w/o microemulsion II

mixing of
microemulsions I und II

coalescence of the droplets

component A

particle AB

particle formation

component B

Fig. 3.7. Nanoparticle formation in a microemulsion template phase
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cation [210, 211]. For example, alkenyl-thiol-stabilized gold nanoparticles can be
immobilized covalently onto silicon surfaces [212], and gold nanoparticles stabi-
lized with tetrathiolated resorcinarenes can be extracted from aqueous solutions
into nonpolar organic solvents [213].

3.2.2.2 Polyelectrolyte-Modified Microemulsions as Templates
Another approach to produce nanoparticles of defined particle size and particle
shape starts from the idea to use polymer-modified microemulsions as templates
for the nanoparticle formation process. In this case, the polymer has several
functions, which include:

– stabilizing the surfactant film
– controlling the particle growing process
– stabilizing the nanoparticles
– preventing the irreversible coagulation during the process of redispersion

Polyelectrolytes can especially fulfill all of these requirements. However, first
of all, polyelectrolytes have to be incorporated into the self-assembled system. Our
own investigations have shown that polymers as well as polyelectrolytes can be
added to the L2 phases without a macroscopic phase separation up to a polymer
concentration in the aqueous phase of 20 or 30% by weight [214,215]. Surprisingly,
it is possible to use ionic surfactant-based inverse microemulsions in combination

SB surfactant
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Fig. 3.8. “Boostering” effect of a cationic polyelectrolyte (PDADMAC) on the increase of the area of
the inverse microemulsion phase (SB – surfactant having a sulfobetaine head group)
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with oppositely charged polyelectrolytes. For example, the cationic polyelectrolyte
poly(diallyldimethylammonium chloride) (PDADMAC) can be incorporated into
the water droplets of the SDS-based (anionic) microemulsions [214], and the
anionic polyelectrolytes Na-polyacrylate (Na-PAA) or Na-carboxymethylcellulose
(Na-CMC) into CTAB-based (cationic) reverse microemulsion droplets [216]. Be-
cause of the high ionic strength in the aqueous phase, the electrostatic interactions
are not so strong (no phase separation), but are strong enough to increase the
stability of the surfactant film. However, the incorporation of the polyelectrolytes
often leads to a partial decrease of the area of the L2 phase, e.g., by adding Na-
PAA or Na-CMC. In other cases PELs can be solubilized in the water droplets much
better. For example, PDADMAC can be incorporated up to higher polymer concen-
trations without a significant change of the L2 area in the SDS/pentanol/xylol/water
system. When the SDS is substituted by an amphoteric surfactant (SB), the added
PDADMAC leads to a significant increase of the L2 area, as is shown in Fig. 3.8 [217].
Similar effects, meaning an expansion of the isotropic phase area in direction to

anionic PEL

aqueous phase

Fig. 3.9. Low-molecular-weight polyelectrolytes incorporated into individual w/o microemulsion
droplets
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the water corner, can be observed when the oil component is substituted by a long
chain alcohol, e.g., pentanol, hexanol or heptanol [218]. Vice versa, amphoteric
polyelectrolytes, added to the SDS-based microemulsion, can lead to an increase
of the L2-phase, too [219]. Furthermore, it is well known that amphiphilic block
copolymers can be used as efficiency boosters for microemulsions [220]. In addi-
tion, the molar mass of the polyelectrolyte is of high relevance. When the molar
mass of the polyelectrolyte is low, an incorporation into individual microemulsion
droplets is possible (cf. Fig. 3.9). Exemplary, we are able to visualize such polymer-
filled individual microemulsion droplets by means of freeze-fracture electron mi-
croscopy (Fig. 3.10). However, when the radius of gyration of the polymer exceeds
the droplet size, a polymer-induced cluster formation is observed [221], as is
schematized in Fig. 3.11.

250nm

Fig. 3.10. Freeze fracture electron micrograph of a polymer-modified w/o microemulsion
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Fig. 3.11. Polymer-induced cluster formation by adding high molecular weight polymers

Thus, these polyelectrolyte-modified microemulsions can be used as special
templates for the nanoparticle formation. Our own experiments show that poly-
electrolytes are indeed able to control the size of the nanoparticles. For example,
well-defined BaSO4 nanocrystallites can be formed in the inverse microemulsion
droplets. The role of the PEL can be explained by PEL-surfactant interactions (in-
crease of the stiffness of the surfactant film) in combination to PEL-nanoparticle
interactions during the particle growth process.

Furthermore, the adsorption of the polyelectrolytes onto the surface of the
individual nanoparticles is of primary importance in the following solvent evap-
oration and redispersion process according to the procedure described in [222].
Only when the nanoparticles are electrosterically stabilized by the polyelectrolyte
adsorption layer is the recovery of the individual small nanoparticles possible. Our
own experiments show that polyelectrolyte-stabilized spherical nanoparticles with
diameter below 10 nm can be redispersed from different types of microemulsion
after solvent evaporation [223,224]. However, the size of the redispersed nanopar-
ticles strongly depends on the molar mass of the polyelectrolyte. Only when the
molar mass of the polyelectrolyte is small (for example by using a PDADMAC
with Mn = 7000 g/mol, Mw = 11 500 g/mol) polyelectrolyte-stabilized spherical
nanoparticles with an average particle size of 6 nm can be redispersed after sol-
vent evaporation [223, 224]. In absence of the polyelectrolyte or by using a poly-
mer with higher molar mass, aggregation phenomena lead to the formation of
significant larger aggregate structures. It has to be mentioned here that these
aggregation processes of primary spherical particles can also be used to pro-
duce ordered structures on the supramolecular level, e.g., cubes with an edge
length of 20 nm (Fig. 3.12) [225] or triangular structures as well as nanotubes
(Fig. 3.13) [226].

The effect of stabilization due to the adsorption of polyelectrolytes onto
nanoparticles is not restricted to the formation of barite nanoparticles. Re-
cently we were able to show that gold nanoparticles can also be redispersed from
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Fig. 3.12. TEM micrograph of BaSO4 nanocubes

polyethylenimine-modified microemulsions by preventing phenomena of aggre-
gation during the process of solvent evaporation and redispersion.

The results clearly show that polyelectrolytes can play a dominant role during
the particle formation process in the microemulsion droplets, due to:

– the control of the particle growth (PEL-nanoparticle interactions)
– the restriction of the particle growth (PEL-surfactant interactions)

as well as in the redispersion process, due to:

– the stabilization of the nanoparticles (PEL-nanoparticle interactions)
– the control of the nanoparticle aggregation (PEL-nanoparticle interactions)
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200 nm

Fig. 3.13. TEM micrograph of BaSO4 nanotubes and triangular structures

However, for each nanoparticle system the type of polyelectrolyte and microemul-
sion have to be optimized according to the PEL-nanoparticle as well as the PEL-
surfactant interactions.

3.2.3 Block Copolymers as Templates

Amphiphilic block copolymers represent a new class of functional polymers, con-
sisting of at least two parts, a lyophilic and a lyophobic one. In most cases, one
block is water-soluble (hydrophilic block) in contrast to the other one (hydropho-
bic block) fulfilling the requirements of amphiphily. However, the control of the
block length is essential with regard to the special features of the block copolymers.
Living anionic polymerization has been known for a long time as the classical route
to come to block copolymers with well-defined block length [227]. In addition to
the classical diblock (AB) copolymers, ternary (ABC) triblock copolymers have
also been in the center of research during the last decades [228–230].

Other types of living polymerization include group-transfer, ring-opening
metathesis, cationic, and free-radical polymerization [231]. In dependence on
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these different types of polymerization, only a limited number of monomers can
be copolymerized. For the preparation of ionic block copolymers [232] especially
the polymerization of methacrylates, acrylates (AA), and vinylpyridines (VP) is
of special interest. These monomers can be polymerized by an anionic polymer-
ization, and recently by special techniques of radical polymerization, i.e., atom
transfer radical polymerization (ATRP) and reversible addition-fragmentation
chain transfer polymerization (RAFT).

For example, block PEL with cationic VP-, and anionic AA-blocks, respectively,
were synthesized and investigated in more detail by Eisenberg et al. [233, 234].
Cationic PEL-based ionic diblock copolymers can also be synthesized by copoly-
merization of ethylene glycol with diallyldimethylammonium chloride [235].

Another route starts with the synthesis of block copolymers of vinylben-
zyl chloride (VBC) with a narrow molecular weight distribution by (2,2,66-
tetramethyl-piperidine-N-oxyl)-mediated controlled free radical polymerization,
followed by a modification of the VBC-block to cationic structures [236]. Re-
cently, Laschewsky et al. [237] were able to show that butyl acrylate is eas-
ily polymerizable in a controlled manner by means of RAFT–polymerization
with a series of hydrophilic monomers, including anionic, i.e., (2-acrylamido-2-
methylpropanesulphonic acid), and cationic, i.e., (3-acrylamidopropyl-trimethyl-
ammonium chloride) monomers. Their self-assembly in aqueous solution was
investigated in more detail in [238]. Near-monodisperse anionic or zwitterionic
methacrylate-based PEL block copolymers can be prepared by a group-transfer
polymerization [239].

It is well known that the self-assembly of block copolymers leads to a broad va-
riety of morphologies, e.g., micelles of various shapes, lamellae, ordered cylinders,
or bicontinuous structures. Most of the block copolymers that have been inves-
tigated form micelles in solvents that selectively dissolve only one of the blocks.
What makes the PEL block copolymers unique is the ability to control the differ-
ent micellar morphologies by regulating the hydrophilic/hydrophobic balance via
the salt concentration and/or the pH of the solution. The morphologies present
in diblock copolymers are rather well defined with a long range order, and their
characteristic size can be controlled in the range between 10 and 250 nm. Common
morphologies of micro-phase separated block copolymers are:

– body-centered cubic packed spheres
– hexagonally ordered cylinders
– hexagonally performed layers
– lamellae
– cylindrical or spherical micelles

In order to use block copolymers as templates for the nanoparticle formation,
the inorganic precursors are first loaded into the template, meaning into the micel-
lar cores or the bulk block copolymer microphases. For a size-controlled synthesis
of nanoparticles it is necessary to control the size of the microcompartment. Since
loading of an inorganic precursor can change the size and shape of the micelles,
the solubilization process has to be studied for a given system in more detail.
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For example, HAuCl4 precursor solutions can be homogeneously distributed
within the micellar core of poly(styrene-b-4-vinylpyridine) block copolymer mi-
celles, and nanoscalic Au particles can be obtained by a fast reduction with LiAlH4

at high supersaturation. The slow reduction with Et3SiH (low supersaturation)
leads to significant larger single gold colloids, and the reduction with aqueous
hydrazine to anisometric gold aggregates [240].

This example shows that theblockcopolymermicelles areoftennot stiff enough
to fix the size of the nanoparticles. The colloids are generally quite stable, and
precipitation, redispersion, or heating does not affect the size distribution [241].

A list of inorganic precursors and colloids, including different metal, metal
sulfide, andmetal oxidenanoparticles thathavebeenprepared inblockcopolymers
is presented in [240]. It has to be noted here that block copolymer micelles can be
used especially for the preparation of quantum size semiconductor particles (e.g.,
ZnO).



4 Characterization
of Polyelectrolyte-Modified Nanoparticles

4.1 Particle Charge

A major advance in colloid science occurred during the 1940s when two groups of
scientists—a Russian one with Boris Derjaguin and Lev Landau, and a Dutch one
with Evert Verwey and Theo Overbeek—independently published a quantitative
theoretical analysis for describing the energy-distance curves of charged colloids.
The theory they proposed became known by the initial letters of their names:
DLVO.

The DLVO theory assumes that the more long-ranged interparticle interactions
mainly control colloid stability. Two types of forces are considered. A long-range
van der Waals force operates irrespective of the chemical nature of the particles or
the medium, and is always attractive. Furthermore, most colloidal particles acquire
a charge either from surface charge groups or by specific ion adsorption from the
solution. For similar charged particles this leads to a repulsive double-layer force.

The double layer and double-layer interactions described in the DLVO theory
are based on the Gouy-Chapman model, and a numerical solution of the Poisson-
Boltzmannequation for sphericalparticles.Basedon this, the total energy–distance
function can be described quantitatively for electrostatically stabilized systems.
A characteristic feature is the presence of a deep primary minimum and a flat sec-
ondary minimum separated by an energy barrier, as is schematically demonstrated
in Fig. 4.1a. When the energy barrier is high enough, the particles are located in
the secondary minimum in a metastable state.

Beside this, colloidal systems can be sterically stabilized due to a polymeric
adsorption layer. In this case, the particles are prevented against collision due to
a steric barrier, as can be seen in Fig. 4.1b. The location of the flat energy minimum
can be directly influenced by the thickness of the adsorption layer, which is related
to the molar mass of the polymer adsorbed.

When the adsorbed polymer is a polyelectrolyte, both types of stabilization can
be combined, and electrosterically stabilized systems can be realized. A schematic
representation of the potential energy versus distance of separation is given in
Fig. 4.1c.

To verify the role of the electrostatic part of interactions in PEL-stabilized col-
loidal systems, a direct experimental detection of the surface potential is of special
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interest, but in many practical situations it is difficult to obtain. Under these cir-
cumstances, an alternative strategy is to measure the electrokinetic potential at the
effective shear plane between the moveable and non-moveable part of the double
layer, the so-called zeta potential, ζ. Experience has shown that one can success-
fully correlate colloid stability with this readily accessible experimental quantity
in many cases. Especially when nanoparticles are stabilized by an adsorption layer
of polyelectrolytes zeta potential measurements are very useful.

4.1.1 Zeta Potential

In general, the zeta potential can be detected by means of electroosmosis, elec-
trophoresis, streaming potential, and sedimentation potential measurements.

Electrophoresis and sedimentation potential measurements involve the motion
of charged particles in a liquid. Streaming potential and electroosmosis involve
the flow of fluid past a stationary charged surface. One can also classify these
phenomena in terms of driving force and response. In electrophoresis and elec-
troosmosis experiments, one applies an electrical field and generates particle or
fluid flow. In sedimentation potential or streaming potential measurements, one
imposes an external pressure gradient or an acceleration force and generates an
electrical potential.

To understand the term zeta potential, some basic considerations concerning
the so-called double-layer-models, which describe individual particles dispersed
in some continuous solvents (usually water) with charged surfaces are neces-
sary [242].

The earliest theoretical studies of the behavior of an electrified interface were
made by Helmholtz (1879). He discussed the adsorption of ions at a fixed double
layer and he believed that this double layer formed the equivalent of a parallel-plate
condenser. But this double layer model is an inadequate description of nanoparti-
cles in electrolyte-containing systems.

Because of the compensation of the surface charge by the positively charged
counter ions, an exponential drop in the diffuse layer was discussed by Gouy
(1910, 1917) and Chapman (1913). The potential at the particle surface is the
Nernst potential Ψ0; the extension of the diffuse layer equals 1/κ. Real dispersed
systems are usually more complex, and the space required from the charges has to
be taken into account.

Stern combines in his model (1924) the ideas of a diffuse layer and a fixed
double layer in the following way (Fig. 4.2):

At a surface of a dispersed negatively charged particle the adsorption of ions
occurs at the inner and outer Helmholtz plane, whereas the inner Helmholtz
plane (ΨI) may consist of

– fixed dehydrated positively and/or negatively charged ions,

and the outer Helmholtz plane (Ψa) of

– fixed hydrated positively charged ions.
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Fig. 4.2. Schematic representation of a possible potential distribution of the counterions according
to the Stern-model

Both, the inner and outer Helmholtz plane are the Stern layer or Stern double layer.
The diffuse layer consists of

– moveable hydrated positively charged counter ions and negatively charged ions
(coions).

The total drop is between the surface of the solid and the moveable liquid
and the electrokinetic or zeta potential is the potential measured at the slip
plane of the diffuse layer (Fig. 4.3). The correct determination of the zeta po-
tential requires an accurate measurement at the outer Helmholtz plane, which
can be hardly realized. This is why the determination of the zeta potential by
different processes and a comparison of the values received may pose great
problems.

4.1.1.1 Charged Particles in the Electrical Field
In an electrical field, the charged particles experience a force that causes them to
accelerate; they move to the oppositely charged electrode.

Because of the fact that particles with an intact double layer have a zero charge
to their surrounding, only particles can be accelerated which:
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Fig. 4.3. Electrokinetic potential (ξs0; ξs1; ξs2) in dependence on the shear plane (S0; S1; S2)

– show a dipole-effect basing on a charge shifting because of the applied electrical
field

– already loose a part of the diffuse layer by diffusion processes and in conse-
quence their neutrality.

However, the induced motion leads to an increase of the particle velocity (v0).
Linear with velocity the opposing viscous force is increasing so that the particles
almost instantaneously reach a steady-state velocity in which electrical and viscous
force are equal. That situation can be described by the Stokes’ law:

FR = 6πrηv0 (4.1)

in which FR is the force experienced by the particle, a the particle radius, and η
the viscosity.

With increasing FR the part of the diffuse layer that is slipped off is increasing,
too. The slipping plane at the velocity of vDiFF is shifting with increasing velocity
in direction to the particle surface, so that finally at a sufficiently high particle
velocity (vs0) in a sufficiently strong electrical field, nearly the whole diffuse layer
can be slipped off (Fig. 4.3). The potential at the slip plane S is the zeta potential
what can be determined by electrophoretic measurements.
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4.1.2 Methods for Zeta Potential Determination

As already outlined above, the measurements at the effective shear plane between
the mobile and immobile part of the double layer can be determined by a number
of different processes. In general, the potential drop across the mobile part of
electric double layer can be determined experimentally, whenever one phase is
made to move with respect to the other. This can occur when the particles settle
under gravitation or in a centrifuge (sedimentation potential), or by putting the
colloidal dispersion in an electrical field and measuring the speed of the particles
(electrophoresis). Otherwise the counterions can be moved by an electric field
(electroosmosis) or by forcing a fluid through it (streaming potential).

4.1.2.1 Electrophoretic Light Scattering
In an electrophoresis experiment one imposes an electrical field across a colloidal
solution and measures the colloidal particle velocity, v. The term electrophoresis
implies the interplay between electrical phenomena and motion.

In the case of microelectrophoresis, the migration of the particles is deter-
mined optically. The velocity is measured by timing individual particles between
marks on the grid placed in the microscope eyepiece. The sample has to be highly
diluted, so that individual particles can be observed. Progress in microscopy and
the combination with photon correlation spectroscopy opened the possibility for
determining particles in the range between 1 nm and 5 μm [243].

From the point of view of the electrophoretic cell, micro-electrophoresis is
a capillary electrophoresis. Experimenting in capillaries is complicated in that
a streaming potential occurs, and the applied voltage causes the liquid in the cell to
move. This movement, called electroosmosis, occurs because the glass walls of the
cell are negatively charged. There is only one particular point between the cell wall
and the center of the cell, the stationary layer at a defined distance x (x = r/

√
2),

where the particles move with their true velocity, which is due solely to their own
charge. To get a true result, the microscope must be focused in this layer and the
particles measured must be in focus.

As an optical detection system, electrophoretic light scattering has been fre-
quently used in recent years [244]. In this case, the collected signal of the particle
movement shifted to higher and lower frequencies depending on their charge. The
frequencies are then converted to electrophoretic mobilities, velocities, and finally
zeta potentials.

The velocity obtained equals the product of electrophoretic mobility (μE) and
the applied electrical field (E0).

For calculating the zeta potential, the following theoretical assumptions are
necessary: In the modified Stokes equation, the electrical field is the driving force
for the movement of the particles:

v0

E0
= μE =

Qpc

6πrη
(4.2)

with Qpc as particle charge.
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Assuming a low charge, Qpc may be described using the Henry equation:

μE =
(

2εζ
3η

)
f (κr) (4.3)

where ζ is the zeta potential.
The dimensionless product κa describes the ratio of the particle radius to the

“thickness” of the double layer.
For low κa, the Henry function approaches the value 1; for large κa it ap-

proaches 1.5. These values correspond to the borderline cases known as Hückel-
and Smoluchowsky equation. However, the Smoluchowsky approximation is that
which is usually used for the calculation of zeta potentials of dispersed spherical
nanoparticles.

Especially electrophoretic light scattering is a very useful method to detect the
adsorption of polyelectrolytes on the surface of the nanoparticles due to the fact
that the particle electrophoresis “see” only what will be happen on the particle
surface and not the polyelectrolytes in solution. In this way it becomes possible to
detect phenomena of reloading of nanoparticles very well.

Experimental

For example the re-charging of a negatively charged poly(styrene) latex in
dependence on the added amount of a positively charged polymer (chi-
tosan) can be followed by zeta potential measurements using the Zetasizer 4
(Malvern):
Chemicals: 0.01% polystyrene latex(aqueous dispersion), 0.2% chitosan in
0.025 M HCl
Procedure:Adddefinedamountsof thechitosansolution to10 ml polystyrene
latex and measure the zeta potential (the zeta potential of the initial latex will
be measured first).

Volume of chitosan added: 1 μl, 3 μl, 5 μl, 7 μl, 10 μl, 15 μl, 25 μl, 30 μl,
40 μl (each of the samples has to be stirred for 5 min before measuring)
Results: The resulting zeta potential values will be plotted vs. the chitosan
concentration. From the run of the zeta potential the re-charging of the latex
surface at a certain polymer concentration can be obtained.

4.1.2.2 Acoustophoresis
Besides theparticle sizingandzetapotentialmethods,onecanfindnowadaysavery
recent technique: the electroacoustic method. When a high-frequency sound wave
moves through a colloidal suspension it causes particles to move backwards and
forwards at the same frequency as the wave. Even at frequencies of the order of
1 MHz, this particle motion can be detected because it gives rise to an electrical
signal. The signal arises because, in addition to the (very small) motion of the
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particle, there is a larger movement of the ions in the double layer, the fluid
can indeed respond to the pressure wave more quickly than the particle (the
particle’s inertia makes it slower to respond). This generates a small dipole, and the
presence of many such dipoles in the suspension, all pointing in the same direction,
creates a macroscopic field, which can be detected by placing two electrodes in
the suspension. The so-called colloid vibration potential has been known for half
a century but has been exploited with difficulty.

More recently (since the mid 1980s) it has been shown that the opposite effect
also occurs: if an alternating electric field is applied to a colloidal suspension, the
particle vibration generates a sound wave of the same frequency (Fig. 4.4) just
like a piezoelectric crystal. That is called the electrokinetic sonic amplitude (ESA)
effect. The method is based on the fact that there is a lag between the applied
signal and the resulting response because of the inertia of the particles. The bigger
the inertia of the particles, the more difficult it is for them to follow the electrical
signal. The ions in the surrounding double layer, however, are able to keep up
with the signal even at 15 MHz. By measuring the phase lag as a function of the
frequency of the applied field it is possible to determine the particle size and hence
from the magnitude of the ESA signal, the zeta potential. Thereby, the ESA signal

Fig. 4.4. Experimental setup for measuring the zeta potential by acoustophoresis
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is given by the quotient of the amplitude of the resulting acoustic wave (V) divided
by the amplitude of the electric field (E):

ESA = V/E (4.4)

Thegreat advantageof the technique is that thereareno limits todilute suspensions.
O’Brien derived a formula linking dynamic mobility to particle size and zeta
potential [245]. The determination of the particle size and zeta potential from
the ESA-spectrum is in principle a two-step process: first the dynamic mobility
spectrum is calculated from the ESA, and then the determination of size and charge
follows from that spectrum.

In fact the determination occurs by taking the Fourier transformation for a si-
nusoidal applied voltage. If the frequency of the field is high enough to cause
significant inertia forces, the particle will lag behind the field. If the inertia
forces are significant, there will be a time delay, Δt, between the applied field
and the particle motion. The applied field is represented as the real part of E0 eiωt

and the particle velocity as V0 eiωt . If the applied field strength is small, V0 will
be proportional to E0. For spherical particles this relationship takes the simple
form:

V0 = μDE0 (4.5)

This is the relation that defines the dynamic mobility μD. From this defini-
tion, it follows that μD is a complex quantity with magnitude V/E and with
argument ωΔt radii. As the applied frequency tends to zero, the time de-
lay between the field and particle motion diminishes and μD becomes a real
quantity, equal to the electrophoretic mobility μ defined for a static applied
field.

The assumed linear relation will not be valid if the applied field strength is too
large. The particle velocity (and so the ESA) will then be a non-linear function of
field strength. For a spherical particle which has a very thin double layer compared
to the radius, O’Brien has shown that the dynamic mobility is given by a modified
form of the Smoluchowsky equation:

μD = (2εζ/3η)G(ωr2/ν)[1 + f (λ)] (4.6)

Here r represents the particle radius, η the viscosity, ν the kinematic viscosity, and
ζ the zeta potential. The quantity λ is related to the double-layer conductance. The
factor G represents the effect of inertia forces on the dynamic mobility (correction
factor).

Finally, it has to be stated here that a direct detection of the zeta poten-
tial and the particle size as well, is only possible by making frequency depen-
dent measurements. However, often the change in the ESA signal alone can
be used to detect the adsorption of polyelectrolytes on the surface of colloidal
particles [246].
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Experimental

The recharging of a negatively charged kaolin dispersion in dependence on
adding of a positively charged polymer PDADMAC as well as the pH depen-
dence of a TiO2 dispersion is followed by a field ESA (PARTICLE ANALYTIK
GmbH).
Chemicals: TiO2-dispersion (2%), kaolin dispersion (2%), pH-buffer for cal-
ibration of the pH-electrode, 1 M NaOH, 1 M HCl, aqueous solution of
the polycation poly(diallyldimethylammonium chloride) (PDADMAC-1% by
weight)
Procedure:

1. Calibrate the pH-electrode
2. Determine the dependence of zeta potential on the pH of a TiO2-

dispersion in the following way:
– Give 280 ml of a 2% (by weight) TiO2-dispersion in the cell and add

defined amounts of 1 M NaOH to the TiO2-dispersion! Measure after
3 min stirring (equilibrium!) pH and zeta potential.
Volume of NaOH to be added: 90 μl, 40 μl, 30 μl, 70 μl, 250 μl
Measure three times after each dropping and use for the following
discussion the average values.

– Give 280 ml of a 2% (by weight) TiO2-dispersion in the cell and add
defined amounts of 1 M HCl to the TiO2-dispersion! Measure after
3 min stirring (equilibrium!) pH and zeta potential.
Volume of HCl to be added: 0.5 ml, 3.5 ml
Measure three times after each dropping and use for the following
discussion the average values.

3. Determine the dependence of the ESA signal of a kaolin dispersion on
the addition of a cationic charged polymer in the following way:
– Give 280 ml of a 2% (per weight) kaolin-dispersion in the cell and add

defined amounts of the polymer solution to the kaolin-dispersion!
Measure after 3 min stirring (equilibrium!) pH and ESA signal.
Volume of PDADMAC to be added: 0.1 ml, 0.1 ml, 14 × 0.5 ml,
3 × 1.0 ml

Results:

1. Plot the ESA signal versus the pH and discuss the resulting curve!
2. Plot the ESA signal and the pH versus polymer concentration and de-

termine the isoelectric point! The surface charge density of kaolin can
be determined regarding the negative charges if one assumes that the
clay has a surface area of 17.5 m2g−1 (charge density for PDADMAC:
6.192 × 10−3 mol ionic groups/g polymer).
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4.1.2.3 Streaming Potential Measurements
When a liquid is forced through a capillary, the charges in the mobile part of
the double layer near the wall are carried toward one end. If the wall is nega-
tively charged (glass capillary) then the mobile charge is positive and constitutes
a streaming current, Iss, in the direction of the liquid flow. The accumulation down-
stream sets up an electrical field, which causes a flow back in the opposite direction.
When this conduction current, Ic, is equal to a streaming current, a steady state is
achieved. The resulting electrostatic potential difference between the ends of the
capillary is called streaming potential.

The streaming potential, Es, must be measured as a function of the applied
pressure. The relation between the streaming current and the potential is derived
using the Poiseuille equation, which describes the flow velocity of a liquid at
a distance r from the axis of the capillary:

v(r) =
Δp

(
R2 − r2

)
4ηl

(4.7)

where R is the radius of the capillary. The streaming current can be obtained
through an integration by parts under consideration that the double layer is as-
sumed to be confined to a thin region near the wall of the capillary, so that

Iss =
εζπR2Δp

Iη
(4.8)

When a steady state has been reached, the zeta potential can be expressed by

Es

p
=

εζ
ηλ0

(4.9)

where λ0 is the conductivity. For solving this equation, one needs to know the
surface conduction, which is often unknown. In this case, one may operate with
the measured value of resistance of the capillary and the resistance at high salt
concentrations, when the surface conduction is negligible.

The streaming potential may also be determined by using a so-called particle
charge detector, where the measuring unit consists of a cylindrical vessel made of
synthetic material like Teflon. The liquid movement is induced by a piston, which
is moved up and down, and in dependence on its direction the mobile charges will
be shifted. Electrodes at the top and near the bottom of the cylinder detect the
induced streaming potential.

The signal determined in arbitrary units is a complex dimension, which cannot
be directly quantified to the zeta potential. Its sign is determined by the charge of
the cell wall. It summarizes contributions from the cell wall, the piston, and the
whole colloidal material. Thus, for a quantitive calculation of the particles’ surface
charge density, a polyelectrolyte titration has to be carried out. If one knows the
specific surface, for zeta potentials < 30 mV, it can be calculated according to

ζ ≈ εε0κ
4πσss

(4.10)
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Usually one does not know what the specific surface of the dispersed phase, σss,
is. Thus, this is not an exact method for determining the zeta potential, but it is
sufficiently exact for determining the endpoint of a polyelectrolyte titration.

Experimental

Chemicals: Aqueous solution of sodium polyacrylate (0.01%)-anionic poly-
mer PAA, aqueous solution of poly(diallyldimethylammonium chloride)
(0.1%)-cationic polymer PDADMAC, inorganic colloid kaolin
Procedure 1:
Titrate a 0.01% solution of PAA versus a 0.1% solution of PDADMAC. Fol-
low the titrationvia changing the streamingpotential.Use the following steps:
– Give 20 ml of the PAA solution into a vessel. Notice the zero value after

5 min (equilibrium!).
– Add defined amounts of the PDADMAC solution to the PAA solution!

VolumeofPDADMACtobeadded: 1 ml, 1 ml, 0.5 ml, 0.3 ml, 0.2 ml, 0.2 ml,
0.3 ml, 0.3 ml, 0.3 ml, 0.4 ml (wait 5 min after each dropping)

1. Titrate a 0.01% solution of PAA versus a 0.1% solution of PDADMAC
in presence of kaolin. Follow the titration via changing the streaming
potential. Use the same steps as described above. The PAA solution
contains 0.1% (per weight) of kaolin.

Discussion:

Plot the streaming potential versus the added polymer concentration and
determine the isoelectric point for both titrations!

1. Calculate for this point the molar ratio of anionic to cationic groups
by using the following data: charge density for PAA: 1 × 10−2 mol ionic
groups/g polymer charge density for PDADMAC: 6.192 × 10−3 mol ionic
groups/g polymer

Finally, it has tobe statedhere that the results givenbyelectrophoretic light scat-
tering and acoustophoresis show the same trend with regard to the adsorption of
polyelectrolytes on the surface of the particles and particle reloading processes. An
example is given by us for the characterization of BaSO4 particles [247]. However,
differences in the absolute values can be related to the fact that acoustophoresis
was realized in more concentrated dispersions (at a particle concentration > 5% by
weight) and electrophoresis in diluted systems (at a particle concentration < 0.1%
by weight). In contrast to these classical zeta potential measurements, stream-
ing potential measurements with a PCD give only a summation of the charges
in the solution but not direct evidence for the adsorption of the polyelectrolytes
on the particle surface. However, a combination of zeta potential and streaming
potential measurements is often very useful to get a further insight into the mech-
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anism of polyelectrolyte complex formation in comparison to particle adsorption
when oppositely charged polyelectrolytes are used. Examples for different col-
loidal systems, i.e., kaolin, BaSO4 and sludge particle dispersions are given by us
in [247–249].

When the particle dimensions are decreased drastically, e.g., by investigat-
ing colloidal gold dispersions with nanoparticle diameter smaller than 20 nm,
special measuring cells with very small capillaries can be successfully used to
detect the adsorption of polyelectrolytes by means of electrophoretical light
scattering.

4.2 Particle Size

The most significant characteristics of many colloidal dispersions (especially
aerosols and the dispersions of solids in liquids) are the size and shape of the
particles, since most other properties of the system are influenced to some extent
by these factors. The idealized systems of monodisperse or highly regular particles
are of great importance in the testing of fundamental physical models of colloid
behavior, but it must be recognized that the majority of colloidal dispersions of
scientific and technological interest consist of particles that differ markedly in size
and shape. Because they differ sometimes over several orders of magnitude in
characteristic dimension, one has to adopt some rather drastic assumptions. For
the use of mathematical models (for instance in light scattering) one often tries to
approximate them as spheres because rhomboidal or cubic particles, especially if
they are small, will often behave like spheres.

Whenever one is confronted with the problem of describing the particle size
of a system that is polydisperse one resorts to breaking the range of sizes up into
convenient steps or classes, and recording the number or weight of particles in
each class. The resulting data can then be plotted as a histogram or as a smoothed
curve, or as a curve showing the cumulative percentage equal to or smaller than
a given size.

4.2.1 Dynamic Light Scattering

One very common technique for determining the particle size and particle-size
distribution of colloidal systems is dynamic light scattering. This technique is
also referred to by a number of other names, such as quasi-elastic light scattering
(QELS) or photon correlation spectroscopy (PCS).

The methodical background was already described in Chap. 2.1.3 with regard
to the characterization of polyelectrolytes in solution. The better scattering con-
trast of nanoparticles, in comparison to macromolecules in solution, allows the
application of this method up to very small particle dimensions of about 1 nm.
Generally, particles with diameters on the nanometer scale from 1 to 1000 nm can
be determined by using this technique.
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Experimental

As an example the size determination of different inorganic colloids (i.e.,
kaolin, Au, TiO2) as well as organic ones, i.e., polystyrene lattices, is given
here by using the Zetasizer 1000 (Malvern):
Chemicals: 0.001% polystyrene latex 1 (aqueous dispersion), 0.001% poly-
styrene latex 2 (aqueous dispersion), colloidal gold dispersion, 0.01% aque-
ous dispersion of kaolin, 0.001% aqueous dispersion of TiO2, 1 M NaCl-
solution
Refractive indices: polystyrene, gold: 1.59, Kaolin: 1.55, TiO2: 2.70
Procedure:

1. Measure the size of the aqueous latex dispersions 1 and 2. Before starting
the measurement, filtrate the latex dispersions through a 0.8-μm filter to
remove aggregates.

2. Measure the size of the kaolin dispersion (without filtration).
3. Measure the size of the TiO2 dispersion (without filtration).
4. Measure the size of the colloidal gold dispersion (filtration through a 0.2-

μm filter).

Topic 1–4: All the measurements have to be done five times!

5. Measure the size of 10 ml colloidal gold dispersion after adding NaCl.
Volume of 1 M NaCl-solution to be added: 0.5 ml, stirring for 1 min (color
change)

The measurements have to be done ten times.
Discussion:

1. The polystyrene latex was made by radical emulsion polymerization by
using potassium peroxodisulfate (KPS) as initiator and sodium dodecyl
sulfate (SDS) as surfactant.
a) Explain how particle formation and particle growth take place in

emulsion polymerization!
b) Discuss the particle size and particle size distribution with regard

to the following recipes!

KPS (in g) SDS (in g)
Latex 1 0.1 0.2
Latex 2 1.0 –

2. and 3. Discuss the size and size distribution of the inorganic dispersions
of kaolin and TiO2 with regard to the particle morphology!

4. and 5. Discuss the differences in the size and size distribution of the
two gold dispersions, give reasons! Explain the time dependence of the
particle size in experiment 5 (the colloidal gold was made from AuHCl4·
3H2O by reduction with Na-citrate).
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4.2.2 Electron Microscopy

Electron microscopy is the only technique to visualize colloidal systems in detail.
By means of TEM (transmission electron microscopy) and SEM (scanning electron
microscopy) it becomes possible to determine the shape and size of the individual
nanoparticles directly.

Electron microscopes were developed due to the limitation of light microscopes
which are limited by the physics of light to 1000× magnification and a resolution of
0.2 μm. The observation of colloidal particles with an optical microscope is limited
by the resolution power of the microscope. This refers to the ability to discriminate
between two closely spaced points in the view of the microscope.

The resolving power dp of a microscope is given by:

dp =
0.61

no sin θ
(4.11)

where no is the refractive index of the medium and 2θ is the angle subtended by
the microscope objective at the focal plane.

Resolution power can evidently be improved, i.e., dp decreased, by reducing
the wavelength, or increasing no and θ. In practice, only visible light is used
(λ ≈ 500 nm), but no can be increased by filling the region between the lens and
the sample with a transparent oil (no

∼= 1.59) instead of air. Wide angle lenses are
also helpful, i.e., increased θ, but the angle is limited by other optical problems,
e.g., spherical and chromatic aberration. In effect, the lower limit for d is about
0.2 μm, so optical microscopy is limited to the upper end of the colloidal size range.

The electron microscopy operation depends on the wave nature of the electron
and the fact that electric and magnetic fields of suitable geometry are able to
function as lenses to refract, deflect and focus an electron beam. The theoretical
resolution of two points, dth, in nm of the electron microscope is closely connected
with the wavelength of the radiation used. The theoretical resolution limit is given
by

dth ≈ λ3/4
el C1/4

sa (4.12)

i.e., it varies slower than the wavelength, but with the one fourth root of the spher-
ical aberration coefficient (Csa). The spherical aberration is one of the principal
factors limiting the resolution of the TEM. The limitation in most devices is in the
performance of the magnetic lenses and the maintenance of stable magnetic fields.
Modern TEMs have powers of resolution in the range of 0.2 to 0.3 nm.

The already short electron wavelength can further be reduced by increasing the
accelerating voltage, and therefore the resolution limit of the electron microscope.
The relation between λ and V is given by:

λ =
1.23√

V
nm (4.13)

Thus, for example, if V = 60 000 V, λ = 0.005 nm.
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For characterizing nanoparticles, TEM measurements are of special relevance.
Therefore, on the one hand the construction and function of a transmission elec-
tron microscope is described here, and on the other hand the different preparation
techniques.

4.2.2.1 Transmission Electron Microscope
The electron beam in a TEM can be produced by thermionic emission from a tung-
sten cathode and is accelerated towards an aperture in the anode. The acceleration
voltage is between 50 and 150 kV. The power of resolution increases with higher
voltage due to the shorter electron waves. The accelerated ray of electrons is first
focused by a condenser lens and passes through the sample which is mounted on
a transparent grid. The construction of a TEM is given in Fig. 4.5.

Electrons are absorbed or scattered by the specimen and the remainder are
transmitted. The degree of deflection is dependent on the electrodensity of the
object. The higher the mass of the atoms, the higher the degree of deflection. An

cathode (electron gun)

anode

electromagnetic

lenses

condenser aperture

grid

camera

fluorescence screen

viewer

projective lens

objective lens

condenser lens 2

condenser lens 1

specimen chamber

Fig. 4.5. Construction of a transmission electron microscope
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electromagnetic objective lens collects the transmitted electrons and magnifies
the image of the specimen 10 to 200 times onto the object plane of a magnetic
projector lens system, which induces a further magnification of 50 to 400 times
as it projects the electrons onto a fluorescent screen. The image may be viewed
directly or documented on photographic material. Photos taken with electron
microscopes are always black and white. The degree of darkness corresponds
to the electron density (differences in atom masses) of the candled preparation.
Polymers only have weak contrasts since they consist mainly of atoms with low
atomic numbers (C, H, N, O). Consequently, it is necessary to treat the preparations
with special contrast enhancing chemicals, e.g., heavy metals, to get at least some
contrast. Additionally, they are not to be thicker than 100 nm, due to the rise in
temperature caused by electron absorption. This can compromise the integrity of
the preparation.

4.2.2.2 Preparation of Specimen Support Films
Due to the lower penetrating power of electrons in the 50 to 100-kV range, it is
necessary to mount objects for examination in the electron microscope on very
thin films. These films must be made of materials with a high transparency to
electrons and should not be more than about 20 nm thick. The films are mounted
on discs usually made of copper and containing a number of apertures. These
disks are known as specimen support grids and are available in different designs
and sizes. A wide variety of grid designs are available in the standard 3-mm size.
Different mesh sizes are available and the grid spacings are usually quoted in bars
per inch; standard sizes are 50, 75, 100, 200, 300, and 400. The width of the grid
bar is usually 40–50 μm.

In general, grids are made of copper, however, where resistance to particular
reagents used in the treatment of specimens on the grid is required, they can be
supplied in stainless steel, platinum, gold, palladium.

Although it is possible to purchase grids with support films, it is typical and less
expensive to make the films in the laboratory. These thin plastic films (20–80 nm
thick), are most commonly made from Formfar or Collodion. Collodion films are
easier to make than Formfar films, but they are not very stable in the electron
microscope. For high-resolution studies, thinner and more stable films may be
required and these can be made from evaporated carbon, to produce films 2–50 nm
thick.

– Collodion films

Collodion films are made by placing a drop of a 2% by weight solution of cellulose
nitrate in amyl acetate onto a clean dish of water. The film spreads evenly over the
surface of the water as the solvent evaporates and a thin plastic film remains. The
first film is removed, and only used for cleaning the water surface.

The glass slide method can be used to collect the grids and film. The grids are
placed on the floating collodion film, matt side down, and one can then roll up
both film and grids onto a clean glass slide. This is achieved by placing the slide
across one end of the film and rotating it.
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– Carbon films

Plastic films are not stable under the electron beam and may cause specimen drift.
A layer of carbon evaporated onto a plastic film leads to greater stability in the
beam.Acarbonfilmcanalsobeusedon its ownand for sections and thefilmshould
be at least 10 nm thick. It is prepared by evaporating carbon onto a freshly cleaved
mica. Carbon is evaporated in a coating unit using two hard pointed graphite rods
with their points in close proximity. The mica is placed 100–150 mm from the
source. The carbon film is floated off onto a water surface by lowering the mica
slowly into a dish of distilled water at a shallow angle. A filter paper disk with grids
is placed prior at the bottom of the dish with water. After draining off the water,
the carbon film covers the grids.

4.2.2.3 Preparation of Suspensions
This is the simplest method of mounting particles suspended in a liquid, but even
so there are a number of pitfalls. A coated grid is held firmly by a pair of tweezers in
a horizontal position. A small drop of suspension is placed on the coated grid using
a fine pipette or glass rod. The suspension is allowed to dry. Aqueous suspensions
and suspensions in an organic solvent can be mounted in this way. The distribution
of particles over the grid is often irregular. The gold nanoparticles in Fig. 3.3, as well
as the barite nanocrystals in Fig. 3.12 were prepared by this preparation method.

4.2.2.4 Preparation of Bulk Material
It is necessary to prepare ultrathin sections of bulk material because of the lim-
ited penetration of the electron beam in the electron microscope by accelerating
voltages up to 100 kV. For penetration and resolution, the specimen should not
be thicker than 100 nm. The techniques of fixing, dehydrating, and embedding
specimens in preparation for thin sectioning are similar to those used in light
microscopy. The final aim of the procedure is to produce blocks that can be sec-
tioned without difficulty and which contain specimens in which the fine structure
is preserved.

Fixation isnecessarybypreparationofbiological objects, butnot yetofpolymer
materials. The aim of dehydration is to remove all free water from the specimen
and replace it with ethanol. Most embedding media are not soluble in water and
consequently specimens are dehydrated by passing them through a sequence of
solutions, the last of which is miscible with the embedding medium. Dehydration is
accomplished by passing the fixed specimen through a graded series of increasing
concentration of ethanol.

In the final stage of preparing a specimen in a form suitable for thin-sectioning,
it is infiltrated with a liquid embedding medium which is then polymerized to
produce a solid block. Three main types of embedding media are in general use:
epoxy resins, polyester resins, and methacrylates.

After embedding and trimming of the specimen block, the specimen can be
sectioned with an ultramicrotom. An ultramicrotom consists of a horizontal bar,
to the front of which the specimen holder is attached. The bar is moved forward by
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means of an advance mechanism. A diamond knife is positioned in the front of the
specimen. Sections are cut by repeatedly moving the specimen past the knife edge
with a very small advance of the specimen towards the edge made between each
successive cut. The thickness of the section is determined by the magnitude of its
forwardadvance.Aribbonof sectionsfloat fromtheknife edge into the troughfilled
with water. The sections are picked up from above and can be investigated with
the TEM. Scanning electron microscopy can be used alternatively for visualizing
the surface of bulk materials. Exemplary, the Diatomeen sample shown in Fig. 3.4
was prepared by this method.

4.2.2.5 Preparation of Microemulsions
The preparation of microemulsions for the TEM is difficult, as the emulsion
droplets are destroyed during the drying processes. Freeze drying of such ob-
jects is necessary for avoiding distortions of structure associated with the removal
of water. The grid with the specimen is plunged into liquid propane cooled by liquid
nitrogen. The frozen material is held at low temperature, about −80 ◦C, in a vac-
uum until the water leaves by sublimation, requiring about 8 h. After evaporation
with Pt/C, the object can be investigated in the TEM.

Freeze-fracturingand freeze-etchingallow investigationofobjects in the frozen
state. There is no chemical treatment of the object during the entire procedure until
the replica is formed on an “etched” fractured surface of the frozen specimen. The
resolving power of the method is limited by the coarseness of the granular deposits
of evaporated material.

The method involves three main steps, all carried out in a specially designed
apparatus consisting of a microtom freeze-drying and shadow casting installation,
all in the same vacuum evaporator.
Freezing: A piece of material is held on a specimen support and cooled as rapidly
as possible to below −100 ◦C. The specimen support bearing the frozen material is
then introduced into a vacuum evaporator where air is rapidly evacuated and the
specimen maintained at a low temperature.
Fracturing: The frozen specimen is “chipped” (fractured) with a cooled knife,
exposing a flat surface to the vacuum. The surface is now left for a time, dur-
ing which ice sublimes, freeze dries at −80 ◦C to a depth of 10–30 nm, from the
cut surface leaving the object structure standing in a relief above the ice surface
(freeze-etching). The surface is then shadowed with evaporated metal (Pt) and is
immediately coated with a layer of evaporated carbon.
Detachment: The specimen is removed from the vacuum, thawed, and the replica
is removed by floating it off onto a water surface. Any adherent particles of mate-
rial are removed by floating the replica on a cleaning solution (H2SO4). Then the
replica is washed with several changes of distilled water and picked up on a grid
and examined in the TEM. Exemplary, polymer-modified microemulsion droplets
are visualized by means of freeze-fracture electron microscopy in Fig. 3.10. Alter-
natively, cryo SEM can be used for characterizing microemulsions, as to be seen
in Fig. 3.6. Therefore, the samples were frozen in liquid nitrogen, freeze fractured
at −97 ◦C, and transferred into the cryo SEM.



5 Fields of Application

Nanoparticles find applications in many industrial preparations, e.g., in paints,
paperpigments,printing inks, cosmetics, ceramics, andpharmaceuticals.Recently,
the marked for ultrafine particles is increased drastically because of the special
features of monodisperse nanoparticles. Especially, the size dependent optical
and optoelectronical properties, induced by the quantum dot effect, open new
fields of application. Therefore, only some special applications for metallic and
semiconductor nanoparticles are outlined here, exemplary.

Colloidal noble metals are well known and have been used technologically for
a very long time. The application as an “elixir of life”, proposed by the alchemists,
failed, but the red color of colloidal gold, for instance, has been used as coloring
agent forglass (“purpleofCassisus” [250]), as tobeseen in thered-coloredwindows
of old cathedrals. Recently, these nanoscalic materials have received considerable
attention since they can offer highly promising and novel options for a wide range
of applications [251]. For example, due to their dimensions on the nanometer scale,
gold and silver colloids exhibit interesting optical properties.

Gold colloids are furthermore used as electron-dense labeling agents in his-
tochemistry and cytochemistry [252], and the high thermal and electrical con-
ductivity of gold has led to its use in electronics. Therefore, nanosized gold
particles incorporated into a polymer matrix might also be of special interest.
Another important application for colloidal gold is in catalysis. Gold is often used
in bimetallic-active systems to improve or modify the catalytic activity of catalysts
such as palladium or platinum. Gold nanoparticles have been reported to be useful
as catalysts for the formation of hydrogen via transfer, storage, and conversion of
electrons into adsorbed hydrogen atoms. They also show a high reactivity towards
oxygen, a chemical property that results from size effects which could offer new
possibilities in oxidation catalysis [253].

Thus, the ability of well-dispersed nanometric Au particles on oxidic supports
to catalyze the low-temperature oxidation of CO has attracted widespread research
interest, particularly in pollution and automobile exhaust emission control [254].
The catalytic effect of noble and transition metals also has been used for the
production of filters, such as those utilized in gas masks or smoking articles [255].

Recently, the CO oxidation was studied with respect to local reaction rates
and surface diffusion on nanolithographically prepared planar Pd/SiO2 model
catalysts. That kind of nanostructured catalyst allows the individual control of
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particle size. Information on the surface mobility of oxygen under steady-state
reaction conditions can be obtained by using a reaction-diffusion model [256].

Metallic silver, either in bulk form or finely dispersed, is an increasing im-
portant material because it displays unique properties normally associated with
the noble metals along with other more specific ones as anti-bacteriostatic ef-
fects, nonlinear optical behavior, etc., while still reasonable priced. Consequently,
highly disperse silver nanoparticles are additionally used as catalysts, as staining
pigments for glasses and ceramics as well as antimicrobial materials [253].

The volume of antimicrobial plastic materials in the healthcare and the food
industry sector is growing rapidly. Different approaches to achieve antibacterial
effects are developed, most of them base on silver ion release. To obtain antimi-
crobial nanocomposites, thermoplastic materials for instance were processed with
Ag-nanoparticles on TiO2 particles as carrier substance [257].

In dental materials, silver particles having a primary particle diameter < 40 nm
are enclosed as an antimicrobial agent during the polymerization process. Such
polymerizable dental materials are of growing importance in the medical sec-
tor [258].

Recently it was shown that hybrids of silver particles of 1 to 2 nm in size
with highly branched amphiphilically modified PEI adhere effectively to polar
substrates providing environmentally friendly antimicrobial coatings [259]. Glass
slides coated with these particles where antimicrobially active prior to washing
(< 98% reduction of bacterial growth). Thus, the amphiphilic nature of the mod-
ified PEI is essential for effective adherence to the substrate. The function of the
polar PEI core is not only solubilization of precursors for particle synthesis and
stabilization of the nanoparticles, moreover it appears to be responsible for adher-
ence to the substrate, while at the same time the hydrophobic alkyl chains prevent
dissolution and wash-out with water.

To utilize the properties of nanoparticles it is also often necessary for a signif-
icant area of nanoparticles to be exposed to a light source and/or an electrically
active environment. For example, the size of magnetic particles, such as Fe, has
a big influence on their magnetic properties. Very small Fe particles (r ≈ 3.5 nm)
showa typical supermagnetic behavior, whereas a classical ferromagnetic behavior
is observed for the bulk material. The permanent magnetization of these particles
can be influenced additionally by coating with a thin gold film.

The application of colloidal particles for the improvement of spectroscopic
methods is also of great interest and has been successfully employed. For instance,
the metals Ag, Au, and Cu have been widely employed for example as nanos-
tructured substrates for surface enhanced Raman spectroscopy (SERS) [260]. For
various SERS active surfaces, including electrochemically roughened metal sur-
faces, deposited metal layers and crystal island films, metal colloidal suspensions
offer significant advantages, such as simplicity of preparation, higher resistance
to the damage due to the impact with the laser beam than in solid surfaces and
higher Raman enhancement factors.
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Enhanced band gap semi-conductor materials, super-paramagnetic iron oxide,
etc., are examples of novel nanoparticles that have been synthesized the last years
with growing interest [261]. The possible uses for semiconductor nanoparticles
in photo-optic, optoelectronic, and photochemical applications is a major driving
force behind the research being carried out in this area. The electronic and optical
properties of nanoparticles can be tuned over a wide range by varying the size of
the particles and their immediate environment and by combining them with other
photo-/opto-/electro-active materials including other semiconductors and metals.

Reducing the diameter of semiconductor particles to a few nanometers results
in a change of their electronic properties. Normally semiconductor structures
are prepared by means of top-down technologies such as photolithography or
molecularbeamepitaxy [262].Recentlybottom-upmethodshavebeen successfully
studied. By using self-organization processes and by controlling growth kinetics
these methods can be used to prepare nanoparticles in high quality. Monodisperse
nanoparticles of CdS, CdSe, CdTe, InP, CoPt, and InAs are able to organize in
superlattices [263, 264]. Semiconductor clusters CdS, ZnS, Pbs, CuS, and CoS are
mostly generated by sulfidic precipitation with H2S [265–267]. TiO2 particles with
diameters of 10–30 nm have been studied with regard to their application in
photovoltaics (Graetzel cells) or as photocatalysts for the photooxidation of waste
water contaminations [268].
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