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Preface

Back in 1996 the German Science Foundation (Deutsche Forschungsgemein-
schaft) has launched a nationwide research center on “Polyelectrolytes with de-
fined molecular architecture–synthesis, function and theoretical description”
(DFG-Schwerpunkt-Programm 1009: Polyelektrolyte mit definierter Molek�l-
architektur–Synthese, Funktion und theoretische Beschreibung). On average
25 research groups from all over Germany and one French group were funded
for a total of six years in order to attack and solve long standing problems in the
field, to explore new ideas and to create new challenges.

The scientific achievements of this center of research are summarized in the
present volumes of Advances in Polymer Science, volume 165 and 166. Finan-
cially supported by a “Coordination Funds” the interdisciplinary cooperation
between the very many participating research groups was greatly enhanced and
has consequently led to contributions involving an unusually large number of
authors.

We hope that the center has brought German Polyelectrolyte Research into
an international leading position and that it will constitute the nucleus for
future activities in this field.

On behalf of all of my colleagues I wish to thank the “Deutsche Forschungs-
gemeinschaft” for financial and in particular Dr. K.-H. Schmidt and Dr. F.-D.
Kuchta for administrative support and to the voluntary reviewers of the propos-
als, Prof. Blumen, Univ. Freiburg, Prof. Fuhrmann, Univ. Clausthal, Prof. Heitz,
Univ. Marburg, Prof. Maret, Univ. Konstanz, Prof. M�ller, Univ. Ulm, Dr. Winkler,
BASF Ludwigshafen, Prof. Wulf, Univ. D�sseldorf, for their invaluable judgment
and advice.

Mainz, February 2003 Manfred Schmidt
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Abstract This chapter reviews recent advances in the synthesis of polyelectrolytes. New re-
sults are presented for linear polymers with stiff and flexible backbones and with star-
shaped and randomly branched structures. Block and graft copolymers containing both
charged ionic and hydrophobic monomer units are also discussed. Homo- and block
copolymers of carbobetaines complete the variation of molecular architecture. Synthetic ap-
proaches mainly use anionic, controlled radical, and macromonomer polymerization tech-
niques, and the Suzuki reaction, to synthesize reactive precursors which are subsequently
transformed into the final products. Results from physicochemical characterization of the
new polymers are also mentioned.

Keywords Polyelectrolytes · Polycarbobetaines · Block copolymers · Graft copolymers ·
Reactive precursors
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1
Introduction

Polyelectrolytes play a major part in nature and find manifold application in
industrial processes and daily life. Because they are both macromolecules
and electrolytes they represent a unique class of polymer. The special prop-
erties of these polymers are determined by their electrochemical and macro-
molecular parameters and their chemical structure. Charge density and
charge strength result in variable long-range electrostatic interactions, which
are mainly responsible for the physicochemical properties of polyelec-
trolytes and their peculiarities in aqueous solution. These interactions and
the formation of complexes driven by attractive Coulomb forces between
charged macromolecules and oppositely charged macroions, surfactants,
colloid particles, or solid surfaces are of central importance in the life sci-
ences and in most technical applications. However, the typical properties of
polyelectrolytes do not depend exclusively on the electrostatic forces. Differ-
ences between the flexibility of the polymer chain and, especially, a molecu-
lar architecture supporting the formation of H-bonds or hydrophobic inter-
actions also play a major role in questions of scientific interest and practical
importance.

Due to the comparatively high structural variability of polyelectrolytes an
increasing number of applications with high practical relevance has been es-
tablished, but up to now the fundamentals of many of these processes are
not well understood. Also many topics in the life sciences, where polyelec-
trolytes are involved, bear similar open questions. To support any research
in this field tailor-made polyelectrolytes with well defined molecular archi-
tecture and molecular parameters are required. Additionally, new polymers
with adjusted properties may contribute to the optimization of known appli-
cations of polyelectrolytes and to the opening of new applications.

This chapter deals with the synthesis and properties of polyelectrolytes
bearing a new molecular architecture. The following structures are included:

2 J�rg Bohrisch et al.
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– rodlike poly(p-phenylene) polyelectrolytes
– ionically charged block copolymers and polycarbobetaines
– nonlinear polyelectrolyte topology
– amphipolar graft copolyelectrolytes.

2
Synthesis of Rodlike Poly(p-phenylene) Polyelectrolytes

To tailor-make polyelectrolytes for a specific aim, profound understanding of
their structure–property relationships is required. This understanding, how-
ever, is not yet available, despite intense research during recent decades
[1–3]. To fill the gaps in our knowledge, comprehensive consideration of:

1. the intramolecular electrostatic forces,
2. their intermolecular counterparts,
3. the osmotic effects, and
4. possible conformational changes occurring in aqueous polyelectrolyte solu-

tions

is necessary. All these parameters have to be correlated with the chain�s ar-
chitecture and the composition of the respective solution. Unfortunately,
such an analysis is very difficult for flexible polyelectrolytes. In these sys-
tems, both the intramolecular and intermolecular coulomb forces depend on
the ionic strength. Hence the coil dimensions and the range of intermolecular
electrostatic repulsion change simultaneously with changing ionic strength,
but according to unknown rules. As a consequence, the different parameters
contributing to the macroscopically observed polyelectrolyte behavior cannot
be determined individually. Thus it is hardly possible to develop the required
theoretical understanding just by analyzing flexible systems. Conformational-
ly rigid, rodlike polyelectrolytes, on the other hand, are much easier to un-
derstand because they do not change their shape as a function of the ionic
strength. Since conformational changes can be neglected here, all effects ob-
served on changing the ionic strength can be attributed to electrostatics.
Once this special aspect of polyelectrolyte behavior of rodlike systems is un-
derstood, it should be much easier to describe flexible polyelectrolytes also
when conformational changes have to be taken into account. Therefore rod-
like polyelectrolytes are considered to be ideal model systems for developing
the required full understanding of polyelectrolytes in solution.

Rodlike polyelectrolytes have been known for a long time. Biological
polymers such as DNA [4–8] and xanthane [9–12], or colloidal systems like
the ferredoxin virus [13, 14] and the tobacco mosaic virus (TMV) [15, 16],
may be the most prominent examples. However, there were also publications
on some synthetic rods in the early 1990s when we started our program.
Poly(p-phenylene-benzobisoxazoles) and poly(p-phenylene-benzobisthia-
zoles) may serve as examples [17–20]. Nevertheless, new rodlike polyelec-

New Polyelectrolyte Architectures 3
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trolytes were developed based on poly(p-phenylene) (PPP). This step
seemed to be necessary because a system was required which is chemically
very stable and rodlike under all the conditions its aqueous solution may be
exposed to. PPP fulfils these requirements as it is:

1. intrinsically rodlike (persistence length lp�20 nm [21]) due to its all-para-
linked phenylene repeating units, and

2. perfectly inert against hydrolysis and all other reactions possible in aque-
ous media.

Moreover, PPP was selected because the powerful Pd-catalyzed Suzuki
coupling reaction in combination with the concept of solubilizing side
chains offers many advantages in synthesis.

2.1
PPP Polyelectrolytes via Ether Intermediates

Due to the pronounced tolerance of the Suzuki reaction towards additional
functional groups in the monomers, precursor strategies as well as so called
direct routes can be applied for polyelectrolyte synthesis. However, the latter
possibility, where the ionic functionalities are already present in the mono-
mers, was rejected. The reason is too difficult determination of molecular in-
formation by means of ionic polymers. Therefore the decision was to apply
precursor strategies (Scheme 1). Here, the Pd-catalyzed polycondensation
process of monomers A leads to a non-ionic PPP precursor B which can be
readily characterized. Then, using sufficiently efficient and selective macro-
molecular substitution reactions, precursor B can be transformed into well-
defined PPP polyelectrolytes D, if appropriate via an activated intermediate C.

Scheme 1 General representation of precursor syntheses leading to PPP polyelectrolytes

For most of the polymers, ether groups E were selected as precursor func-
tionalities because they are inert under the conditions of the Pd-catalyzed
polycondensation reaction but can be converted selectively and completely
into reactive groups –(CH2)y–X such as alkyl bromides or alkyl iodides that
allow the final introduction of the ionic functionalities.

4 J�rg Bohrisch et al.
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In a first sequence of experiments, butoxymethylene-substituted precur-
sor PPPs 3 were prepared (Scheme 2) [22, 23]. The polycondensation of
equimolar amounts of 1 and 2 leads to constitutionally homogeneous prod-
ucts 3 having values of Pn�60. The lateral benzylalkyl ether groups were
then cleaved quantitatively, leading to the nicely soluble bromomethylene-
functionalized activated precursor 4 which was finally converted into, for ex-
ample, the carboxylated PPP5. Unfortunately, this polymer proved to be in-
soluble in water or aqueous bases. It was reasonable to assume that this is
due to the relatively low density of charged groups along the chains, and also
to the apolar alkyl side chains attached to every second phenylene moiety
causing intermolecular hydrophobic interactions. An attempt was therefore
made to make the corresponding homopolymer 7 available. Under very spe-
cific conditions it was possible to obtain the required AB type monomer 6.
After successful polycondensation, however, it was no longer possible to
transfer precursor PPP 7 into polyelectrolyte 9. Due to the lack of solubiliz-
ing side chains in the activated intermediate 8, this material was insoluble
and could not be converted into a constitutionally homogeneous product.

Scheme 2 Precursor synthesis of carboxylated PPP polyelectrolytes

New Polyelectrolyte Architectures 5
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This failure forced a change in the synthetic strategy. The two functions
of the two different lateral substituents of 3, i.e. solubilizing the polymer
(done by the C6H13 groups) and making possible final introduction of elec-
trolyte functionalities (done by the CH2–O–C4H9 groups), were combined in
one single type of side chain [24]. This was realized by introducing a larger
spacer group between the PPP main chain and the ether functionality. Hex-
amethylene spacers were sufficient to solubilize the rodlike macromolecules
even in the activated state. Due to the longer spacers, however, the ether
functionality was no longer in a benzylic position. To nevertheless maintain
the selectivity of the ether cleavage process, which must guarantee the for-
mation of 100% halogenalkyl groups and 0% hydroxy groups in the activat-
ed polymer–to prevent crosslinking–alkyl phenyl ethers were used as the
precursor�s functionality.

Scheme 3 PPP polyelectrolytes available from precursor 10

6 J�rg Bohrisch et al.
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The synthesis of the required monomer and of precursor polymer 10
proved to be time-consuming but not difficult. The subsequent ether cleav-
age 10!11 using (H3C)3 Si–I in CCl4 occurs very homogeneously, and also
completely, if strictly water-free conditions are kept (Scheme 3). Rather sur-
prisingly, however, all anionic polyelectrolytes prepared from 11, such as 12
and 13, proved to be insoluble in water or aqueous bases, despite their
charge density being twice as high as in polymers like 5 [24]. In contrast to
this, cationic polyelectrolytes such as 14–16, easily available via conversion
of 11 with a tertiary amine, proved to be molecular-dispersal soluble not
only in polar organic solvents but even in pure water [25, 26]. It is believed
that this is because the apolar interior of these cylinder-like polyelectrolytes
is covered by a sufficiently “dense” shell of hydrophilic cationic groups
which prevent intermolecular hydrophobic interactions. In the case of an-
ionic polyelectrolytes such as 12 and 13, on the other hand, the density of
the charged groups in the cylinder shell is not high enough due to the longer
spacers between the main chain and the electrolyte functionality. Therefore,
they are insoluble in water.

Using polyelectrolytes 14–16, a huge number of studies have been per-
formed by means of, for example, viscosimetry, membrane osmometry,
small-angle X-ray scattering (SAXS), and electric birefringence. Because se-
lected results are described in the chapter “Stiff-Chain Polyelectrolytes”, we
only report here on the key results of viscosity experiments. Salt-free aque-
ous solutions of the above rodlike polyelectrolytes always display a polyelec-
trolyte effect which is much more pronounced than that of flexible-chain
analogs of comparable chain length. Moreover, the maximum value of hsp/cP
always appears at values of cP approx., one order of magnitude lower than
with flexible systems. When salt is added to these solutions, the maximum
becomes weaker and shifts towards higher values of cP. Finally, at salt con-
centrations higher than cS=2�10	4 mol L	1, a linear Huggins plot is obtained
which gives an intrinsic viscosity [h] nicely corresponding to that of the pre-
cursor polymer used for the preparation of the respective polyelectrolyte.

SAXS and osmometry, on the other hand, allow the conclusion that the
Poisson–Boltzmann cell model gives a quite realistic description of counteri-
on condensation in rodlike macromolecules. However, prior to a final evalu-
ation, a more profound analysis is required. Here, it will be of particular im-
portance to consider polyelectrolytes with substantially lower charge densi-
ties also. Unfortunately, but in accordance with expectations, all polyelec-
trolytes containing phenylene moieties without charged side groups, such as
20–22, proved to be insoluble in water (Scheme 4).

New Polyelectrolyte Architectures 7
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2.2
PPP Polyelectrolytes via Amino Intermediates

Because of the findings reported above, the development of a new strategy
was recently started which should make available PPPs which are soluble in
water even at vanishing charge density. The key step of this new strategy is
the attachment of oligoethylene oxide (OEO) side chains to the PPP back-
bone [27]. These substituents should allow:

1. avoidance of the apolar alkyl side chains and, moreover,
2. efficient prevention of hydrophobic interactions of the apolar PPP main

chains.

The change from alkyl to OEO substituents as solubilizing side chains, how-
ever, has far-reaching consequences for the precursor strategy–OEO side
chains do not allow use of the procedure used so far where ether cleavage is
a key step. The most convenient way to avoid ether cleavage as a macromo-
lecular substitution step is to invert the above synthetic strategy, i.e. to use
tertiary amines as the precursor functionalities and to generate the polyelec-
trolyte via treatment of the precursor with low-molecular-weight alkyl
halides (Scheme 5).

A positive side-effect of the new strategy is a clearly simplified and accel-
erated polyelectrolyte synthesis: the monomers are quickly available and the
time-consuming ether cleavage is no longer necessary. Despite the fact that
not all desired materials could yet be obtained, we nevertheless can recon-

Scheme 4 Cationic PPP polyelectrolytes having different charge densities

8 J�rg Bohrisch et al.



www.manaraa.com

firm that the new concept indeed works. First of all it was found out–by
means of extensive model investigations–under which conditions the
Pd-catalyzed polycondensation proceeds unaffected by the polar, potentially
coordinating, side chains.

Based on this knowledge the first uncharged but nevertheless readily wa-
ter-soluble precursor PPP 27 (Pn � 30) were recently obtained. As the degree
of protonation may play an important role in the profound characterization
of polyamines like 27, titration studies were also performed (Scheme 6).

Scheme 6 Protonation of precursor PPP 27

Scheme 5 General representation of the synthesis of cationic PPP polyelectrolytes via
water-soluble amino-functionalized precursor PPPs

New Polyelectrolyte Architectures 9
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The experiments show that the degree of protonation can be monitored
using either 1H NMR spectroscopy or potentiometry. The lower plot in
Fig. 1 shows the degree of protonation of polymer 27 as a function of pH.
For comparison, the upper plot in Fig. 1 displays the corresponding picture
for its low-molecular-weight analog N[(CH2CH2O)2CH3]3. A buffer region
between pH� 8 and pH� 6 is evident in both cases. However, the precursor
PPP seems to be the weaker base. The solid lines between 10% and 90%
(equilibrium state) represent the law of mass action for the determined
values of pKa. While the experimental data agree with the mass action law
for the monoamine, they diverge in the case of the polymer. Whether intra-
molecular interactions or other effects are responsible for this deviation or
other effects will be the subject of further investigations.

Fig. 1 Degree of protonation of PPP 27 (bottom) and the monoamine N[(CH2CH2O)2
CH3]3 (top) in aqueous solutions as a function of pH; the chemical shifts d(1H NMR) of
the CH2 groups attached to the nitrogen atom are charted on the right y-axis
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2.3
Further Approaches to PPP Polyelectrolytes

In addition to the research work presented so far, in the 1990s many other
activities were directed towards the synthesis of rodlike polyelectrolytes.
Some important examples will be referred to in the following. Regarding cat-
ionic polyelectrolytes in particular, Reynolds et al. described the synthesis of
water-soluble PPPs such as 29 [28]. These polymers were analyzed with re-
gard to their potential application as luminescent materials [29]. Similar
polymers were reported by Swager et al. in 2000 [30]. Here, poly(p-phenyl-
ene ethynylenes) 30 were investigated as active components for chemosen-
sors (Scheme 7).

Scheme 7 Rodlike polyelectrolytes developed by other research groups

In the field of anionic polyelectrolytes, Wallow and Novak reported in
1991 on carboxylated PPPs such as 31 which proved to be soluble in aqueous
bases [31–34]. Three years later, Reynolds et al. first synthesized sulfonated
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PPPs such as 32 [35, 36]. Here, also, a direct in-aqua synthesis was applied.
Simultaneously, Wegner et al. developed precursor syntheses of sulfonated
PPPs such as 33 and 34 [37–42]. Due to their long aliphatic side chains, these
latter polymers form well-defined cylindrical micelles in solution. They are
of considerable current interest because they allow more to be learned about
the association behavior of rodlike polyelectrolytes consisting of hydrophilic
and hydrophobic sub-units. In this context, the studies represent an impor-
tant supplement for the studies performed in our groups.

3
Polycations and Polycarbobetaines:
Narrowly Distributed Model Homo and Block Copolymers

Both polycarbobetaines and block copolymers containing a cationically
charged block have been known for many years, but in the past only a few
publications have dealt with their synthesis and properties in comparison
with other types of polyelectrolytes. Increasing interest can be recognized in
recent years, due to the close connection of polycarbobetaines to proteins
and living matter [43], and due to the formation of novel supramolecular
structures and nanoparticles with the block copolymers by self-assembly
and interaction with oppositely charged compounds leading to several inter-
esting applications [44, 45]. Polymeric betaines containing an equal number
of permanent positively (quaternary ammonium group) and mostly nega-
tively (sulfonate, sulfate, phosphate, carboxylate function) charged sites in
strictly equal concentration on each monomer unit are often discussed [46].
The overwhelming majority of these polyzwitterions are polymeric sulfobe-
taines. Polycarbobetaines on the contrary are only a minority, probably be-
cause of the additional pH-dependence of the polymer properties.

The synthesis of these polycarbobetaines was carried out in two different
ways–free radical polymerization of vinyl betaines or functionalization of re-
active precursor polymers. The first route leads to polymers with 100%
functionality, but often only with low molecular weight and at low rate. Fur-
thermore, the molecular characterization is very difficult, because the poly-
mer conformation in aqueous solution is very sensitive to pH and ionic
strength, and in all chromatographic methods the polymeric zwitterions
have a strong interaction with the columns. The second route has, as a first
step, the advantage of a simple polymerization of functional monomers
whose molecular characterization can usually be carried out without addi-
tional problems. Assuming 100% conversion during the functionalization re-
action with different reagents a well characterized set of polymers with var-
ied chemical structure but constant degree of polymerization is available.
This may be very useful for the investigation of structure–property relation-
ships.

The chemical structures of polycarbobetaines published up to now can be
divided into three groups:
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– Quaternary esters or amides of (meth)acrylic acid, in which the quaternary
nitrogen is substituted by an alkylcarboxy group of different chain length.
Examples are acetate [46, 47], propionate [48], butanoate [47, 49], and
hexanoate [50] as those substituents.

– Quaternary polypyrrolidinium compounds derived from carboxyalkyl sub-
stituted diallylammonium salts, containing linear and branched alkylcar-
boxy groups with up to 10 methylene groups between N+ and COO	. De-
pending on the structure these polymers exhibit surfactant like properties
and only limited solubility in water. They may form supramolecular struc-
tures. Also polyzwitterions containing two carboxylic groups per quaterna-
ry ammonium group are available from similar monomers leading to poly-
mers with structural features common to both polyampholytes and conven-
tional polyelectrolytes [52, 53].

– Polyzwitterions derived from polymeric heterocyclic vinyl compounds like
N-vinylimidazole [54] and vinylpyridine [55, 56], containing short car-
boxyalkyl substituents at the quaternary nitrogen.

Furthermore, a polycarboxybetaine with a peptide main chain was syn-
thesized from poly(methyl L-glutamate) [57]. Several zwitterionic monomers
based on isobutylene with long alkyl spacers between the polymerizable
group and the zwitterionic moiety exhibit surfactant properties. They do not
undergo free radical homopolymerization, but are copolymerizable with
other monomers [58].

Investigations of the properties of polycarboxybetaines include solubility
measurement and viscometry at different pH and ionic strength in aqueous
solution, and thermal analysis and X-ray studies in the bulk. Aggregation
phenomena are only important when longer alkyl spacers are involved [47,
51]. Potentiometric titrations result in structure dependent “apparent” ba-
sicity constants [59]. Laser light scattering and z-potential measurement of a
poly(methacrylamido) derivative have been discussed in terms of chain ag-
gregation [48].

Amphiphilic block copolymers containing a cationic block may carry as
the second block a hydrophilic or a hydrophobic one. Those containing a hy-
drophilic second block belong to the so called double-hydrophilic block
copolymers (DHBC), which have recently been reviewed [60]. This promis-
ing class of polymers has potential applications in drug-carrier systems,
gene therapy, desalination membranes, as switchable amphiphiles, and others
[45, 60, 77].

Several synthetic strategies are used to produce block copolymers con-
taining a cationic block. Because charged monomers are not polymerizable
by ionic techniques, the synthesis of the required block copolymers can be
carried out by free radical polymerization of ionic vinyl monomers using
macroinitiators, by modifying one block of a block copolymer and by cou-
pling of two readily synthesized blocks.

Cationic block copolymers containing a hydrophobic block as the second
one are rather scarce. Examples are diblock copolymers of styrene and 4-vi-
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nyl-N-ethylpyridinium bromide [61] and triblock copolymers of butyl meth-
acrylate and a quaternary ester of methacrylic acid [62], both synthesized by
modification of a precursor. DHBC containing a cationic block in quater-
nized form are often derived from poly(2-vinylpyridine) or poly(4-vinylpyri-
dine), prepared via quaternization of a block copolymer from an ionic or
controlled radical polymerization [60]. Another strategy uses macroinitia-
tors already containing the uncharged block of the desired DHBC. Using
poly(ethylene glycol) (PEG) monoazo-macroinitiators the cyclopolymeriza-
tion of diallyldimethylammonium chloride (DADMAC) results in triblock
copolymers with an ionic middle block and two PEG blocks because combi-
nation is the only termination reaction [63]. The polymers with blocks of
comparable length are powerful stabilizers in the emulsion polymerization
of styrene leading to monodisperse cationic latexes of high colloidal stabili-
ty [63, 65]. Interaction with oppositely charged polyelectrolytes leads to na-
noscaled polyelectrolyte complex particles whose colloidal stability depends
on the length of the PEG chain [66]. PEG block copolymers containing poly-
soap blocks, representing a novel type of micellar polymer, can be synthe-
sized in a similar way. By means of the same PEG macroinitiators the cy-
clopolymerization of n-alkyl-substituted quaternary diallylammonium com-
pounds (n=8 or 12) having the properties of emulsifiers leads to water insol-
uble materials. However, water soluble polymers with high solubilization ca-
pacity can be obtained by copolymerization of the vinyl surfactants with
DADMAC [64, 65].

Recently diblock copolymers of PEG and ionic segments were prepared
by atom-transfer radical polymerization of methacrylic aminoester using a
monofunctionalized PEG macroinitiator and then subsequent quaterniza-
tion. Like others [60] these polymers form so called polyion complex mi-
celles by electrostatic interaction with oppositely charged molecules (e.g.
drugs, oligonucleotides), where the PEG block acts as a steric stabilizer [67].

3.1
Narrowly Distributed Cationic Polyelectrolytes and Polycarbobetaines

The synthesis of narrowly distributed cationic polyelectrolytes and polycar-
bobetaines has been carried out via controlled free radical polymerization of
reactive monomers. Using N-oxyls as terminators, polymers of vinylben-
zylchloride (VBC) [68–71] and 4-vinylpyridine (4-VP) [72, 73] with low
polydispersities (PD) are available. Usual PD-values are in the range of 1.2–
1.3 for VBC [68] and 1.3–1.5 for 4-VP [72]. These polymers serve as reactive
precursors in the synthesis of functionalized macromolecules. They can be
readily modified, leading to the desired ionically charged polymers with nar-
row molecular weight distribution. This strategy opens the possibility of
synthesizing polymers tailored towards the expected properties.

Quaternization of poly(4-VP) with alkyl halides and reaction of
poly(VBC) with various tertiary amines result in cationic polyelectrolytes
with a variety of charge density and of the hydrophilic–hydrophobic ratio of
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the macromolecules but with the same degree of polymerization Pn [68, 72,
74, 75] (Scheme 8).

Scheme 8 Synthesis of cationic polyelectrolytes by functionalization of poly(4-VP) and
poly(VBC)

They can serve as models for basic investigations of solution properties
and interaction with oppositely charged matter leading to new structure–
property relationships. A further advantage is the low PD supporting the
precision of any measurement.

Typical examples are:

– Comparing polymers 37 (R=n-Bu), 36 (R=H) and 36 (R=2-pyridyl) the in-
creasing stiffness of the chains due to the more bulky substituents leads to
an increase of the exponent in the Mark–Houwink equation from 0.65 over
0.77 to 1.00. Variation of the ionic strength as well as of the kind of counter
ion has a remarkable influence on a. With polymer 37 (R=Me) the coil ex-
pansion during decreasing ionic strength results in higher a-values. De-
creasing counter ion radius again causes higher a-values [74, 75].

– Experimental and calculated data of the partial molar volume of polymers
36 (R=H), 37 (R=allyl), 37 (R=n-Bu, n-Oct) are in good agreement. In con-
trast to investigations with polyanions no influence of the molecular weight
is detectable [75].
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– Electrochemical measurement of polymers 36 (R=H), 37 (R=allyl) and 37
(R=Me, n-Bu, n-Oct) contribute to theoretical models of polyelectrolytes. A
pronounced influence of concentration and chain length on the polyion–
counterion interaction was detected; this has not been evident from existing
models. Changes in the ionic interactions are primarily responsible for the
dependence of the equivalent conductivity on the molecular weight below
the overlap concentration. With polymers of equal Pn a clear influence of
the chemical structure is detectable [76].

– The electrophoretic mobility as measured by capillary electrophoresis (CE)
depends on the chemical structure of the polyelectrolytes. Comparing 37
(R=Me) and 37 (R=n-Bu) the latter has a distinctly lower mobility, probably
caused by some hydrophobic interaction of the butyl moiety leading to
shielding of the charged nitrogen [78]. After sufficient calibration a separa-
tion following the molecular weight and a determination of Mw and Mn for a
given polyelectrolyte is possible [79].

– Polymers 36 (R=H) and 37 (R=Me, n-Bu) have been successfully applied as
displacers in ion-exchange displacement chromatography (77).

Poly(4-VP) and poly(VBC) are useful precursors for the synthesis of poly-
carboxybetaines also. Alkylation of poly(4-VP) with bromocarboxylic acid
esters and quaternization of poly(VBC) with amino acid esters, both fol-
lowed by saponification of the ester moiety, led to the narrowly distributed
polymers [64, 80]. A series of polycarboxybetaines of the pyridiniocarboxy-
late and of the ammonioacetate type with very high degree of functionaliza-
tion was prepared [80] thereby varying the alkyl spacer length between both
charges, the length of an additional alkyl chain at the a-carbon, and differ-
ent substitution at and hybridization of the quaternary nitrogen (Scheme 9).

Scheme 9 Polycarboxybetaines synthesized by functionalization of poly(4-VP) and
poly(VBC)

The pH-dependent solution properties in aqueous systems and the inter-
action of the different charges of the molecules were measured by CE and
charge titration at different pH. CE is an especially powerful tool for charac-
terization of the behavior of polycarboxybetaines in solution [78, 79]. A
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clear influence of the chemical structure was observed [64, 78–80]. An in-
crease of the mostly intramolecular interaction of polymers 39 and 40 as re-
vealed by lower mobility in CE and lower amount of titratable cation during
charge titration was detected with decreasing length of both the spacer be-
tween the ionic moieties and the alkyl substituent at a-C. This result was
supported by FTIR measurement in bulk. Comparing polymers 41, increas-
ing shielding of the quaternized nitrogen (41, R=Et) results in a lower charge
interaction. In general, with any structural variation an increase of charge
interaction with increasing pH was observed.

For equal distance of the charged sites, for example with 39 (k =1) and 41
(R=Me), the electrophoretic mobility of the polymer containing N with
sp2-hybridization is much lower, because of delocalization of the positive
charge in the aromatic ring.

Typical examples of CE are given in Figs. 2 and 3.

Fig. 2 Electrophoretic mobility of polymers 39(k=1) and 39(k=5) at pH 1.8 and 2.4

Complexing betaines 39 and 40 with strong polyanions such as polystyre-
nesulfonate sodium salt reduces intramolecular interaction and acid–base
titration becomes possible [85]. In pure poly(4-VP) based polycarbobetaines
only 10–15% of the carboxylic groups are titratable [64].

At very low pH-values an increase of the molecular weight of polycar-
boxybetaines with more limited interaction of charged groups was observed
by ultracentrifugation in the sedimentation equilibrium, which is attributed
to the formation of H-bridges by the carboxylic groups [81].
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Fig. 3 Electrophoretic mobility of polymers 39(k=1), 41(R=Me) and 41(R=Et)

3.2
Ionically Charged Block Copolymers

The N-oxyl-mediated controlled free radical polymerization of 4-VP and
VBC can easily be continued with styrene (ST) as second monomer to syn-
thesize the corresponding block copolymers [68, 72]. In principle all the re-
actions leading to the structures in Schemes 8 and 9 can be applied to these
reactive precursors, leading to a wide variety of block copolymers contain-
ing a strongly hydrophobic polystyrene and a hydrophilic cationic or betaine
block with adjustable block length and block length ratio [68, 72, 81, 82].
Examples are given in Scheme 10.

Polymers 42 are micellarly soluble in water and in organic solvents. As ex-
pected, the aggregation number and the sedimentation coefficient and the
radius of gyration increase with increasing length of the hydrophobic block,
while keeping the hydrophilic one constant [64, 68, 82]. The micellization
process is not in thermodynamic equilibrium at room temperature, resulting
in so-called frozen micelles. A frozen equilibrium can be established by tem-
pering above TG of poly(ST) and rapid cooling [64]. Viscosity measurement
of 42 reveals intermolecular interactions of the charged parts to be active in
pure water [64].

Polymer 42 (R=Me) is a powerful stabilizer in emulsion polymerization of
ST. The particle size increases with increasing length of the hydrophobic
block. Due to very efficient electrosteric stabilization the resulting disper-
sions have outstanding colloid stability even at high salt concentration [64,
75].
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Scheme 10 Structure of block copolymers containing a cationic or betainic block

The complexation of 42 (R=Me) with poly(acrylic acid) (PAA) results in a
mesomorphously ordered material consisting of hexagonally-ordered ion-
rich cylindrical rods containing the PAA embedded in a polystyrene matrix.
This complex represents a new type of a polymeric hybrid material with a
supramolecular ordered nanostructure [83].

The betaine-containing block copolymers 43, 44 and 46 show a high ten-
dency to aggregate in aqueous solution. Only 45 is soluble without limit. In-
vestigations by ultracentrifugation show an increase of the sedimentation
and diffusion coefficient and of the diameter of the aggregates with increas-
ing ratio of the block length of ST vs. carbobetaine [81].

A novel route to DHBC is outlined in Scheme 11. Reaction of TEMPO-ter-
minated poly(VBC) with PEG-monomethyl ether results in reactive block
copolymers 47, which can be converted readily to polymers 48 and 49 con-
taining a cationic or a betainic block besides a PEG block [84].
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Scheme 11 A novel route to double hydrophilic block copolymers

4
Nonlinear Polyelectrolyte Topologies

Branched polyelectrolytes (PEs) have become of special interest because of
their industrial importance and scientifically interesting properties. Poly
(ethyleneimine), which is important in various industrial applications, pro-
vides an excellent example–branched and linear polyelectrolytes have quite
different properties due to both the different topographies and structures [43,
86, 87]. As an another practical point, branched polyelectrolytes can act as
predecessors or fragments of polyelectrolyte gels. Variation in the degree of
branching (DB) leads to a continuous change in the properties of branched
macromolecules from linear chains to soft nanoparticles with highly compact
structures, due to their branched architectures. A variety of theoretical appro-
aches have been reported in the investigations of branched polyelectro-
lytes [88–93]. However, correlation of the topology and properties of branched
polyelectrolytes has not been studied very much experimentally, because of
difficulties in the synthesis of well-defined branched polymers with ionic or
ionizable groups. One challenge in this field is, therefore, to produce random-
ly or regularly branched polyelectrolytes which are suitable for various appli-
cations as well as for quantitative analysis of the relation between the proper-
ties and the architectures. The material properties of branched polymers de-
pend not only on the molecular weight (MW) and DB, but also on the type of
branching. It is, therefore, desirable to establish precise synthetic methods for
various topologies of branched polymers (random, comb, and star).
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This chapter will focus on recent advances in the synthesis of novel
branched polyelectrolytes using controlled polymerization methods. For the
synthesis of well-defined polymers, living polymerization techniques are tra-
ditionally employed in which the polymerizations proceed in the absence of
irreversible chain transfer and chain termination. However, the application
of these techniques for the synthesis of branched polyelectrolytes was limit-
ed, as most of the systems are less tolerant of functional groups. Recent de-
velopment in controlled radical polymerization (CRP) methods has provid-
ed another methodology to synthesize branched polyelectrolytes. The sys-
tems include atom transfer radical polymerization (ATRP) [94–97], nitrox-
ide-mediated radical polymerization [98], and reversible addition–fragmen-
tation chain transfer polymerization (RAFT) [99]. All systems are based on
establishing a rapid dynamic equilibration between a minute amount of
growing free radicals and a large majority of dormant species, and are more
tolerant of functional groups and impurities. However, with the exception of
RAFT, no controlled anionic, cationic, or radical polymerization method is
able to polymerize acidic monomers, like acrylic acid (AA) or styrenesulfon-
ic acid. Thus, typically protected monomers, like tert-butyl acrylate (tBuA),
have been employed, followed by a polymer-analogous reaction, e.g. hydrol-
ysis of the protecting ester groups. Similarly, cationic polymers containing
quaternized amine functionalities, are derived from non-quaternized mono-
mers, e.g. vinyl pyridine or 2-dimethylaminoethyl methacrylate.

4.1
Star-Shaped Polyelectrolytes

There are two basic synthetic routes for star polymers (Scheme 12)–the
“core first” method (polymerization from multifunctional initiators or mi-
crogels) and the “arm first” method (where growing polymer chain ends are
reacted with a multifunctional terminating agent or a divinyl compound).
Whereas the use of multifunctional initiators leads to stars with a well-
known (but often low) number of arms, the use of microgels or divinyl com-
pounds leads to a rather broad arm number distribution, where the average
arm number can be quite high.

Scheme 12 Synthesis of star-shaped polyelectrolytes by the a “arm first” and b “core
first” methods
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Living anionic polymerization with the “arm first” method has been ap-
plied for the synthesis of star-shaped polyelectrolytes. Linear polymers with
narrow molecular weight distribution (MWD) and well-defined MW are
achieved by anionic living polymerization, and the star-shaped structures
are formed by reaction of carbanion chain ends with a multifunctional ter-
minating agent or divinyl compound. Several star polymers consisting of
poly(2-vinylpyridine) (P2VP), a weak cationic polyelectrolyte, have been
synthesized by living anionic polymerization [100–104]. Star-shaped
poly(styrenesulfonate)s, strong anionic polyelectrolytes, have been also re-
ported [105, 106].

Star-shaped poly(acrylic acid) (PAA) and poly(methacrylic acid) (PMAA)
have been synthesized by anionic living polymerization of the protected
monomers. However, the controlled synthesis of well-defined star polymers
of (meth)acrylates is still a challenge, because of the reduced reactivity to-
wards multifunctional terminating agents at the low temperatures which
typically must be used in order to avoid side reactions. The synthesis of Pt-
BuA star polymers by anionic polymerization was conducted from living
multifunctional microgel cores prepared by reaction of divinylbenzene with
lithium naphthalenide or short living polystyrene chains [107]. PtBuMA star
polymers were prepared via living anionic polymerization using two
different terminating agents, 1,3,5-trisbromomethylbenzene and octa[(3-
iodopropyl)]silsesquioxane, in order to further react them to form model
polyelectrolyte networks [108]. Subsequent cleavage of the tert-butyl ester
moieties by acidic hydrolysis gave access to photo-crosslinkable, monodis-
perse polyelectrolyte star polymers. A series of star polymers consisting of
PtBuA arms and an ethylene glycol dimethacrylate (EGDMA) microgel core
were synthesized using anionic polymerization [109]. The effect of the vari-
ous reaction parameters on the average number of arms and solution prop-
erties, such as radius of gyration and intrinsic viscosity, of the star-shaped
PtBuAs was investigated using GPC coupled with viscosity and multi-angle
laser light-scattering detectors. Star-shaped PAAs were obtained after hy-
drolysis of the tert-butyl esters [110].

The formation of PAA star polymers using the “core first” method has
been demonstrated in the ATRP process by use of multifunctional initia-
tors [111, 112]. In this method, the number of arms in the star polymer can
be determined by the number of initiating sites on the initiator. Star-shaped
PtBuA was prepared by the “arm first” method via ATRP, using divinylben-
zene, 1,4-butanediol diacrylate, and EGDMA as coupling reagents [113].

In spite of the synthetic success in forming polyelectrolyte stars, little re-
search has been published on their solution properties. PAA stars obtained
from hydrolysis of PtBuA stars (made by the core-first method and coupling
with EGDMA [109]) having an arm number distribution were investigated
by GPC coupled with viscosity and light-scattering detectors [110]. The re-
sults were compared to those obtained with the non-ionic precursors. Con-
traction factors were obtained by comparing the intrinsic viscosities, g0=
[h]star/[ h]linear, and the radii of gyration, g=R2ĝ,star/R2ĝ,linear, of star-shaped
and linear PAANa (measured in water with 0.1 mol L	1 NaNO3) and PtBuA
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(the non-ionic precursors, measured in THF). As is shown in Fig. 4 for the
g values, the contraction of polyelectrolyte stars is much smaller than that of
non-ionic stars. This was attributed to the stronger repulsion of the ionic
charges on the polyelectrolyte stars, especially in the center of the stars.
Thus addition of further arms leads to an increase in charge density which
is compensated by arm stretching and an increase of Rg, which is larger than
for non-ionic polymers.

4.2
Randomly Branched (Arborescent) Polyelectrolytes

Randomly branched polyelectrolytes contain several branching points which
are distributed irregularly in the polymer chains. If a certain degree of
branching (DB, defined as the fraction of branchpoints and endgroups) is
exceeded, arborescent topologies are formed, carrying branches on branch-
es. These are frequently called hyperbranched polymers. It is expected that
the DB has a significant effect on the solution properties of polyelectrolytes.

The recent discovery of self-condensing vinyl polymerization (SCVP)
made it possible to use vinyl monomers for a convenient, one-pot synthesis
of hyperbranched vinyl polymers with DB�0.5. The initiator–monomers
(“inimers”) used are of the general structure AB*, where the double bond is
designated A and B* is a group capable of being activated to initiate the po-
lymerization of vinyl groups. Cationic [114], anionic [115], group trans-
fer [116], controlled radical [117–121], and ring-opening mechanisms [122]
have been used. By copolymerizing AB* inimers with conventional mono-
mers, this technique was extended to self-condensing vinyl copolymeriza-
tion (SCVCP), leading to highly branched copolymers with DB controlled by

Fig. 4 Contraction factors, g=R2ĝ,star/R2ĝ,linear, as a function of the number of arms, f, for
three different PAA stars (closed symbols) and non-hydrolyzed PtBuA precursor stars
(open symbols) [110]
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the comonomer ratio [123–126]. Depending on the chemical nature of the
comonomer, ionic or ionizable groups can be incorporated in the branched
polymer, leading to highly branched polyelectrolytes.

Highly branched PtBuMA was synthesized by SCVCP of tBuMA with an
inimer having a methacrylate group (A) and a silylketene acetal group (B*),
capable of initiating group-transfer polymerization [125]. Characterization
using multidetector SEC indicated that the corresponding intrinsic viscosity
of the resulting copolymers was lower than that of linear PtBuA, suggesting
a branched structure. Acid-catalyzed hydrolysis of the tert-butyl groups and
neutralization with NaOH produced a water-soluble, highly branched PMAA
sodium salt.

The synthesis of randomly branched PAA was conducted by SCVCP of
tBuA with an inimer having an acrylate (A) and an a-bromopropionate
group (B*), capable of initiating ATRP, followed by hydrolysis of the tert-bu-
tyl groups (Scheme 13) [127]. Characterization of the branched PtBuAs was

conducted by GPC, GPC/viscosity, GPC/multiangle laser light scattering, and
NMR analysis, demonstrating that DB, the composition, MW, and MWD can
be adjusted by appropriate choice of the catalyst system, the comonomer
composition in the feed, and the polymerization conditions. The viscosities
of the branched PtBuAs in THF are significantly lower than those of linear
PtBuA and decrease with increasing degree of branching which, in turn, is
determined by the comonomer feed ratio, g=[tBuA]0/[inimer]0. The Mark–
Houwink exponents are significantly lower (a=0.38–0.47) compared to that
for linear PtBuA (a=0.80). Even for g=100 (corresponding to only 1% in-
imer), the a value is only 50–60% of the value of linear PtBuA. The contrac-
tion factors decrease with increasing MW, indicating a highly compact struc-
ture in solution. Selective hydrolysis of the branched PtBuAs to PAA was
confirmed by 1H NMR, FTIR, aqueous-phase GPC measurement, and ele-
mental analysis. The results confirm that the branched structure is intact

Scheme 13 General route to branched poly(acrylic acid) (PAA) via self-condensing vinyl
copolymerization (SCVCP) of an inimer, AB* and a monomer, M, followed by hydrolysis
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during the hydrolysis. The water solubility of the branched PAAs decreases
with increasing DB and decreasing pH. Potentiometric titration curves
(Fig. 5) suggest that the apparent pKa values (taken as the pH at 50% ioniza-
tion) of the branched PAAs with a comonomer ratio g=10 and 100 are com-
parable to the corresponding value for linear PAA homopolymer of
pKa,appffi5.8 [128]. The branched PAA at g=2.5 become insoluble at pH�4.7.
For the PAAs with a higher degree of branching (g�1.5), solubility is ob-
tained only at pH>8, suggesting that these polymers are soluble in water
only at higher degree of ionization. However, for low comonomer ratios it
has to be taken into account that a large fraction of the polymer (i.e. the
linking inimer groups) is, in fact, non-ionic in nature. Aqueous-phase GPC
and dynamic light scattering confirm the compact structure of the randomly
branched PAAs. Comparison of the hydrodynamic radius of branched and
linear PAAs (obtained from dynamic light scattering, Fig. 6) as a function of
Mw suggested that highly compact structures of the polyelectrolytes can be
obtained due to their branched architectures. Studies at different pH indi-
cate that marked stretching of the branched chains takes place when going
from a virtually uncharged to a highly charged stage.

Fig. 5 Potentiometric titration curves for branched PAAs with comonomer ratios g=100
(circles), 10 (triangles), 2.5 (squares) in aqueous solutions. The filled squares indicate
the region where the branched PAA at g=2.5 was insoluble in aqueous solution. (Repro-
duced with permission from Ref. [127]. Copyright 2002 American Chemical Society.)

Another approach involved the SCVP of a “macroinimer”, which is a het-
erotelechelic PtBuA possessing both initiating and polymerizable moieties,
via ATRP [129]. GPC/viscosity measurements indicated that the intrinsic
viscosity of the branched polymer is less than 40% that of the linear one at
highest MW area. A significantly lower value for the Mark–Houwink expo-
nent (a=0.47 compared to a=0.80 for linear PtBuA) was also observed, indi-
cating the compact nature of the branched macromolecules.
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Fig. 6 Dependence of z-average hydrodynamic radius, Rh, on weight-average molecular
weight, Mw of the branched PAAs: Rh was measured at pH=3 (circles) and pH=10
(squares). Data points for linear PAAs (triangles) used as a reference were taken from
Reith et al. [154]. (Reproduced with permission from Ref. [127]. Copyright 2002 Ameri-
can Chemical Society.)

4.3
Branched Polyelectrolytes Grafted on Surfaces

Polyelectrolyte chains attached to planar and spherical surfaces have recent-
ly attracted much interest as academic model systems and as candidates for
various industrial applications. In most studies, the grafted polyelectrolyte
is generated by adsorption of end-functionalized polymers or block copoly-
mers on the surfaces [130, 131]. These systems, however, have a limited
grafting density as further grafting is hindered by the polymer chains al-
ready adsorbed on the surface. Surface-grafted polyelectrolytes have been
also synthesized by “grafting from” techniques via conventional radical poly-
merization [132] or photoemulsion polymerization [133–136], achieving
higher grafting density. However, there is poor control over chain length and
chain end functionality.

CRP from surfaces [130, 137] allows better control over MW and MWD of
target polymer. Only few approaches have been reported on the CRP graft-
ing of polyelectrolytes from planar and spherical surfaces (Scheme 14a). A
cross-linked polystyrene latex functionalized with alkyl bromide group was
used as an substrate for the ATRP of 2-(methacryloyloxy)ethyl trimethylam-
monium chloride [138]. In order to amplify initiators patterned on films of
gold ATRP was applied for grafting of poly(2-(dimethylamino)ethyl meth-
acrylate) and PtBuMA grafted on a planar gold surface [139]. ATRP was also
used for grafting a polystyrene-b-PtBuA block copolymer from silicon, fol-
lowed by conversion to polystyrene-b-PAA [140].
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Scheme 14 Surface-grafted linear and branched polyelectrolytes (or their precursors)
prepared by a CRP and b SCVCP from flat surface and spherical particle

The surface chemistry and interfacial properties of highly branched poly-
mers have also become fields of growing interest [141–148]. Recently, sur-
face-initiated SCVCP has been applied as a new method for the synthesis of
highly branched polymers grafted from planar and spherical surfaces
(Scheme 14b). Branched PtBuA–silica hybrid nanoparticles were synthesized
by surface-initiated SCVCP of an acrylic AB* inimer with tBuA from silica
nanoparticles functionalized with monolayers of ATRP initiators [149].
Well-defined polymer chains were grown from the surface to yield hybrid
nanoparticles comprising silica cores and highly branched PtBuA shells, as
confirmed by elemental analysis and FTIR measurements. Hydrolysis of the
ester functionality created highly branched PAA–silica hybrid nanoparticles.
The chemical composition and the architectures of the branched PAAs graft-
ed on the silica nanoparticles were controlled by the composition of the feed
during the SCVCP. Surface-initiated SCVCP was also applied for the synthe-
sis of branched PtBuA grafted on silicon [150]. These methodologies can be
applied to a wide range of inorganic materials for surface-initiated SCVCP
to allow the preparation of new 2D and 3D branched polyelectrolyte/inor-
ganic hybrid materials.

There are several accounts of the preparation of branched polyelectrolytes
grafted on surfaces which did not rely on CRP. A highly branched PAA film
attached to a self-assembled monolayer of mercaptoundecanoic acid on flat
gold surface has been prepared using a series of repeated steps by the “graft-
ing to” technique [151, 152]. Branched poly(ethyleneimine) brushes were
synthesized by ring-opening polymerization of aziridine from amine-func-
tionalized surfaces [153]. Such branched polyelectrolytes grafted on surfaces
may have interesting properties due to their architecture and confined struc-
ture.
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5
Well Defined Amphipolar Poly(Acrylic Acid-Graft-Styrene)
Copolyelectrolytes

The high potential of amphipolar copolymers as stabilizers for particulate
systems has been shown in recent years especially as far as emulsions and
dispersions are concerned [155, 156]. One promising area of application of
copolymers is the stabilization of pigments–by using amphipolar copolyelec-
trolytes both electrostatic and steric effects can be combined [157, 158] in
the so-called electrosteric stabilization [159, 160]. In order to obtain optimal
stabilization of the particulate system one can take advantage of the variable
macromolecular architecture as given in random, block or graft copolymers:
Synergistic effects can be achieved by incorporating different structural ele-
ments of ionic, hydrophilic and hydrophobic nature [161]. Theoretical [162,
163] and experimental work [164–166] has shown that amphipolar graft
copolymers provide a better stabilization performance for pigment disper-
sions as compared to random or block copolymers. Furthermore, graft poly-
mers have been of major interest for other applications in polymer sci-
ence [167, 168].

In order to explore the potential of amphipolar graft copolymers as poly-
meric stabilizers and to investigate the relationship between the copolymer
structure and interaction of the copolymer with the particle surface, a series
of well defined styrene (S)/acrylic acid (AA) model graft copolymers was
synthesized [166]. There are basically three routes for preparing amphipolar
graft copolymers, i.e. “grafting-from” [169, 170] or “grafting onto” [171,
172], and via macromonomers [165, 173]. Whereas the first two techniques
are very limited in controlling the constitution of the graft copolymer, access
to regularly structured graft copolyelectrolytes with an ionic poly(acrylic
acid) (PAA) backbone and hydrophobic polystyrene (PS) grafts is given by
the macromonomer technique (cf. [174, 175]). The length and the length
distribution of the PS grafts is predetermined and easily adjusted by the an-
ionic polymerization technique of the macromonomer synthesis; the back-
bone length may be controlled by the use of a chain transfer reagent in the
copolymerization of the acrylic monomer with PS macromonomer, e.g. ben-
zyl mercaptan, which has been shown to be an effective transfer agent in
radical polymerization [176, 177a].

The preferred strategy for synthesis of amphipolar graft copolyelec-
trolytes consisting of a PAA backbone of controlled average degree of poly-
merization and adjusted PS graft density of known and relatively narrow
length distribution is to copolymerize a methacrylate functionalized PS
macromonomer with an acrylate comonomer followed by a polymer analo-
gous reaction, i.e. saponification of the acrylate. The direct synthesis of
poly(acrylic acid–graft-styrene) (PAA–g-PS) by copolymerization of PS
macromonomer with (meth)acrylic acid (AA) is also possible [173, 177b],
but purification of the crude polyelectrolyte and analysis of the graft copoly-
mer constitution is problematic [178b]–the amphipolar character of the

28 J�rg Bohrisch et al.



www.manaraa.com

polyelectrolyte makes the work-up more difficult and causes relatively low
yields; furthermore, compositional analysis by 1H NMR spectroscopy re-
quires esterification of the AA carboxylic group by polymer-analogous reac-
tion (e.g. with diazomethane) since the spectrum of PAA–g-PS does not ex-
hibit suitably separated signals.

The reaction scheme for graft copolyelectrolyte synthesis by free radical
copolymerization according to the macromonomer technique is shown in
Scheme 15. Besides the aspect of how to control the constitution of the graft
copolyelectrolyte, suitable characterization techniques for unequivocal proof
of the attained copolymer structure will also be elucidated. The synthesis,
characterization and properties of the inversely structured poly(acrylic
acid)–g-polystyrene graft copolymers it are covered in another article in this
volume [178].

Scheme 15 Reaction scheme for the synthesis of poly(acrylic acid–graft-styrene) copoly-
mers (PAA–g-PS) according the macromonomer technique

5.1
Control of Poly(Acrylic Acid) Backbone Length by a Chain Transfer Reagent

The possibility of controlling backbone length in the free radical copolymer-
ization of TBA monomer with PS-MA macromonomer has been studied by
radical polymerization of TBA in the presence of various amounts of benzyl
mercaptan (BnSH) as chain-transfer agent. Under the assumption that each
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polymer chain is started by a benzyl mercaptan radical, as described in the
literature [179], the degree of polymerization is calculated from the ratio of
the intensities of the 1H NMR signals of the aromatic benzyl mercapto end
group protons (7.1–7.4 ppm) and the aliphatic protons of the tert-butyl
group (1.3–1.6 ppm). A representative 1H NMR spectrum of a synthesized
poly(tert-butyl acrylate) (PTBA), and peak assignment of the molecular
structure, are shown in Fig. 7a. The variation of the molecular weight as de-
termined by 1H NMR or SEC of the poly(tert-butyl acrylate) (PTBA) synthe-
sized with different benzyl mercaptan/tert-butyl acrylate ratios [BnSH/TBA]
is shown in Fig. 7b.

Fig. 7 (a) 1H NMR spectra of poly(tert-butyl acrylate) (PTBA) synthesized by free radi-
cal polymerization of tert-butyl acrylate (TBA) in the presence of benzyl mercaptan
(BnSH). (b) Dependence of the number average molecular weight (Mn,PTBA) of the PTBA
on the BnSH/TBA ratio as obtained from 1H NMR end group analysis (filled circles) and
SEC (open circles) (the actual BnSH/TBA molar ratio is indicated)
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The data represented in Fig. 7b illustrate that the degree of polymeriza-
tion, i.e. the molecular weight, can be readily adjusted in the Mn-range be-
tween about 2000 and 8000 g mol	1 by use of the appropriate chain transfer
agent/monomer ratio; the deviation between the Mn-values obtained by 1H
NMR end group analysis and SEC are due to the PS calibration in the SEC;
the latter figures reflect the somewhat smaller hydrodynamic volume of
PTBA as compared to PS in THF solution. For the synthesis of the graft
copolymers by the macromonomer technique a benzyl mercaptan/tert-butyl
acrylate ratio [BnSH/TBA]=1/75 was used in order to reach a number
average degree of polymerization about 50, corresponding to a poly(acrylic
acid) (PAA) backbone number average molecular weight of about Mn,PAA
=3500 g mol	1.

5.2
Synthesis and Characterization of Oligomeric Polystyrene Macromonomers PS-MA

The synthesis and purification of polystyrene methacryloyl macromonomers
(PS-MA) in the molecular weight range Mn=1000–2000 g mol	1 by living an-
ionic polymerization of styrene (S), termination with ethylene oxide (EO),
and subsequent reaction with methacrylic chloride has already been de-
scribed in detail elsewhere [180] (see also Scheme 16). In this context it has
to be emphasized that the hydroxyethyl-terminated PS-MA macromonomer
precursor (PS-OH) as obtained after purification of the crude PS-OH by sili-
ca column chromatography (cyclohexane/dichloromethane 1/1 v/v) and as
charged in the PS-MA synthesis still contains up to about 15 wt-% of non-
functionalized polystyrene (PS-H). This PS-H impurity of the PS-MA macro-
monomer does not interfere with the PS-MA synthesis and the subsequent
TBA/PS-MA copolymerization and is easily and conveniently removed from
the resulting PTBA–g-PS graft copolymer (see below).

Scheme 16 Reaction scheme for polystyrene (PS) macromonomer synthesis

One interesting aspect of this PS-MA synthesis is the possibility of mod-
ifying the amphipolarity of these macromonomers in the end capping reac-
tion of the polystyryl anion with ethylene oxide (EO), as shown schemati-
cally in Scheme 16. Contrary to the literature report [181] that only one EO
unit is added to the carbanion chain end in benzene solution under the re-
action conditions used (40 
C), we have found that a higher conversion of
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the EO present in the reaction mixture (see reaction Scheme 16) takes place
within hours, resulting in an oligomerization of EO at the poly(styryl)lithi-
um chain end. The EO conversion depends on the selected temperature
and reaction time, and four/five ethyleneoxy units could easily be added to
the carbanionic chain end. EO oligomerization during the functionaliza-
tion of poly(styryl)lithium has also recently been described in the litera-
ture [182].

If such EO oligomerization occurs, an amphipolar poly(styrene–block-
ethylene oxide) methacryloyl macromonomer (PS–b-PEO-MA) is obtained
after further end group functionalization with methacryloyl chloride. As it
is evident from the molecular structure (see Scheme 16) of the possible
amphipolar PS–b-PEO-MA macromonomer, such hydrophilically modi-
fied macromonomers offer the opportunity to further tune the amphipo-
larity of the graft copolyelectrolytes; this will be investigated in further
studies.

5.3
Synthesis of Amphipolar Poly(Acrylic Acid-Graft-Styrene) Graft Copolymers (PAA-g-PS)

With the above polystyrene macromonomers (PS-MA) of Mn,PS=1000 or
2000 g mol	1 and for the established benzyl mercaptan/tert-butyl acrylate
ratio [BnSH/TBA]=1/75 first a series of PTBA-g-PS graft copolymers is syn-
thesized by variation of the comonomer ratio in the macromonomer tech-
nique. PAA-g-PS copolymers are obtained by polymer analogous ester cleav-
age of the tert-butyl group of poly (tert-butyl acrylate-graft-styrene) (PTBA-
g-PS) under acidic conditions; the selective tert-butyl ester cleavage is
achieved by reacting PTBA-g-PS with hydrochloric acid (HCl) in dioxane so-
lution at 80 
C for 4 h (10 mL dioxane+1 mL 6 mol L	1 HCl per g copoly-
mer) [177a, 183]. The resulting PAA-g-PS is purified by re-precipitation
from alkaline aqueous solution (~10 wt-%) with 6 mol L	1 HCl and obtained
in yields of about 65 to 80%. The complete reaction scheme is shown in
Scheme 15.

The composition of the PAA-g-PS graft copolymer reaction product and
its purification, especially as far as the removal of unreacted PS-MA macro-
monomer by silica column chromatography is concerned, and the successful
selective cleavage of the tert-butyl ester under acidic conditions to render
the graft copolyelectrolyte PAA-g-PS were analyzed by 1H NMR spectrosco-
py and SEC. Figure 8a shows the SEC curves of the polystyrene macromono-
mer (PS-MA), the crude poly (tert-butyl acrylate-graft-styrene) (PTBA-g-
PS) and the PTBA-g-PS; the polymethylacrylate (PMA) originates from es-
terification of the poly (acrylic acid) (PAA) obtained after complete saponifi-
cation of the graft copolymer and represents the backbone. The 1H NMR
spectra of PSMA, PTBA-g-PS and of the final reaction product PAA-g-PS are
shown in Fig. 8b.

Comparison of curves 1 and 2 in Fig. 8a shows that the reaction product
of the copolymerization contains the PTBA-g-PS graft copolymers (peak at
23 min) together with unconverted PS-MA macromonomer (peak at
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30 min). The unreacted PS-MA can be separated from the crude graft copol-
ymer by silica gel column chromatography with dichloromethane and ethyl
acetate [177a]. The SEC curve 3 of the purified graft copolymer shows the
absence of the macromonomer peak and the unchanged molecular weight of
the graft copolymer.

Fig. 8 (a) SEC curves of the PS macromonomer (PS-MA; curve 1), the crude (curve 2)
and the purified (curve 3) poly(tert-butyl acrylate–graft-styrene) (PTBA-g-PS), and the
esterified polymethylacrylate (PMA; curve 4) backbone. (b) 1H NMR spectra of the
macromonomer PSMA, the graft copolymer PTBA-g-PS and the final purified reaction
product poly(acrylic acid-graft-styrene) (PAA-g-PS)
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5.4
Characterization of Amphipolar Graft Copolyelectrolytes

The principle of analysis of the constitution of the graft copolymer is evi-
dent from the reaction scheme in Scheme 15. The exact characterization of
the graft copolymers with regard to the ionic backbone molecular weight
and graft density and copolymer composition is based on a combination of
chemical and physical techniques [184]. The overall comonomer composi-
tion of PTBA-g-PS and of the copolyelectrolyte PAA-g-PS can easily be ob-
tained by 1H NMR spectroscopy, and the average graft length is given by the
known molecular weight of the PS macromonomer. Information about the
average poly(acrylic acid) (PAA) backbone length of the graft copolyelec-
trolyte is accessible by SEC analysis of the fully saponified copolymer.
Saponification with KOH in dioxane at 100 
C is carried out first; under
these conditions the methacryloyl ester group (carrying the PS graft) which
is stable under the acidic conditions of the tert-butyl ester cleavage of the
polyacrylate backbone (see above) is also cleaved [185]. The resulting reac-
tion mixture contains both PAA and cleaved off hydroxy terminated polysty-
rene (PS-OH) grafts. The resulting PAA backbone polymer may be separated
from the cleaved PS-OH grafts by extraction of the reaction mixture with aq.
alkaline solution in order to avoid interfering elution signals in GPC analy-
sis. After separation of the backbone from the cleaved grafts, the PAA is con-
verted into poly(methyl acrylate) (PMA) by esterification with diazomethane
(cf. Ref. [186]). This polymer analogous reaction is necessary in order to
avoid erroneous results often obtained in polyelectrolyte molecular weight
determination. Thus the molecular weight of the PAA backbone can be de-
rived from the PMA backbone analogue by SEC using a PMA calibration; the
SEC curve of this PMA is curve 4 of Fig. 8a.

Results from characterization of the constitution of the synthesized graft
copolymers, compiled in Table 1, illustrate the versatility of the synthetic
strategy outlined in the reaction scheme (Scheme 15) for the preparation
and characterization of tailored graft copolyelectrolytes.

These studies have shown that well defined ionic–hydrophobic graft
copolymers can be readily prepared by applying the macromonomer tech-
nique. The graft length is given by the macromonomer employed, and the
backbone length is easily controlled by the use of benzyl mercaptan as
chain-transfer reagent. The exact characterization of the graft copolymers
with regard to the ionic backbone molecular weight and copolymer compo-
sition and graft density is only achieved by combination of chemical and
physical analytical techniques. The graft copolymers obtained are suitable
model systems for investigation of the potential of these copolymers as poly-
meric amphipolar stabilizers (cf. Ref. [187]).
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6
Conclusions

Well-defined polyelectrolytes covering a wide variety of molecular architec-
tures are available using precise polymerization techniques, for example an-
ionic, controlled radical, and macromonomer polymerization of protected
or reactive monomers, and the Suzuki reaction in a first step. The resulting
well-characterized precursors were readily modified to the charged macro-
molecules. Variation of the chemical structure includes stiff-chain cationic
and anionic polymers based on poly(p-phenylene), flexible cationic poly-
electrolytes containing moieties of different hydrophobicity, polycarbobe-
taines with adjusted hindrance of the interaction of the ionic charges, star-
shaped poly(acrylic acid) with broad variability of the number and the
length of the arms, highly branched poly(acrylic acid) with regulated molec-
ular parameters, ionic–hydrophobic graft and block copolymers with ad-
justable graft and backbone length in the former case and adjustable block
length and block length ratio in the latter. These very different polyelec-
trolytes serve as models for investigation of the properties of ionically
charged macromolecules in solution and their interaction with oppositely
charged macroions, colloidal particles, or solid surfaces. Examples given in
this chapter are the dependence of typical solution properties, for example
viscosity, of the polyion–counterion interaction and of the electrophoretic
mobility on the chemical structure and the molecular parameters of the
polyelectrolytes involved. The amphiphilic block and graft copolymers are
shown or proposed to be powerful electrosteric stabilizers for different
colloids in aqueous systems.
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Abstract Novel ways to synthesize poly(vinylamine)/silica hybrid materials rich in free ami-
no moieties using vinylformamide (VFA) as the key monomer are reported. Such materials
are accessible from poly(vinylamine) which is obtained from radically produced poly(vinyl-
formamide) (PVFA) which was either immobilized onto silica surfaces from solution and
converted into poly(vinylamine-co-vinylformamide) polymers (PVFA-co-PVAm) by acidic
hydrolysis, or by acidic hydrolysis in solution with subsequent adsorption on silica. We ad-
sorbed PVFA-co-PVAm samples of different molecular masses and co-polymer composi-
tions from aqueous solutions onto inorganic surfaces such as silica or titania simply by pH
control. Direct surface functionalization using the VFA monomers was possible by their
radical graft co-polymerization with bifunctional monomers, for example 1,3-divinylimida-
zolid-2-one (BVU) or on silica particles which were pre-functionalized with vinyltri-
ethoxysilane (VTS). The influence of the amino content and molar mass (4000, 40,000, and
400,000 g mol	1) of PVFA-co-PVAm on the degree of surface coverage, charging, and polari-
ty was studied using X-ray photoelectron spectroscopy (XPS), potentiometric titrations,
and electrokinetic measurements, and solvatochromic probes. It was shown that the amino
content of the co-polymer has a significant influence on the amount of polymer adsorbed,
the layer thickness, and surface polarity. Post-functionalization reactions with isocyanates
or fullerene were used as a suitable method for enhancing the stability of the polyelectrolyte
layer on the inorganic surface. They also open the way to producing multi-functional hybrid
materials. The adsorption and post-functionalization of PVFA-co-PVAm samples onto gold-
coated silicon wafer surfaces was used to build up laterally patterned surfaces for sensors
and biological applications.

Keywords Hybrid material · Silica · Polyelectrolyte adsorption ·
Poly(vinylamine-co-vinylformamide)
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In memory of Professor Dr. Hans-J�rg Jacobasch and to honour his work in
surface sciences

1
Introduction and Motivation

The development of chemistry and materials sciences is divided into inor-
ganic and organic chemistry. In different applications, for example metal
coating, fibre-enhanced and filled polymers, adhesion, biomaterials, sensors
and actor systems, the combination of inorganic and organic substances
opened a successful means of obtaining multifunctional materials with im-
proved properties for certain applications. The diversity of the possible com-
binations of substances and the demand for materials having novel excep-
tional properties has resulted in an increase in so-called inorganic-organic
hybrid materials [1–4].

In this review we will discuss novel materials which preferably consist of
silica and particular polyelectrolytes. Both components play important roles
in nature and technical applications [5–8]. The advantage of silica and of nu-
merous other metal oxides are due to their multifarious shape in which they
can be found in natural sources or the well-defined shapes produced by
means of different preparation techniques, e.g. spherical or angular grains
with more or less random sizes, hollow spheres, nanoscale, mesoscopic or
rather macroscopic particles with or without pores, transparent films and
flat, more or less smooth, surfaces. Metal oxides are characterized by a de-
fined shape (e.g. against heat or external pressure) and rather inert chemical
stability. However, the latter can be also considered as disadvantageous for
many technical applications. To perform the demand of mechanically stable
but adequately reactive materials it seems satisfying to combine the advan-
tageous properties of metal oxides with the high synthetic potential of poly-
mers.

During recent decades a variety of synthetic concepts have been published
using metal oxide surface groups (usually MeOH groups) as reactive anchors
for low-molecular-weight organic components [9–12] and polymers [13–19].
It has been shown that under certain conditions metal oxide surfaces exhibit
a reactivity which make them able to react directly with dissolved polymer
coils [13–15] or dendrimers [16]. Another technique used to produce so-
called oxide/polymer hybrids is the grafting of polymers or the performing
of polymerization reactions on silanized metal oxide [17–26]. The surface-
mediated polymerization of cationically polymerizable vinyl monomers, e.g.
vinyl ethers, cyclopentadiene, furfuryl alcohol, p-methoxystyrene, etc., on
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silica surfaces is characterized by the formation of covalent Si–O–C bonds
between the inorganic particle and the organic polymer [27–30].

While the covalent bonding of polymers on oxide surfaces requires cer-
tain reaction conditions adapted for the particular reaction system, for ex-
ample highly purified non-aqueous solvents or thermally activated surface
groups, surface modification with polyelectrolytes can be carried out in
aqueous environment [31–46]. Numerous parameters can be adjusted to
control the conformation of the polyelectrolyte molecules, e.g. their charge
density and the charge density of the metal oxide surface. In other words,
the adsorption process and the surface properties of the final product can
be influenced in many different ways. This diversity is a challenge for aca-
demic research to develop novel hybrid materials for technical applications.

In the future hybrid materials made from selected polyelectrolyte species
and silica will be applied to mimic biologically active surfaces by manipula-
tion of their biological activity and compatibility or they will be used as sup-
port for enzyme catalysis (Scheme 1).

Scheme 1 Comparison between charges and Brønsted acid–base properties of the oligo-
peptide angiotensin II and a PVFA-co-PVAm/silica interphase

Silica is a moderately strong solid acid, and in this sense it can also be
considered as a polyelectrolyte, of course with a fixed geometry and non-
conformational flexibility of the charge carriers. Controlled functionaliza-
tion with a basic component, for example a polyelectrolyte, which is confor-
mationally flexible, can be used to produce stable solid polymer hybrids
with tailor-made surface properties for a lot of components [31–46].
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However, many commercially available polyelectrolytes are chemically
rather inert. Their saturated ionic charge carriers, like quaternary ammoni-
um or carboxylate groups are not readily able to undergo further chemical
derivatization or functionalization reactions in water. Primary amino moi-
eties [47–49] are more suitable for dynamically adjustable pH control of the
hybrid materials surface and various subsequent reactions can be carried
out to fix the polyelectrolyte layer on the surface and to enhance the compat-
ibility to proteins. The twenty-two amino acids of natural proteins build up
versatile architectures with specific intramolecular interactions necessary
for their functioning in biological processes. Only a few centers in the pro-
tein molecule are able to interact with the solid surface without a loss of the
protein�s molecular conformation and functioning. Hence, solids to be used
for interaction with proteins or other biologically relevant liquids must be
characterized by surface groups which are potential candidates for many dif-
ferent functionalization reactions. In this review, we describe the application
of PVFA and PVAm co-polymers to modify metal oxide particles and flat
wafer surfaces. Over silanes or other reactive polymers they have the advan-
tage that they can be adsorbed from aqueous solutions, which are closest to
all biological systems, avoid surface contamination with traces of artificial
solvents, and help to guarantee environmental conservation [50–52].

2
Synthetic Concept and Experimental

2.1
Synthetic Concept

The monomer VAm is not available due to the well known tautomerization
equilibrium with acetaldehyde imine. Therefore, polymer-analogous reac-
tions must be employed to synthesize PVAm from suitable precursor poly-
mers, e.g. poly(acrylamide) [53, 54], poly(vinyl acetamide) [55], poly(vinyl
carbamate) [56], or poly(vinyl imides) [57]. Some of these polymer-analo-
gous reactions require rather rigorous reaction conditions and side-products
and degraded polymer chains disturb the properties of the final product.

A structurally well-defined and water-soluble PVAm is available by acid
or base catalyzed hydrolysis of PVFA (Scheme 2) [58, 59] because form-
amide groups are readily hydrolyzed to amino groups. The degree of hydrol-
ysis of PVFA can be used to produce adaptable copolymers, poly(vinyl form-
amide-co-vinyl amine) (PVFA-co-PVAm) with different formamide/amino
group ratios. Hence, the degree of hydrolysis of the formamide groups is an
excellent tool to control the desired charge density of the polyelectrolyte.

The molecular mass of PVFA-co-PVAm can be adjusted by the production
of PVFA. High-molecular-mass polymers are yielded by radical polymeriza-
tion of VFA [58, 59], while rather low-molecular-mass products (oligomers)
can be obtained by specific cationic initiation reactions [60–62]. The differ-
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ent synthetic routes allow preparation of PVFA with molecular masses over
a wide range of Mn=800 g mol	1 to 400,000 g mol	1.

Therefore, solely PVFA-co-PVAm obtained from VFA monomer has been
considered in order to synthesize structurally well-defined hybrid materials
by the procedures mentioned in Scheme 3. Immobilized or adsorbed PVFA-
co-PVAm offers a high chemical potential to carry out subsequent reactions
for several applications [63–66].

Because synthetic polymers and inorganic surfaces can interact with each
other in many ways, various experimental procedures are available for syn-
thesis and studies of polymers on surfaces of inorganic materials.

In this work, various synthetic concepts were developed to produce
PVFA-co-PVAm/silica hybrid materials:

1. adsorption of PVFA-co-PVAm on inorganic particles;
2. subsequent functionalization of the adsorbed PVFA-co-PVAm;
3. cross-linking co-polymerization of VFA as suitable precursor monomer

with bifunctional monomers on silica to produce PVAm networks (see be-
low); and

4. grafting co-polymerization of VFA with immobilized vinylsilane (Scheme 3).

Sol–gel processes to synthesize polyelectrolyte/silica hybrid materials es-
tablished in the literature [67, 68] were not pursued, because preliminary ex-
periments showed that PVAm is unsuitable for this purpose [69].

Control of the ionic properties of the polyelectrolyte, e.g. charge density
and acid–base strength, is possible by simple proton adsorption because the
charge carriers, commonly –NH3

+X	 groups, are directly located along the
polymer backbone. For numerous inorganic oxides, for example the silica or
titania used, the adsorption of the PVAm can be carried out under condi-

Scheme 2 Synthesis of PVFA-co-PVAm
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tions where the polyelectrolyte molecules have a maximum of positive
charges while the oxide surface is fully negatively charged as a result of the
complete dissociation of the functional groups. A second favorable reason to
use PVAm instead of polyelectrolytes bearing quaternized ammonium ions
is that a large number of primary amino groups remain reactive after the
surface modification. Hence, PVAm can be used for many consecutive chem-
ical derivatization reactions [58, 59, 63, 64, 70].

Surface functionality of the hybrid material should be adjusted to differ-
ent technological requirements. Cross-linking reactions, which enhance the
stability of the coated material against mechanical and chemical attacks, al-
low build-up of polymer networks on the oxide material surface [63]. Final-
ly, the reactive polyelectrolyte layer offers the opportunity for incorporation

Scheme 3 Synthetic path to produce stable PVFA-co-PVAm/silica hybrid particles
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of nano-particles, for example noble metal clusters, metal oxide particles, or
fullerenes [64, 66, 71]. The controlled incorporation of these substances
makes the hybrid material suitable for build-up of sensor systems [66]. For
this propose the essential build-up of a laterally well-defined polyelectrolyte
structure seems possible by laterally controlled adsorption of PVFA-co-
PVAm on silicon wafers covered with gold dots and pre-adsorbed mercapto-
terminated carbonic acids [66].

2.2
Experimental

Spherical silica particles, for example Kieselgel (E. Merck, Darmstadt, Ger-
many) and Aerosil (Degussa, Frankfurt am Main, Germany) are commercial-
ly available in a wide range of particle diameters, size distributions, and
porosities. Microporous silica particles have pore distributions in the range
between 40 and 60 �. This means the majority of pores is inaccessible to the
polyelectrolyte molecules but is accessible to small ions.

Precursor polymers (PVFA) of different molecular weight are also avail-
able commercially, e.g. from BASF AG (Ludwigshafen, Germany). Precursor
oligomers have been synthesized by cationic polymerization of VFA with io-
dine as initiator [61]. PVFA-co-PVAm polyelectrolytes containing different
amounts of amino groups (0 to 95% of the formamide groups of the PVFA
used) were obtained by partial acid hydrolysis of the corresponding precur-
sors with hydrochloric acid [60, 69]. The formation of block copolymers
during the hydrolysis procedure can be excluded.

Usually, PVFA-co-PVAm samples were dissolved in aqueous KCl solutions
of different ionic strength. Then, 0.5 g silica was suspended in 100 mL of the
PVFA-co-PVAm solution. The adsorption equilibrium was reached after
24 h. The modified particles were filtered off, washed carefully with distilled
water, and dried at room temperature.

The high amount of reactive amino groups on the surfaces of the hybrid
materials allow post-functionalization reactions to be performed. Agents
bearing only one group reactive towards amines, like epoxides, isocyanates,
carbonic acids and their anhydrides and a second non-reactive group can be
successfully used for an additional controlled surface functionalization.
Agents having two or more groups of equal reactivity to amines offer the op-
portunity to cross-link the PVFA-co-PVAm chains to a stable network which
wraps the silica particle.

Generally, neither the functionalization reaction nor the cross-linking reac-
tions can be carried out in aqueous suspensions, because the coupling agents
mentioned above react with water or are insoluble in it. Hence, water has to
be completely exchanged by a liquid of low, e.g. toluene, benzene, or chlori-
nated hydrocarbons, or moderate donicity, e.g. acetone. These solvents allow
functionalization or cross-linking under mild conditions [63, 64, 73, 74].

The situation is similar when conducting or semiconducting nano-parti-
cles are incorporated in the adsorbed polyelectrolyte layer. These particles
can be noble metals to confer the hybrid material with catalytic proper-
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ties [66, 71], metal sulfides [66], which can be involved in redox processes,
or fullerenes [64], to control the electron pair donor–acceptor behavior to a
suitable and appropriate substrate material, like titanium dioxide.

2.3
Characterization Methods

Study of the modification of solid surfaces requires, preferably, surface sen-
sitive methods. Spectroscopic techniques, for example X-ray photoelectron
spectroscopy (XPS) and FTIR spectroscopy are excellent tools for gathering
information on the chemical surface composition and the kind and number
of functional surface groups. The fact that the carbon and nitrogen contain-
ing organic phase is only introduced during the adsorption procedure and
locally fixed on the outside of the particles allows the use of established
methods for polymer and solid-state characterization, particularly NMR and
solid-state NMR spectroscopy (e.g. 13C CP MAS NMR).

Investigation of charges, charge densities and their changes during reac-
tions, and characterization of surface polarity and reactivity (acid–base prop-
erties) requires methods describing the state of equilibrium between solid
particles and surrounding aqueous media, for example potentiometric titra-
tion and electrokinetic measurements. Microelectrophoresis experiments
were carried out with bare metal oxide or hybrid particles suspended in
aqueous KCl solutions (10	2�cKCl�10	5) of different ionic strength and pH
(3�pH�10; suspension: 0.01 g mL	1 molL	1 of particles). Zeta-potential val-
ues were calculated from the measured particle mobility. Potentiometric titra-
tions to determine the surface charge densities of the solids were also carried
out in diluted solutions of different KCl concentration and different pH.

3
Results and Discussion

3.1
Adsorption of PVFA-co-PVAm on Silica

The adsorption of PVFA-co-PVAm on silica was studied employing PVFA-
co-PVAm samples of different degrees of hydrolysis and of different molecu-
lar weight (Table 1).

Silica particles suspended in water or aqueous solutions may be regarded
as polyelectrolytes. The surface charge of the silica particles is either the re-
sult of dissociation processes of Brønsted acidic silanol groups (Si–OH)
forming negatively charged silanolate ions (Si–O	) or hydronium adsorption
yielding Si–OH2

+ species. Depending on pH, PVFA-co-PVAm molecules dis-
solved in aqueous electrolyte solution also bear charges on their chain.
Hence, the Coulombic force between charges on the solid surfaces and on
PVFA-co-PVAm chains can be considered an important component of the
driving force for adsorption.
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Microelectrophoretic experiments on silica suspended in aqueous electro-
lyte solutions show that formation of negatively charged Si–O	 ions starts at
pH<3. At a pH�9 all accessible Si–OH groups are dissociated [63]. The
Brønsted acidity determined from electrokinetic data depends on the ionic
strength of the KCl solutions. The pKa values of the most acidic surface cen-
ters range between pKa=4.4 and 5.6, which correspond to values of the ad-
sorption molar free energies of the OH	 ions (FOH

	) of FOH
	=	64.7 to

	57.9 kJ mol	1 [73]. This indicates that in aqueous media the bare silica sur-
face can be considered as a moderately strong Brønsted acid. With increas-
ing pH the steady progress of silanol group dissociation can also be seen by
an increase of the surface charge density ss (Fig. 1b).

In contrast to the results from electrokinetic experiments the curves of
the potentiometric experiments do not show any approach to a plateau re-
gion observed in electrokinetic experiments at pH>9. The steady slope of
the exponential function ss=ss (pH) appears from taking the inner surface
of the silica particle into account while electrokinetic experiments reflect
only the charge distribution in the shear plane which is situated outside of
particle surface.

The adsorption of the precursor polymer PVFA, which can be considered
as the uncharged reference sample of PVFA-co-PVAm does not significantly
influence the shape of the silica z=z (pH) function (Fig. 1a). The shift of the
IEP from pH=3 to pH=5 indicates that silanol groups are involved in the ad-
sorption process (Table 1).

While proton transfer from silanol groups to the PVFA is not expected, it
is assumed that these silanol groups are shielded by co-ordinatively bound
PVFA segments or that they participate in hydrogen bonds with the poly-
electrolyte molecules. The Brønsted acidity of the silica/PVFA surface is de-
creased to pKa�7. The conversion of 30% of the formamide groups into pro-
tonatable amino groups changes the zeta-potential–pH plot of the PVAm-30/
silica hybrid surface to a typical shape indicating Brønsted basic surface
properties (Fig. 1a). The protonated amino groups lead to positive zeta-po-
tential values over a wide pH range up to IEP=8.8 (Table 1) and increasing
the pKa values to 8.5, corresponding to the pKb of 5.5. With progressing hy-
drolysis of formamide groups the Brønsted base constant increases. With a

Table 1 Thickness of PVFA-co-PVAm layers adsorbed on to silicon wafers, determined by
AFM, and IEP, determined by pH-dependent electrokinetic measurements in aqueous KCl
solution (10	3 mol L	1) using PVFA-co-PVAm/silica hybrid particles

Sample Layer thickness (nm) IEPa

Bare silica 0.00 03.50
PVFA-co-PVAm-0/silica 0.51 04.70
PVFA-co-PVAm-30/silica 0.53 09.25
PVFA-co-PVAm-48/silica 0.82 10.20
PVFA-co-PVAm-95/silica 1.13 10.75

a IEP=pH|(z =0)
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pKb of 4.9 the PVFA-co-PVAm-95/silica hybrid material is already a strong
Brønsted base.

Despite the positive zeta-potential values of PVFA-co-PVAm-30/silica
(Fig. 1a) and PVFA-co-PVAm-48/silica hybrid material over a pH range from
5.5 to 8.8 the corresponding surface charge densities calculated from results
of potentiometric titrations are negative (Fig. 1c). Obviously, the number of
positively charged amino groups does not compensate the negative net sur-
face charge of the inner silica surface. The PVFA-co-PVAm chains with a
rather low degree of hydrolysis are only suitable for adsorption on to a few
sites of the silica surface; hence, a tail or a wide-loop conformation of the
PVFA-co-PVAm chains should dominate. However, the tails and loops do
not only cause the positive potential in the shear plane. The polyelectrolyte
layer shifts the shear plane to greater distances from the rigid silica surface
and decreases the value of the zeta-potential.

Fig. 1 (a) Influence of the degree of hydrolysis of the PVFA sample with
Mn=400,000 g mol�1 on the zeta-potential as a function of pH, compared to bare silica
measured in 10�3 mol L�1 KCl at 25 �C: bare silica (open circles), PVFA (open squares),
PVFA-co-PVAm-30 (open triangles), PVFA-co-PVAm-95 (filled triangles); (b) Depen-
dence of the surface charge, ss, of bare Kieselgel 60 on pH and ionic strength, measured
in: pure water (open squares), 10�3 mol L�1 KCl (open circles), 10�2 mol L�1 KCl (filled
circles), 10�1 mol L�1 KCl (filled squares); (c) Dependence of the surface charge, ss, of
PVFA-co-PVAm-30/silica hybrid material on pH and ionic strength, measured in: pure
water (filled squares), 10�3 mol L�1 KCl (open squares), 10�2 mol L�1 KCl (filled circles),
10�1 mol L�1 KCl (open circles); (d) Dependence of the surface charge, ss, of PVFA-co-
PVAm-95/silica hybrid material on pH and ionic strength, measured in: pure water
(filled squares), 10�3 mol L�1 KCl (open squares), 10�2 mol L�1 KCl (filled circles),
10�1 mol L�1 KCl (open circles)
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PVFA-co-PVAm/silica particles with PVFA-co-PVAm components bearing
more than 50% of hydrolyzed formamide groups are able to fully overcom-
pensate the negative net surface charge of the silica (Fig. 1d). The enormous
number of interacting sites shifts the tail/loop amount of the adsorbed
PVFA-co-PVAm chains to a higher amount of train conformation. As a result
a more densely packed polyelectrolyte layer is built on the silica surface and
shields it. The results show that train, loop, and tail conformations of ad-
sorbed PVFA-co-PVAm chains can contribute to the particle surface struc-
ture, depending on the degree of charge localization along the PVFA-co-
PVAm chain.

The adsorption of PVFA-co-PVAm on to silica was also studied by means
of XPS. The XPS spectra of carefully purified silica, which is used as sub-
strate material for PVFA-co-PVAm adsorption, does not contain substantial
amounts of carbon (C 1 s) and nitrogen (N 1 s). After adsorption of PVFA-
co-PVAm the amounts of carbon and nitrogen are increased significantly.
The atomic ratio found experimentally to be [N]:[C]exp=0.473 is close to the
theoretically expected ratio of [N]:[C]theo=0.488 for PVFA-co-PVAm with
95% of VAm groups. The high-resolution C 1 s spectrum of the PVFA-co-
PVAm-95/silica hybrid material supports the assumption that the carbon
peak appears only from the adsorbed polyelectrolyte molecules. The C 1 s
spectrum was deconvoluted into three component peaks (Fig. 2a). Compo-
nent peak A represents the hydrocarbon species CxHy. The second compo-
nent peak B is shifted by 0.93 eV to higher binding energies. It reflects the
presence of C –NH2 and C –NH–C(H)=O bonds. A third component peak
(C) has been found at 288.72 eV. This component peak appears from the
presence of the formamide groups HN– C (H)=O of the former PVAF. The
ratio of the component peak areas [C]:[B]=0.04 is in rather good agreement
with the expected value at a degree of hydrolysis of 95% determined by 1H
NMR spectroscopy of PVFA-co-PVAm-95.

The influence of the molecular mass on the adsorbed PVFA-co-PVAm-95
fraction shown in Fig. 3, is detectable, in particular for pure aqueous
solutions which do not contain KCl. Here, the amount of adsorbed
PVFA-co-PVAm increases significantly with increasing molecular weight
of PVFA-co-PVAm; when KCl is added to the aqueous solutions, however,
the effect of molecular weight on adsorption behavior is not clearly de-
tectable.

The decrease in the amount of polyelectrolyte adsorbed on the silica sur-
face whilst increasing the salt concentration is in contrast to results obtained
for adsorption of poly(diallyldimethylammonium chloride) on different sili-
ca samples [75, 76]. Probably the chloride ions shield the segment–segment
interactions between charged groups inside the coil of an individual poly-
electrolyte chain and the silica surface [77–80]. This explanation is also con-
sistent with the assumption that electrostatic forces determine the adsorp-
tion mechanism of PVFA-co-PVAm chains on silica.

Furthermore the complete coverage of the silica surface was also evi-
denced by AFM scratch experiments of the polymer adsorbed onto flat silica
surfaces (Fig. 4). These results match well with results reported by Akashi et
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al. [51], while angle-resolved XPS measurements show that poly(dial-
lyldimethylammonium chloride) and other quaternary ammonium groups
containing polyelectrolytes do not fully cover the silicon wafer [80].

The layer thickness of PVFA-co-PVAm-95 adsorbed on a silicon wafer was
also estimated from angle-resolved XPS and ellipsometric measurements.
From XPS measurements the layer thickness was determined to be 1.26 nm,
and values obtained from ellipsometric measurements ranged between 1.0
and 1.5 nm [73]. These additional results correspond well with values deter-
mined from AFM scratch experiments (Table 1).

The ET (30) polarity [81] of the PVAm/silica surface was determined with
lipophilically substituted Reichardt�s dye, 2,6-di(4-tert-butylphenyl)-4-[tris

Fig. 2 C 1 s photoelectron spectra of PVFA-co-PVAm-95 (Mn=400,000 g mol�1) adsorbed
on to silica (a), and PVFA-co-PVAm-95 after crosslinking with BICDPM on silica (b)
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2,4,6-(4-tert-butylphenyl-N-pyridino)]phenolate [ET (2)] (Scheme 4). Ac-
cording to its definition the original ET (30) parameter is the molar transi-
tion energy corresponding to the longest wavelength of the UV/vis absorp-
tion of the standard dye 2,6-diphenyl-4-(2,4,6-triphenyl-N-pyridino)pheno-
late (1) (Eq. 1) [81, 82].

Fig. 3 Influence of molecular weight on the amount of adsorbed PVFA-co-PVAm-95
measured by XPS and indicated by [N]:[C] ratios. Adsorption experiments were carried
out at pH=9 in: pure water (filled circles), 10�2 mol L�1 KCl (open circles),
5�10�2 mol L�1 KCl (open squares)

Fig. 4 AFM images of a bare silicon wafer (A), and a PVFA-co-PVAm-95 layer adsorbed
on to a silicon wafer (B). In the area indicated in (B) the PVFA-co-PVAm layer has been
removed by scratching
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Scheme 4 Structure of the solvatochromic probe molecules 1 and 2

ET 30ð Þ ¼ 2:891~nmax 1ð Þ � 10�3 cm�1
� � ð1Þ

When 2 is used instead of 1 then the ET (30) value is given by Eq. (2) [82].

ET 2ð Þ ¼ 0:923 ET 30ð Þ�1:808 ð2Þ
Both dyes have been to be found suitable as surface polarity indicators

for organically functionalized silica particles [83, 84]. In contrast to dye 1
the steric demand of the substituents in the 2- and 6-positions of the pheno-
late moiety prevent penetration of the dye 2 molecules through the organic
layer towards the silica surface. Therefore, solutions of dye 2 in 1,2-dichlor-
oethane or toluene seem very suitable as a probes to study the surface polar-
ity of organically functionalized/silica hybrid particle [83].

As expected, the influence of the content of amino groups of the adsorbed
PVFA-co-PVAm molecules on the polarity of the hybrid particles surface is
fairly strong. Figure 5 shows the surface polarity parameters ET (30) as func-
tion of the amino content of the polymer component of PVFA-co-PVAm/sili-
ca hybrid materials.

In comparison to the values obtained for toluene, the ET (30) values calcu-
lated from measurements carried out in 1,2-dichloroethane are always about
3 kcal mol	1 larger. The difference is close to the expected value resulting
from the polarity of the two solvents where ET (30) of 1,2-dichloroethane is
41.3 kcal mol	1 and ET (30) of toluene is 33.9 kcal mol	1 [81]. The decrease
of ET (30) values with increasing the content of amino groups in the ad-
sorbed copolymer layer can be explained by a decrease of the HBD capacity
and/or the dipolarity/dipolarizability of the former silica particle surface.
Because the interaction between silanol groups and amino groups of PVFA-
co-PVAm is really responsible for the decrease of the ET (30) values, a rela-
tionship between the ET (30) values and IEP of the PVFA-co-PVAm/silica hy-
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brid particles was observed [85]. Also for organosilane-functionalized silica
particles we found the linear relationship between IEP values determined
from electrokinetic measurements in aqueous KCl solution and surface
basicity parameter (b) determined by means of solvatochromic probes in
1,2-dichloroethane (Eq. 3) [85].

b¼ 0:2303IEP�1:09288 ð3Þ
with n =9, r=0.989, and s=0.105.

According to the symmetric acid–base theories, an increase of the basicity
of the surface should cause a decrease of its acidity [86]. Hence, the increase
of the b values should correspond to reduced ET (30) values of the hybrid
surface, because the silica surfaces HBD groups are involved in the adsorp-
tion process. Consequently, an inverse dependence of the ET (30) on IEP val-
ues is expected. This is qualitatively shown in Fig. 5 for several PVFA-co-
PVAm/silica hybrid particles.

3.2
Subsequent Reactions of PVFA-co-PVAm Adsorbed on Silica

To fix the adsorbed PVFA-co-PVAm layers irreversibly, cross-linking reac-
tions with bifunctional or multifunctional reagents were carried out on the
surface of solid PVFA-co-PVAm/hybrid particles. The cross-linking reactions
were performed as two-step synthesis. In the first step PVFA-co-PVAm was

Fig. 5 (a) Dependence of ET (30) values of several PVFA-co-PVAm/silica hybrid particles
on the amino content in the PVFA-co-PVAm copolymer; ET (30) values were determined
from solvatochromic experiments using the adsorption of dye 2 from 1,2-dichlor-
oethane (open circles), and toluene (filled circles); (b) ET (30) values compared with the
IEP values of several PVFA-co-PVAm/silica hybrid particles. ET (30) values were deter-
mined from solvatochromic experiments using the adsorption of dye 2 from 1,2-dichlor-
oethane (open circles), and toluene (filled circles). IEP data were determined by means
of pH-dependent electrokinetic experiments in aqueous 10�3 mol L�1 KCl solution
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adsorbed from an aqueous solution, as described previously. In the second
step the subsequent cross-linking reaction was carried out on to the separat-
ed particles using a suitable cross-linking agent dissolved in organic solvent
(Scheme 3).

It is expected that these reactions, which occur between adsorbed PVAm
sequences near the silica particle surface, transform the flexible polyelectro-
lyte layer into a more rigid one (Fig. 6). Agglomerate formation occurring
between the PVFA-co-PVAm chains should be avoided.

3.2.1
Reaction with 4,4 0-(Bisisocyanate)diphenylmethane (BICDPM)

We studied the cross-linking reaction of PVFA-co-PVAm adsorbed on to sili-
ca particles with (BICDPM) in acetone [63]. Isocyanates are very reactive
compounds which react spontaneously not only with the primary amino

Fig. 6 Solid-state 13C CP MAS NMR spectra of PVFA-co-PVAm-95/silica hybrid particles
(Mn=400,000 g mol�1) (a) before cross-linking, and (b) after cross-linking with
BICDPM, (c) virtual structure of a BICDPM-functionalized PVFA-co-PVAm network cut
out and assignment of the signals in the 13C CPMAS NMR spectra
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groups but also with residual water, silanol surface groups, and formamide
groups. Hence, the reaction of the (PVFA-co-PVAm)/silica hybrid particles
with BICDPM may be accompanied by several side-reactions which disturb
a selective functionalization process. Therefore, a relatively high content of
the diisocyanate component is required in order to change the surface
charge density.

The two isocyanate groups of BICDPM react with amino groups of the
PVFA-co-PVAm chains as well as with silanol groups of the silica surface.
Structure analysis of PVFA-co-PVAm/silica particles cross-linked with
BICDPM was carried out by means of solid state 13C CPMAS NMR spectros-
copy (Fig. 6) and XPS (Fig. 2b).

Figure 6 shows the 13C CPMAS spectrum of PVFA-co-PVAm-95/silica hy-
brid particles. Besides the broad signal of the main chain CH and CH2
groups at about d=46 ppm appearing from the adsorbed polyelectrolyte lay-
er, an additional signal is observed at d=165.2 ppm. This signal is caused by
the carbonyl carbons of formamide groups remaining from the parent
PVFA. The spectrum of this sample after reaction with BICDPM is shown in
Fig. 6b. New signals appearing in the aromatic carbon region (d=138.0,
128.9, and 119.2 ppm) and the shoulder at d=41 ppm are due to the diphenyl
methane moiety. The signal of the isocyanate group at about d=125 ppm
could not be detected; however, a new broadened carbonyl signal appears at
d=158.5 ppm. This chemical shift is expected for urethane and urea link-
ages [63]. This signal can also be observed for a reaction product of pure
PVAm and BICDPM. Obviously, it is caused by the urea linkage between the
PVAm backbone and the diphenylmethane unit, indicating the subsequent
cross-linking reaction. Signals of a linkage between silanol groups and
BICDPM are not detectable.

The NMR results confirm with the results of XPS measurements carried
out on the cross-linked PVFA-co-PVAm-95/silica hybrid particles (Fig. 2b).
The C 1 s spectrum is similar to the C 1 s spectrum of non-cross-linked
PVFA-co-PVAm-95/silica hybrid material; however, the presence of the shoul-
der at about 288 eV required a C 1 s deconvolution into five component
peaks. The component peaks A, B, and C represent the same structure ele-
ments discussed for the non-cross-linked PVFA-co-PVAm-95/silica hybrid.
The new component peak E at BE=284.7 eV appears from carbon atoms of
the phenyl ring of BICDPM. Component peak D at BE=289.03 eV shows the
presence of urea groups formed by the cross-linking reaction of amino
groups and isocyanate moieties. The area ratio [D]:[E]=0.1933 found experi-
mentally is close to the expected ratio of 0.2. It shows that both isocyanate
groups of BICDPM are able to react and cross-link the PVFA-co-PVAm-95
chains successfully. The introduction of two additionally amino groups and
only one saturated hydrogen-bearing carbon atom per BICDPM molecule in-
creases the ratio [B]:[A] slightly while [C]:[A] is nearly constant.

The post-cross-linking reaction of the amino groups with the isocyanate
groups of BICDPM decreases the number of protonable amino groups in the
PVFA-co-PVAm chains. As expected, with increasing amount of cross-link-
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ing agent, corresponding to increased conversion of amino groups, the IEP
of the hybrid particles surface shifts to lower pH values (Fig. 7).

Of course, the decrease in the number of positive charge carriers in the
polyelectrolyte layer results in a decrease in the number of electrostatic in-
teractions between the negatively charged silica surface centers and polyelec-
trolyte molecules. Advantageously, despite the limitation of electrostatic in-
teractions of the polyelectrolyte layer and silica, the PVFA-co-PVAm cannot
be removed because the cross-linking process forms a cage-like network
covering the silica particle.

Despite the transformation of a certain number of amino groups into urea
groups, the qualitative shape of the zeta-potential plots as a function of pH
is not changed significantly. That indicates that PVFA-co-PVAm can be used
as a precursor polymer for the gradual functionalization of silica particles
and other Brønsted-acidic surfaces with amino functionality. Chemical reac-
tions of PVFA-co-PVAm/silica particles with isocyanates or other electro-
philic reagents offer a wide field of applications, because of the simple exper-
imental procedure; this material combination seems promising for the con-
struction of tailor-made polyelectrolyte networks on Brønsted-acidic sur-
faces or for other multicomponent systems.

3.2.2
Functionalization of PVFA-co-PVAm/Silica with Fullerenes (C60)

Fullerenes and their derivatives are of broad interest in various fields ranging
from ferromagnetism [87] over their application as possible HIV in-
hibitors [88] to tumor-therapeutic active substance in biological systems [89].
Although C60 is insoluble in water, dissolution may be accomplished by using
water-soluble polymers [90] or surfactant solutions containing amphiphilic
block-copolymers [91], micelles or liposomes [92, 93]. The immobilization of

Fig. 7 Dependence of the zeta-potential of PVFA-co-PVAm-95/silica particles fuctional-
ized with different amounts of BICDPM on pH measured in aqueous 10�3 mol L�1 KCl at
25 �C: nonfuctionalized PVFA-co-PVAm-95/silica particles (filled squares), 0.01 w/w-%
BICDPM (open squares), 0.05 w/w-% BICDPM (filled circles), 0.10 w/w-% BICDPM
(open circles) (w/w-%=weight of BICDPM per gram PVFA-co-PVAm-95/silica·100%)
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C60 on a polyelectrolyte layer is therefore also a new approach for studying
interactions of C60 with biologically active compounds in water.

It is well known that C60 neither reacts with nor is adsorbed by bare silica,
but it reacts with Si–H bonds on H-terminated silicon wafers forming cova-
lently bonded monolayers [94]. The introduction of C60 dissolved in toluene
should occur in the interfacial region between the PVFA-co-PVAm chains
which are adsorbed on to silica and transform the reversibly adsorbed and
flexible polyelectrolyte layer into an irreversibly adsorbed and more rigid
structure. However, amino groups inside the adsorbed PVFA-co-PVAm coils
are not available for surface functionalization with C60 (Scheme 5). Never-

Scheme 5 Synthetic pathway towards stable cross-linked PVFA-co-PVAm/inorganic ox-
ide hybrid particles
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theless, it will be shown that relatively small amounts of C60 influence the
surface properties of the PVFA-co-PVAm/silica hybrid particles, such as
their electrostatic properties and ability to undergo Coulombic interactions,
by shielding surface charges.

The globular molecule C60 (diameter 1003 pm) is itself a nonpolar mole-
cule and dispersion forces predominate in its interaction with the environ-
ment. For the subsequent reactions of PVFA-co-PVAm/silica hybrids with
C60, carefully dried samples were suspended in dry toluene. However, traces
of water which are incorporated in the hydrophilic polyelectrolyte layer or
adsorbed on bare silica cannot be excluded completely.

Fullerene C60 is an effective electron acceptor molecule which is able to
form stable anion radicals by electron transfer from electron-donor
molecules [95]. These radicals can be observed in EPR experiments. Of
course, because of the small amount of C60 molecules incorporated in the
polyelectrolyte layer only a small number of C60

	 anion radicals and very
weak EPR absorption are detectable. Figure 8 shows that on increasing the
initial C60 concentration used for the functionalization reaction the content
of C60 on PVFA-co-PVAm/silica and PVFA-co-PVAm/titanium dioxide hybrid
particle surfaces is at first increased and then approaches a limit of conver-
sion.

According to Fig. 8, the radical concentration is about 2 to 5�1013 spins
per gram of hybrid particles. It corresponds to an amount of about 10	8 mol
of reacted C60 per gram hybrid material. Because of the small amount of C60
incorporated, it was expected that the post-cross-linking reaction of the
amino groups of the PVFA-co-PVAm chains with C60 would not significantly
decrease the amount of protonable amino groups. Surprisingly, electrokinet-
ic measurements show that a small amount of C60 already strongly influ-

Fig. 8 Spin density of C60/PVFA-co-PVAm/silica hybrid particles determined by means
of EPR as a function of the initial C60 concentration used for cross-linking reactions.
Details are given in Ref. [64]
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ences the acid–base properties of the whole C60-functionalized hybrid parti-
cle.

The strong shift of the IEP observed in the electrokinetic experiments car-
ried out with C60-modified PVFA-co-PVAm/silica hybrid particles (Fig. 9) in-
dicates that approximately up to 30% of the former amino groups of the
PVFA-co-PVAm chains must be involved in the interaction with incorporat-
ed C60 molecules. This is a much higher degree of involved or converted
amino groups than that observed for crosslinking reactions with large
amounts of the polar diisocyanates. That result cannot be explained by dis-
appearance of amino groups during the reaction with C60. It is assumed that
in presence of C60 the weakly bonded and flexible PVFA-co-PVAm chains are
able to undergo re-orientation processes. The force driving these processes
is the rather strong and long-ranging dispersion force of C60. The large po-
larizable C60 molecules deform the PVFA-co-PVAm chains as suggested in
Scheme 5.

AFM investigations of unmodified and C60-functionalized PVFA-co-PVAm
layers on a flat silica layer–deposited on a silicon wafer–are shown in
Fig. 10. The fullerene functionalized PVFA-co-PVAm/silica layer causes holes
with a diameter of 10 nm and depth of 2 nm. The former PVFA-co-PVAm
layer has a thickness of about 1.2 nm. This shows the strong influence of re-
acted C60 molecules on the conformation of the adsorbed polymer layer.
These holes observed are also an indication that fullerene aggregates are en-
capsulated in the PVFA-co-PVAm layer on silica.

This interpretation also agrees with previously reported results of solva-
tochromism of C60 in binary pyridine/water mixtures [96]. We assume that
the amine groups of the PVAm encapsulate the fullerene molecules in a man-
ner comparable with the behavior of pyridine molecules in water. The broad
UV/Vis absorption spectra of the C60-containing hybrids give an additional
hint of aggregation of fullerene molecules on the PVFA-co-PVAm layer [64].

Fig. 9 pH dependence of the zeta-potential of bare silica, PVFA-co-PVAm/silica, and C60/
PVFA-co-PVAm/silica hybrid particles in aqueous KCl solution: bare silica in
10�3 mol L�1 KCl (open circles), PVFA-co-PVAm-95/silica hybrid particles in
10�3 mol L�1 KCl (filled triangles), C60/PVFA-co-PVAm-95/silica hybrid particles in
10�3 mol L�1 KCl (filled circles), and C60/PVFA-co-PVAm-95/silica hybrid particles in
10�2 mol L�1 KCl (open triangles)
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The proposed deformation of the PVFA-co-PVAm layer and the incorpora-
tion of C60 do not influence significantly the shape of zeta-potential as func-
tion of pH (Fig. 5). This shows that the charge generation mechanism is not
changed by the incorporated C60. In other words, C60 does not influence the
silica surface groups responsible for OH	 adsorption.

3.3
PVFA-co-PVAm Adsorbed on Gold-Functionalized Silica

Well defined multilayer films of organic compounds on solid surfaces for
tailored architectures have been studied for more than 60 years. While the
Langmuir–Blodgett technique is used to obtain molecular thin films of a
high molecular order on surfaces, Decher [32] and M�hwald et al. [33, 34]
extended chemisorption from solution to polyelectrolytes; this allows the
construction of charged multilayer films. Such films from polyelectrolytes
bear functional groups that can bind to other molecules, e.g. enzymes, anti-
bodies, redox-active compounds, metal ions, etc. Metal ions, for instance,
complexed by free amino groups will render the overall surface charge of
the polyelectrolyte. This change in surface potential can be monitored by
electrochemical methods allowing the monitoring of metal ions. Binding or
embedding of redox-active organic compounds or metal clusters, e.g. FeS,
provides the opportunity for the development of redox-active sensors which
are related to biological redox-enzymes. Such systems are expected to be far
more robust towards solvents and chemicals than enzymes. In other words,
polyelectrolytes based on PVFA-co-PVAm seem decidedly suited to building
up of sensor systems with laterally well defined polyelectrolyte layers. To
transduce the information of the more or less specific reaction taking place
in the functionalized or doted polyelectrolyte layer into electrical signals the
polyelectrolyte should be placed in the immediate neighborhood of noble
metals, e.g. gold, which can be act as electrodes. Those supramolecular ar-
chitectures can be considered as triple hybrid materials which consist of an
inorganic substrate, e.g. a thermally oxidized silicon wafer with or without a

Fig. 10 AFM images of a PVFA-co-PVAm-95/silica (a) and a C60 functionalized PVFA-co-
PVAm-95/silica (b) flat surface
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TiO2 coating, partially covered with gold dots and topped by a polyelectro-
lyte layer in which noble metal or FeS clusters are incorporated.

The adsorption of the polyelectrolytes was laterally controlled by an inter-
mediate layer of w-mercaptoalkyl carboxylic acids with different alkyl chain
lengths (Scheme 6).

Scheme 6 Assumed structure of PVFA-co-PVAm tethered to surface bound 11-mercap-
toundecanoic acid

These w-mercaptoalkyl carboxylic acids were selectively adsorbed from
ethanol solution (1 mmol L	1) only on the gold dots which were laterally de-
posited in the first step on the silicon wafer. Imaging-XPS analysis revealed
the success of the laterally controlled adsorption of the w-mercaptoalkyl car-
boxylic acids which can only be seen on areas coated by gold islands and
not on the silica bars in between (Fig. 11).

AFM offers the opportunity to investigate much smaller areas than with
XPS and ellipsometry. From those studies we conclude that 11-mercap-
toundecanoic acid does not form a dense layer on the gold surface [66]; in-
stead this compound prefers to form clusters.

In aqueous solutions the carboxylate groups of the grafted mercapto com-
ponents can act as anchors for PVFA-co-PVAm molecules. The adsorption
from differently concentrated PVFA-co-PVAm solutions (0.3 mol L	1 to
3000 mol L	1) gave polyelectrolyte layer thicknesses between 0.9 and
2.7 nm (determined by ellipsometry and angle-resolved XPS). The values
found are in good agreement with the layer thicknesses on bare silicon wafer
surfaces [97]. The layer thicknesses of the pre-adsorbed mercapto com-
pounds range from 0.5 to 0.9 nm. That means that at very low polyelectroyte
concentrations in the stock solution no increase in layer thickness was ob-
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served. At higher concentrations a pronounced increase in the layer thick-
ness was measured. The exact nature of the obtained structures is still under
investigation.

Binding of the polyelectrolyte molecules most likely occurs via salt forma-
tion between the carboxylic acid moiety and the free amino groups
(Scheme 6). As confirmed by XPS analysis the polyelectrolyte molecules are
not only adsorbed on gold islands but to a smaller extent on the silicon bars,
also (Fig. 12a). But XPS-imaging revealed that the polyelectrolyte does not
form a dense layer on the silica surface but small dispersed islands instead.
Binding of the polyelectrolytes to the silica might occur via hydrogen-bond
formation between the silanol groups on the silica surface and the free ami-
no moieties of the polyelectrolytes. Surface hydrophobization of the bare sil-
ica areas with chloro-3,3,3-trifluoropropyldimethylsilane distinctly lowers
the amount of polyelectrolyte adsorbed but does not fully prevent the poly-
electrolyte from binding to the silicon bars (Fig. 12b).

For spatial reasons it is impossible that each amino group binds to a car-
boxylic acid moiety [97]. It should be also kept in mind that polymers do
not usually form long chains but balls instead. Therefore not all of the ami-
no groups in the polyelectrolyte are available for binding to the carboxyl
moieties of the anchor groups. Consequently there must be free amino
groups which are available for chemical modification or the incorporation

Fig. 11 Laterally gold structured silicon wafer to control the spatial adsorption of PVFA-
co-PVAm: (a) photograph of the gold structured silicon wafer (genuine size of the gold
islands 45 �m by 45 �m), (b) spatially resolved XPS image of the lateral gold layer (the
Au 4f peak is depicted in black whilst the peaks of O 1 s and Si 2p are pale), (c) spatially
resolved XPS image of 11-mercaptoundecanoic acid adsorbed on the laterally structured
gold layer (the S 2p peak is depicted in white whilst Si 2p is dark)
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of metal-containing clusters or particles. The [N]:[S] ratios obtained from
XPS measurements confirm our assumption on the presence of free amino
groups. These free amino moieties are suitable anchor-groups for other mo-
lecules, e.g. redox-active compounds, enzymes, or antibodies, and bioconju-
gates, or deal as complexation agents for inorganic compounds. We success-
fully introduced FeCl2 into the polyelectrolyte layer and were also able to
convert the complexed iron to a mixture of FeS and FeS2. Furthermore, we
adsorbed silver ions from 1.0 mmol L	1 aqueous solution. The resulting
complexes of polyelectrolyte and silver ions are analogous to the well known
silver diamine complex [98]. XPS-imaging yielded images showing areas of
high silver concentration which are identical with the positions of the gold
islands (Fig. 12c). These experiments also confirm the presence of free ami-
no groups in the surface-bound polyelectrolyte.

3.4
Grafting of PVFA-co-PVAm on Silica

By following the known synthetic route to cationically polymerized
VFA [61] it should also have been feasible to co-polymerize this monomer;
we showed, however, that co-polymerization of VFA in the presence of silica
was impossible for mechanistic reasons [62]. Therefore we co-polymerized
VFA radically using two different synthetic strategies. In the first we poly-
merized VFA with 1,3-divinylimidazolidin-2-one (BVU) as co-monomer in

Fig. 12 (a) Spatially resolved XPS image of the lateral distribution of the PVFA-co-
PVAm-95 layer on gold/11-mercaptoundecanoic acid-structured silicon wafer surfaces.
The silicon wafer areas which were not coated by gold were not modified with hydro-
phobic silanes. The Si 2p peak is depicted in black whilst the peaks of N 1 s are pale; (b)
Spatially resolved XPS image of the lateral distribution of the PVFA-co-PVAm-95 layer
on gold/11-mercaptoundecanoic acid-structured silicon wafer surfaces. The silicon wa-
fer areas which were not coated by gold were hydrophobized by means of chloro-3,3,3-
trifluoropropyldimethylsilane. The Si 2p peak is depicted in black whilst the peaks of N
1 s are pale; (c) Spatially resolved XPS image of the lateral distribution of silver ions
(the Ag 3d peak is pale) in the PVFA-co-PVAm-95 layer which was adsorbed on to a
gold/11-mercaptoundecanoic acid-structured silicon wafer surface. The silicon wafer ar-
eas which were not coated by gold were hydrophobized by means of chloro-3,3,3-trifluo-
ropropyldimethylsilane. The Si 2p peak is depicted in black
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the presence of unmodified silica. BVU can be considered as an ideal co-
monomer because the cross-linked copolymer network is stable towards the
subsequent acidic hydrolysis which is inevitable if bisacrylamides are used
as co-monomers. The second synthetic route uses vinyl silane-functionalized
silica particles; the pre-grafted vinyl silane is used as co-monomer.

3.4.1
Radical Copolymerization of VFA with BVU in Presence of Silica Particles

BVU has been found to be a suitable cross-linking reagent (0.1 to 2.0 mol-
%) for synthesis of PVFA/silica and PVFA-co-PVAm/silica hybrids by radical
polymerization [72]. The synthetic approach is shown in Scheme 7.

Scheme 7 Synthetic pathway to produce PVFA-co-PBVH and PVAm-co-PBVH networks
on silica particle surfaces by radically initiated co-polymerization of VFA and BVH in
the presence of silica

The formation of gel-like hybrid material significantly depends on the
amount of the BVU used in the polymerization. Figure 13 shows the co-poly-
mer content of PVFA-co-PBVU/silica hydrogels, expressed as the depen-
dence of the total amount of carbon on the initial BVU content of the reac-
tion mixture.

A minimum concentration of about 1.0 mol-% BVU in the reaction mix-
ture was found to be necessary in order to cross-link the silica particles and
form the desired hydrogel. Smaller quantities of BVU are not sufficient for
effective cross-linking between the silica particles. With increasing initial
amounts of BVU, saturation in the carbon content of the PVFA-co-PBVU/sil-
ica hydrogel of 25 w/w-% is observed. The largest amount available corre-
sponds to 50 w/w-% VFA in the whole gel, indicating the complete forma-
tion of the PVFA-co-PBVU/silica hydrogel from the reaction mixture con-
taining the silica particles and VFA in a 1:1 mass ratio.

Figure 14 shows a typical solid-state 13C CP MAS NMR spectrum of a
PVFA-co-PBVU/silica hydrogel sample selected from point B in Fig. 13. The
two main signals at d=42 ppm and d=164 ppm correspond to the –CH2– and
–CHO structural units of PVFA. The small shoulder at d�50 ppm can be as-
signed to –CH– units. The signal observed at d=100 ppm is a spinning side
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Fig. 13 Dependence of the total carbon content (gC) of the PVFA-co-PBVU/silica hydro-
gels on the initial BVU content of the reaction mixture (xBVU). The carbon content was
determined by combustion elemental micro-analysis

Fig. 14 Solid-state 13C CP MAS NMR spectra of PVFA-co-PBVU/silica hydrogel before
(a) and after 6 h hydrolysis with 18% HCl at 60 �C (b) and the reaction scheme for acidic
hydrolysis with signal assignment (c)
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band. However, no signals derived from the small amount of BVU were de-
tected in the 13C CP MAS NMR spectrum.

To produce PVAm-co-PBVU/silica hydrogels the PVFA-co-PBVU/silica
samples can be hydrolyzed either by acid or base [100]. To prevent dissolu-
tion of the silica and the decomposition of the hybrid under basic conditions
acidic hydrolysis was applied. The success of the hydrolysis reaction over
6 h in 18% HCl at 60 
C can be seen in the solid state 13C CP MAS NMR
spectrum (Fig. 14b). The spectrum shows complete conversion of the form-
aldehyde groups into primary amino moieties. The broad signals of the –
CH– and –CH2– groups at d=43 ppm in the solid-state 13C CP MAS NMR
spectrum of the former PVFA-co-PBVU/silica hydrogel is split into two sig-
nals appearing at d=38 ppm and d=46 ppm and derived from the –CH– and
–CH2– groups of PVAm. These NMR results are in complete agreement with
literature data from soluble PVAm [58]. The carbon content of the hy-
drolyzed samples is approximately 12 w/w-%. According to results from
PVAm-functionalized silica particles [63], a significant change in the surface
properties of the hybrid is expected with release of amino groups. Figure 15
shows the pH-dependence of the zeta-potential of PVFA-co-PBVU/silica hy-
drogel and PVAm-co-PBVU/silica hydrogel samples compared to bare silica.

After cross-linking of the VFA and BVU on the silica particle surface the
IEP shifts from pH�3 (bare silica) to pH�5 (PVFA-co-PBVU/silica). The
shape of the function z=z (pH) remains unchanged. It can be assumed that
the silanol groups on the silica surface are weakly shielded by the adsorbed
sections of the cross-linked polymer because covalent attachment of the
polymer does not take place [63, 73]. Strong effects can be seen after conver-
sion of the formamide groups into amino groups. The IEP is shifted into the

Fig. 15 pH-dependence of zeta-potential of PVFA-co-PBVU/silica hydrogel (filled circles)
and its hydrolyzed species PVAm-co-PBVU/silica hydrogel (open circles), compared to
bare silica (open squares), measured in 10�3 mol L�1 KCl at 25 �C
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basic region at pH>11. At lower pH the zeta-potential is positive which
shows the potential determining role of the protonated amino groups. Be-
cause no influence of negatively charged silanol groups can be observed, it
can be assumed that these groups are completely shielded by the polymer
layer or involved in strong electrostatic interactions between the silica sur-
face and the inner polymer layer.

The swelling capacity of the PVAm-co-PBVU layer is expected to be high-
er than that of the PVFA-co-PBVU layer as a consequence of the osmotic ef-
fect. Chloride ions, resulting from the hydrolysis reaction with hydrochloric
acid, are present as counter-ions to the protonated amino groups along the
polymer chain. In other words, the local salt concentration in the ionic net-
work is remarkably high. This concentration gradient to an external aqueous
phase causes osmotic pressure and more water diffuses into the polymer
network where the polymer chains are increasingly stretched. The network
expansion of swollen PVAm-co-PBVU/silica hydrogel in comparison to
PVFA-co-PBVU/silica hydrogels in its equilibrium state has been studied by
SANS (small angle neutron scattering) measurements and quantified by the
correlation length (or hydrodynamic blob size) of the PVFA-co-PBVU/silica
and PVAm-co-PBVU/silica network meshes [101]. The I (q) curves (Fig. 16)
recorded for four different temperatures (Table 2) were fitted by a sum of
the Porod�s law and an Ornstein–Zernicke function (Eq. 4) [102].

IðqÞ~ A � l
V �q4

þ Ið0ÞL
Iþx2 þq2

ð4Þ

Fig. 16 SANS curves for PVFA-co-PBVU/silica (open circles) and PVAm-co-PBVU/silica
hydrogels (open triangles) measured at T=298 K. The solid lines represent the fit accord-
ing to Eq. (2)
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where A is the interfacial area per volume unit V, q is the magnitude of the
scattering vector, given by 4 p /lsin(T/2), x is the correlation length, T is the
scattering angle, and l is the neutron wavelength.

The Porod behavior (~q	4) at low q values arises from residual interfacial
scattering from the silica surfaces. This is still present despite the solvent
composition, which was chosen to exactly match the scattering density of
silica by immersing the pure silica particles in different mixtures of H2O
and D2O. We determined this matched solvent composition to have a D2O
volume fraction of 0.65. However, due to the large amount of silica in the
samples (ca. 50 w/w-%) only a slightly mismatched solvent composition
leads to a significant scattering from the interfaces of the silica particles.

The second term of Eq. (4) (Ornstein–Zernicke function) accounts for the
liquid-like contributions from the polymer network and provides the corre-
lation length x (mesh size or hydrodynamic blob size) of the PVFA-co-
PBVU/silica and PVAm-co-PBVU/silica network meshes [100]. The mesh
sizes for PVFA-co-PBVU/silica and PVAm-co-PBVU/silica hydrogel hybrids
are listed in Table 2 as a function of temperature.

The PVAm-co-PBVU/silica hydrogels show a significantly larger mesh size
with x=7.3 nm than the PVFA-co-PBVU/silica hydrogels with x=2.4 nm. This
is in good agreement with the expected and macroscopically observable
swelling behavior.

3.4.2
Copolymerization of Vinylsilane Functionalized Silica Particles with VFA

The copolymerization of VFA on silica surfaces requires pre-functionaliza-
tion of the silica particles with a trialkoxyvinylsilane (VTS) (Scheme 8).

By means of related procedures grafting from and onto radical VFA poly-
merization with functionalized silica are also possible. It was found that
these methods are ineffective for the synthesis of PVFA/silica hybrid materi-
als [103]. Hence, radical copolymerization of VFA with vinylsilane-function-
alized silica particles was chosen [99]. The functionalization of silica parti-
cles with VTS yields, with good reproducibility, hybrid particles (VTS-silica)
with an average carbon content of 3.4 w/w-%. Co-polymerization of VFA
with VTS-silica particles was performed in aqueous suspensions containing
2,20-azobis-(2-amidinopropene) dihydrochloride (ABAC) as initiator. The

Table 2 Dependence on temperature of the correlation length, x, of PVFA-co-PBVU/silica
and PVAm-co-PBVU/silica hydrogels

Temperature
(
C)

x (nm)
for PVFA-co-PBVU/silica

x (nm)
for PVAm-co-PBVU/silica

20 2.40 7.20
25 2.99 8.99
30 3.39 6.95
40 3.26 7.16
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PVFA obtained during the polymerization is only partially grafted on to the
VTS-silica particles. The soluble non-grafted PVFA fraction was separated
from the PVFA/VTS-silica hybrid particles by careful washing with water.

Figure 17 shows the amount of grafted PVFA on the VTS-silica particles
as function of the initial VFA concentration (expressed as volume percent in
the reaction mixture). As can be seen in Fig. 17, the largest amount of graft-
ed PVFA can be achieved from reaction mixtures containing 24 vol-% VFA.
If the volume fraction of VFA is increased a large increase in the viscosity of

Scheme 8 Synthetic pathway to graft VFA on VTS functionalized silica surfaces

Fig. 17 Dependence of the grafted amount of PVFA (gC) on the initial volume fraction of
VFA used to graft on vinyl silane-functionalized silica particles (xVFA)
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the reaction mixtures is observed and the suspension becomes sticky by for-
mation of macroscopic gels. These results confirm the work of Gu et al., who
reported on the radical homopolymerization of VFA in aqueous solu-
tions [100]. In their work gel formation was observed at VFA concentrations
higher than 20 w/w-% by cross-linking reactions of the formamide
groups [100]. In the presence of silica it can be assumed that during gel for-
mation diffusion of further VFA monomer to the surface is strongly restrict-
ed. Hence, at an initial VFA concentration of 20 vol-% the degree of grafted
PVFA remains constant (Fig. 17).

The solid state 13C CP MAS NMR spectrum of a typical PVFA/VTS-silica
sample shows two main signal sets at about d=42 ppm and d=163 ppm, at-
tributed to –CH–/–C H2	 and –C HO structure units of the PVFA (compare
Fig. 14a).

As outlined previously, only the acidic hydrolysis is suitable for conver-
sion of the formamides into amino groups. The successful conversion of the
PVFA/VTS-silica hybrid particles into PVFA-co-PVAm/VTS-silica hybrids
was confirmed by the disappearance of the signal at d=164 ppm in the solid-
state 13C CP MAS NMR spectrum. The two additionally found weak signals
at d=164 ppm and d=150 ppm result from the remaining formamide groups
and carbonyl groups of formic acid and formiate ions, which can be consid-
ered as by-products of the acidic hydrolysis.

The acidic hydrolysis of the PVFA/VTS-silica hybrids is combined with
loss of the grafted polymer content. It is assumed that part of the grafted
PVFA chains undergo degradation, probably because of the rigorous acidic
conditions.

Electrokinetic measurements of PVFA/VTS-silica and PVFA-co-PVAm/
VTS-silica hybrids give results similar to those observed for PVFA/silica and
PVFA-co-PVAm/silica hybrids, described previously.

4
Summary

The functionalization of spherical silica particles and silicon wafers with
PVFA-co-PVAm has been carried out using various synthetic procedures
with VFA as the key monomer. The simplest approach used to produce
PVFA-co-PVAm/ silica hybrid materials is adsorption of PVFA-co-PVAm on
the inorganic component from aqueous solution. Depending on the copoly-
mer composition about 0.02 to 0.1 g PVFA-co-PVAm per gram silica is im-
mobilized. The increase of the PVAm content of the co-polymer leads to a
significant increase in the amount of adsorbed PVFA-co-PVAm.

PVFA-co-PVAm molecules adsorbed on silica surfaces are accessible to
subsequent chemical reactions with isocyanates or fullerenes which intro-
duce novel functionalities and irreversibly fix the PVFA-co-PVAm layer on
the inorganic substrate.

Gold functionalized inorganic substrates are suitable for constructing pat-
terned PVFA-co-PVAm functionalized surfaces, allowing incorporation of
noble metals, inorganic clusters, and biologically active components.
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Direct copolymerization of VFA can be carried out either with BVU, in
the presence of silica particles, or with VTS, which must be pre-grafted onto
silica surfaces. Both reactions can be used to immobilize large amounts of
PVFA-co-PVAm on silica surfaces. The second described direct co-polymer-
ization procedure is exhibited by the covalently bonded polyelectrolyte layer
on the inorganic substrate. The swelling capacity of the PVFA/silica hydro-
gels can be controlled by the degree of hydrolysis of the PVFA.

The different syntheses used to produce stable PVFA-co-PVAm/inorganic
oxide hybrid materials and the diversity of possible subsequent reactions
which can be used to functionalize the hybrid materials make them an inter-
esting basis for biological and technological applications.
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Abstract Polyelectrolyte brushes constitute a new class of material which has recently re-
ceived considerable interest. The strong segment–segment repulsions and the electrostatic
interactions present in such systems bring about completely new physical properties of
such monolayers compared to those consisting of either non-stretched or non-charged
polymer chains. In this review some recent progress on the theory, synthesis, and swelling
behavior of polyelectrolyte brush systems in different environments is discussed. The height
of the polyelectrolyte brushes is studied as a function of the molecular weight and graft
density on both planar and spherical surfaces. In addition it is elucidated how the brushes
are affected by external conditions such as the ionic strength of the surrounding medium,
the presence of multivalent or polymeric ions and in some cases by the pH of the contacting
solution. Two more specific cases, the synthesis and characterization of mixed polyelectro-
lyte brushes and cylindrical polyelectrolyte brushes, in which charged polymer chains are
attached to the backbone of other polymers, are described in more detail.
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1
Introduction

Polymer brushes are systems in which chains of polymer molecules are at-
tached through an anchor group to a surface, to an interface, or to a back-
bone of other polymer molecules in such a way that the graft density of the
polymers is high enough that the attached chains are stretched away from
the surface in a brush-like conformation (Fig. 1) [1–5]. Chain stretching
starts, essentially, when the chains at the substrate surface begin to overlap
and increases strongly with increasing graft density of the chains. The
stretching process is the result of segment–segment interactions within the
attached chains and is counterbalanced by the elastic free energy of the
chains, which opposes stretching, as any chain stretching leads to a strong
loss of conformational entropy. This balance between repulsion and rubber-
like elasticity of the chains leads to a new equilibrium at a higher energetic
state than that of isolated coils.

Fig. 1 Schematic illustration of brush regimes: (a) at a solid surfaces: (b) of chains at-
tached to the backbone of another polymer
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In pioneering research in the late 1970s Alexander [6] and de Gennes [7,
8] described the scaling of neutral polymeric monolayers that are irre-
versibly attached by one end to a surface. Depending on the grafting density,
which is defined as the inverse distance of two neighboring surface-attached
polymer molecules, three different regimes are distinguished (Fig. 2). In the
first two essentially single chains are attached to the surface, i.e. the distance
between anchoring points is larger than the size of the molecules and the
surface-attached chains do not overlap. If the polymer segments now have a
strong tendency to be adsorbed by the surface the macromolecules typically
have a flat, “pancake-like”, conformation at the surface. In contrast to this, if
“non-adsorbing” polymers are attached to the surface in such a low grafting
density regime, a “mushroom”-like conformation can be observed. Here
largely unperturbed polymer coils are grafted to the surface. Finally, if the
macromolecules are attached with a high density to the surface, chain
crowding leads to a stretching of the chains, normal to the surface, and the
surface-attached polymer layer assumes a “brush”-like conformation. The
theory of polymer brushes in general at both planar and curved surfaces is
today quite well developed both analytically and numerically and the basic
features of such systems in respect of brush height and segments density
profile as a function of graft density, molecular weight, and solvent quality
are rather well understood (at least for monodisperse systems).

Polymer brush systems are theoretically and experimentally of great inter-
est as the change in the conformational entropy of the attached chains and

Fig. 2 Schematic illustration of the conformation of polymers end-attached to surface:
(a) “pancakes”; (b) “mushrooms”; (c) “brushes”
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the concomitant stretching of the polymer chains bestow interesting new
properties on such materials. Examples of systems with new and enhanced
properties are surfaces with ultralow friction obtained by coating of two sur-
faces with polymer brushes and sliding then against each other [8a] or the
so-called autophobic behavior, in which materials coated with surface-at-
tached polymer chains do not become wetted by free polymer even if the
surface-attached and the free chains are chemically identical [8b].

The physical properties of charged macromolecules in contact with a solid
surface are fundamentally different from that of similar layers consisting of
uncharged polymers [9]. In addition to segment–segment interactions and
changes in conformational entropy, which are present in neutral polymer
films, electrostatic interactions come into play and the structure and proper-
ties of polyelectrolyte layers are almost exclusively dominated by these inter-
actions. Mutual repulsion between the charged polymer segments and elec-
trostatic forces between the polyelectrolyte molecules and the surface (espe-
cially if the latter is also charged), strongly influence the strength of interac-
tion with the substrate and the physical properties of the layers [5]. Further-
more the conformation of the polymer chains in the brush depends strongly
on external conditions, especially the ionic strength of the surrounding me-
dium, the presence of multivalent ions, and, if weak polyelectrolytes are
studied, on the pH value of the contacting aqueous phase.

In the following text recent progress in the field of polyelectrolyte brushes
is reviewed. In the first section the theory of polyelectrolyte brushes is
briefly summarized and some more recent simulation results are shown. In
the next section several aspects of the synthesis and the elucidation of the
physicochemical properties of polyelectrolyte brushes are discussed. In the
following section adaptive and responsive polymer surfaces based on mixed
polyelectrolyte brushes are introduced, followed by a section on cylindrical
polyelectrolyte brushes, in which charged polymer chains are attached to
the backbone of other polymers. Finally some perspectives for further devel-
opments in the field of polyelectrolyte brushes are given.

2
Theory of Polyelectrolyte Brushes: From Scaling to Molecular Simulations

2.1
Neutral Polymer Brushes

If neutral and charged polymer brushes are exposed to solvents, a very inter-
esting and rich phase behavior can be observed. As a consequence, such sur-
face-attached brushes have become the focus of considerable theoretical ef-
forts in studies on the structure and phase behavior of such polymer chains
in contact with a solvent. The thickness of a neutral brush scales linearly
with the degree of polymerization, N, which is in stark contrast to the well-
known characteristics of free polymer chains in a good solvent, where the
radius of the coils scales as R / N 0.58. For neutral brushes the simple scaling
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laws connecting grafting density and molecular weight with brush height
were first derived by Alexander [6] and de Gennes [7, 8]. These scaling laws
have since largely been confirmed by more sophisticated theories [10–15],
direct numerical solutions [5, 16], simulations [17], and experiments [18–
20]. The stretching of a surface-attached macromolecule relies on a balance
between the elastic energy and the osmotic pressure. Briefly, individual
chains can be taken as entropic springs with a spring constant k=3kT/(Na2)
where kT is the thermal energy, N is the chain length and a is the segment
length. An ensemble of such entropic springs exerts a pressure of
Pel=rakL=3rakTL/(Na2). Here ra is the grafting density, and L is the height of
the swollen surface-attached brush. With v being the excluded volume and
setting c the segment concentration to c=Nra/L, the osmotic pressure can be
written as Posm=1/2vc2kT. Finally, the following scaling relation is obtained
by equating the elastic and the osmotic pressure:

L/N �a �r a
1=3 ð1Þ

A more detailed overview of theoretical studies on the structure of neutral
polymer brushes is beyond the scope of this article and can be found in sev-
eral review articles [12, 21, 22].

2.2
“Strong” Polyelectrolyte Brushes

The swelling behavior of a charged polymer brush fundamentally differs
from that of an otherwise very similar, but uncharged brush. Conformation-
al changes of the surface-attached macromolecules are now mainly governed
by electrostatic interactions and the osmotic pressure of the counter-ions,
rather than the osmotic pressure of the macromolecular segments. Under-
standing the sometimes peculiar behavior of such systems, an important
distinction has to be made regarding “strong” and “weak” polyelectrolytes.
For strong polyelectrolyte brushes the number and position of charges on
the chain is fixed. Variation of the pH or the ion-concentration will not af-
fect the number of charges. Because, in this case, charges are permanently
associated with a certain chemical group, brushes of strong polyelectrolytes
are often called “quenched brushes”. The scaling behavior of strong poly-
electrolyte brushes has been studied extensively from a theoretical point of
view [23–29]. In weak polyelectrolytes a dissociation–association equilibri-
um exists. Only the average degree of charging is given by the equilibrium
constant, which is governed by the pH of the solution, but not the position
of the individual charges. As the charges are mobile within the brush they
are sometimes termed “annealed brushes”. Such brushes can show behavior
quite different from that known for the quenched ones [30–35].

Depending on grafting density, ra, degree of dissociation, f, and on the
ionic strength of the medium quenched polyelectrolyte brushes exhibit a
wide spectrum of different structures. In strongly charged brushes with a
large effective charge density of grafted polyelectrolytes, i.e. when both
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grafting density and charge fraction are sufficiently large, effectively all the
counter-ions are trapped inside the brush. This is the case when the Gouy–
Chapman length lGC=(2plBfNra)	1, which is the height at which counter-
ions are effectively bound to a surface of charge density efNra, is smaller
than the brush height, L [23]. Here, lB is the Bjerrum length and e is the ele-
mentary charge. Provided that Coulomb correlations are not important and
the counter-ion distribution is homogeneous in the lateral directions, in this
regime the brush height scales linearly with the degree of polymerization N,
but it is independent of the grafting density ra. The fact that the brush thick-
ness does not depend of the number of attached chains per surface area can
be directly seen from simple scaling arguments. In this case, which is called
the osmotic brush regime, the brush height is determined by the balance be-
tween the osmotic pressure of the counter-ions and the restoring force of the
stretched chains. Because both osmotic pressure of the counter-ions and
elastic pressure of the chains depend linearly on grafting density, the “os-
motic brush” thickness becomes independent of ra [23, 24]

LOsB /N �a � f 1=2 ð2Þ
If strong polyelectrolyte brushes with very high grafting densities are con-

sidered the excluded volume interaction can no longer be neglected. If steric
effects dominate over electrostatic effects the elastic energy is again bal-
anced by a second virial term and the behavior of the neutral brush, dis-
cussed above in Eq. (1), is recovered. Precisely speaking, the prefactor is in-
creased due to an electrostatic contribution to the excluded volume. In this
case, however, the scaling properties of the brush depend strongly on the rel-
ative strength of the interaction of the polymer with the aqueous environ-
ment compared to the polymer–polymer interactions. The interactions of
the polymer with water, however, will be in many systems strongly altered
by charge recombination.

On the other hand, if the grafting density and/or the degree of dissocia-
tion is reduced the Gouy–Chapman length becomes larger than the brush
height and the counter-ion cloud extends far beyond the rim of the brush. In
this case the osmotic pressure of the counter-ions becomes irrelevant against
uncompensated electrostatic repulsion between charged monomers. This re-
sults in the charged or Pincus brush regime, where the elastic and the bare
electrostatic pressures are balanced, giving a brush height which is depen-
dent on the grafting density [23]

LPB /N3a � f 2lBra ð3Þ
However, as the phase regime where such interactions dominate is rather

narrow and the absolute changes in brush height are expected to be quite
small, an experimental confirmation of such a polyelectrolyte brush phase
remains extremely difficult. Solving the non-linear Poisson–Boltzmann
equation without any pre-assumption about the counter-ion distribution
perpendicular to the grafting surface, Zhulina and Borisov have shown that
in the large intermediate region the brush height grows monotonically with
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grafting density when the counter-ion distribution extends beyond the rim
of the brush [29]. In the two limits lGC<LOsB the osmotic brush regime and
for lGC>LOsB the Pincus brush are reproduced.

The picture of the polyelectrolyte brush behavior changes if salt is added
to the solution. Pincus describes the swelling behavior of strong polyelectro-
lyte brushes in solutions of varying ionic strength [23, 24]. At low external
salt concentrations cS screening only takes place at the outer edge of the
brush leaving the overall brush height unaffected. Once the concentration of
added ions in solution reaches the concentration of the free counter-ions in-
side the brush, the screening associated with the external salt reduces the os-
motic pressure of the mobile ions inside the brush. The osmotic pressure
forcing the chains to stretch from the surface at high ionic strengths can be
derived as p�c2kT/2 cS, where c is the segment density. Note that in this case
the osmotic pressure depends quadratically on the density of the polymer
segments, in analogy with phase regimes where excluded volume interac-
tions dominate the behavior of surface-attached chains. The effective exclud-
ed volume parameter nef, however, now scales as nef / cS

	1. Again, the osmot-
ic pressure balances the entropic elasticity. As a consequence, the height LSalt
of the polyelectrolyte brush at high external salt concentrations becomes a
function of the external salt concentration and of the grafting density [23]

LSalt / Na � cS�1=3 �ra�1=3 ð4Þ
It can be seen that on addition of salt the brush height decreases by a

weak power law, LSalt / cS
	1/3. This behavior is often called “salted brush”.

Here the surface-linked monolayer behaves like a neutral brush with an en-
larged (electrostatic) excluded volume. Note that the grafting density has a
strong influence on the amount of free mobile ions per chain inside the
brush. Therefore, the height of such polyelectrolyte brushes is expected to
become less sensitive to the external salt concentration if chains at high graft
density are considered.

2.3
“Weak” Polyelectrolyte Brushes

Weak polyelectrolyte brushes consist of surface-attached polymer chains,
where an equilibrium exists between neutral, undissociated and the charged,
dissociated moieties. In such systems the degree of dissociation depends on
the local pH value [30–32]. Examples of such systems are weak polyacids. At
low pH a large abundance of protons will result in a low charge density due
to protonation of the salt moieties. A number of molecular parameters such
as the charge density on the brush, the concentration of free counter-ions,
and the degree of swelling can therefore be tuned via adjustment of the pH.
Upon the addition of large amounts of salt, weak polyelectrolyte brushes
shrink similar to what is expected for strong polyelectrolyte brushes
(Eq. 4) [33–35].
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Theoretical expectations for the swelling behavior of weak brushes at low
salt concentrations are, on the other hand, somewhat counter-intuitive. If
only small amounts of salt are added to the solution the brush height in-
creases. The reason for such a behavior is that the local concentration of
protons in the brush is governed by the requirement of charge neutrality.
However, when the ambient solvent contains ions other than protons, some
of these cations can be exchanged with the protons without violation of
charge neutrality. Hence, the degree of dissociation of the acid/base moieties
on the polymer chains changes. Generally, some of the cations might also re-
combine with the acidic groups to yield a salt. The binding constant for this
kind of association, however, is much lower than the binding constant of the
pure acid/base equilibrium. As a consequence, a net increase of charge
therefore remains, resulting in an increase in osmotic pressure. Thus the
height of the weak polyacid brush increases with increasing salt concentra-
tion. This process has been thoroughly studied by Zhulina and cowork-
ers [34, 35] and by Fleer [32]. The outcome is a weak power law dependency
predicted for the scaling of the brush height as a function of the external salt
concentration and the grafting density of the surface-attached chains:

L/ Na � cS1=3 �ra�1=3 ð5Þ
However, it should be noted that this is only a somewhat simplified sum-

mary of the theory of PEL brushes. For a more detailed discussion the reader
is referred to Refs. [6–35].

2.4
Simulations

2.4.1
Introductory Remarks

Simulations are promising tools for checking theoretical models and prob-
ing quantities and regimes which are not easily observable experimentally.
However, despite strong efforts in recent years [36], simulations of polyelec-
trolytes still remain challenging. Because of the special methods required for
treating the long-range Coulomb interaction they are computationally rather
expensive. For this reason few simulation studies of polyelectrolyte brushes
have been reported in the literature [37–39].

2.4.2
Simulation Model and Method

In work by the Seidel group a freely jointed bead–spring model was used
where the polyelectrolytes consist of charged monomers (for partially
charged chains also uncharged species) which are connected by non-linear
springs (FENE potential) and grafted by one end to an uncharged surface
(Figure 3). Counter-ions are treated as free charged particles, while solvent
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molecules are replaced by a dielectric background and a heat bath. The
chains are assumed to be in a good solvent modeled by a purely repulsive
Lennard–Jones potential. All particles except the anchor segments interact
repulsively with the grafting surface at short distances and all charged enti-
ties interact with the bare Coulomb potential. Thus, the total potential con-
sists of four contributions Utot=UFENE+ULJ+Uwall+UCoulomb. A schematic pic-
ture of the simulation model is shown in Fig. 3. Equilibrium properties are
studied by stochastic molecular dynamics. The equation of motion for parti-
cle i at position ri (t) is the Langevin equation

m
d2ri
dt2

¼�riUtot �mG
dri
dt

þWi tð Þ ð6Þ

where all particles are assumed to carry the same mass m. G is a friction
constant which couples the particles to a heat bath. The system is held at
thermal equilibrium by a Gaussian random force Wi (t). A major task in any
simulation of charged systems is the correct treatment of the long-range in-
teraction UCoul. To calculate Coulomb forces and energies in the case of a
2D+1 slab geometry, we use a technique proposed by Lekner [40] and modi-
fied by Sperb [41].

Fig. 3 Schematic picture of the simulation model
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2.4.3
Simulation Results

Varying the Bjerrum length lB, we obtain a non-monotonic behavior of the
brush height with a maximum at rather small coupling strengths (see
Fig. 4) [42]. Together with the average height of the chain ends hzei we plot
the Gouy–Chapman length lGC (above). For our choice of parameters the av-
erage bond length is a=0.98 s, with s being the Lennard–Jones radius.

For simplicity, henceforth we use a=s and restrict the discussion to com-
pletely charged systems (f=1). Considering Fig. 4 we address three points:

1. At lB>0.5a the stretching of the chains is smaller than in a corresponding
uncharged brush, indicating the influence of attraction due to electrostatic
correlations.

2. The maximum brush height occurs at lB�0.1 a. For smaller lB, the Gouy–
Chapman length becomes larger than the brush height. Hence, counter-ions
are free to leave the brush giving rise to its relaxation back to the reduced
extension of a quasi-neutral brush.

3. Close to the maximum height we obtain a stretching of the chains up to
about 2/3 of their contour length. This is certainly out of the range where
Gaussian elasticity can be applied. For lB=0.1 a, Fig. 5 shows snapshots
from the equilibrium trajectories.

Fig. 4 Brush height versus Bjerrum length: average end-point height (squares) and
Gouy–Chapman length (thick line). The dashed line gives hzei of a corresponding un-
charged brush

Polyelectrolyte Brushes 89



www.manaraa.com

Note the following points:

1. Immediately one can realize that the chains are strongly stretched and be-
come aligned perpendicular to the grafting surface.

2. Obviously there occurs only a weak dependence of the stretching on graft-
ing density.

3. Almost all counter-ions remain trapped inside the brush.

In Fig. 6 the average thickness of the brush and of the counter-ion layer,
measured by the first moments of the corresponding density profiles, is
plotted as a function of grafting density. As indicated by the snapshots
shown in Fig. 5, at f=1 almost all the counter-ions remain captured inside
the brush. Changing lB from 0.7 a to 0.1 a the relation between hzmi and hzcii
remains almost unaffected while the dependence of the stretching on ra is
drastically changed. In contrast to the well-known scaling law for charged
brushes in the osmotic regime, which predicts a thickness independent of
the anchoring density, in any case we observe a non-negligible effect. At
lB=0.1a the dependence becomes rather weak with a power-law exponent
a=1/5 [43]. At stronger interaction, i.e. at lB=0.7 a, we obtain a new col-
lapsed regime where the monomer density becomes independent of the
grafting density, resulting in a linear scaling of the brush height with
ra [44].

Fig. 5 Completely charged brushes (N=30) at grafting density of (a) rab2=0.04, (b)
rab2=0.06, (c) rab2=0.09, and (d) rab2=0.12. The Bjerrum length is lB=0.1 b
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2.5
Extended Theory of Polyelectrolyte Brushes

2.5.1
Coulomb Correlations and Collapsed Brush Regime

Including electrostatic correlations which cause an attractive interaction, the
nature of the novel collapsed brush regime (CB) can be understood within
an extended scaling model [45]. The simplest way to treat correlations be-
tween mobile charges is within the Debye–H�ckel approximation where the
corresponding free energy (per unit area) reads FDH~	L (NflBra/ L)3/2. The
resulting phase diagram in the (fra)-plane is plotted in Fig. 7. For weak elec-
trostatic coupling lB<n2

1/3 (n2 is the second virial), we observe the diagram of
states obtained by Borisov et al. [28]. For strong coupling lB>n2

1/3, however,
the novel collapsed regime can occur at strong charging. In this phase, the
equilibrium brush height LCB~Nran2

2f	3lB	3 results from a competition be-
tween steric repulsion and attractive Coulomb correlations. For the particu-
lar choice of simulation parameters, at lB=0.7 a we have lB3� n2 which corre-
sponds to the cross-over between strong and weak electrostatic coupling. In
this case, the scaling theory allows no quantitative comparison, but it cor-
rectly describes the trends:

1. with increasing f one enters the CB regime [45] (not shown here); and
2. the CB regime disappears when lB is reduced.

Fig. 6 Average brush height (filled symbols) and height of the counter-ion layer (open
symbols) of completely charged brushes versus grafting density. lB=0.7 b (diamonds)
and lB=0.1 b (triangles). The lines give power laws hzei~ ra a
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2.5.2
Lateral Inhomogeneity and Non-Linear Osmotic Brush Regime

In all previous theoretical studies of polyelectrolyte brushes it was common-
ly assumed that counter-ions are distributed uniformly in the lateral direc-
tions parallel to the grafting plane. However, inhomogeneous distributions
were obtained both in simulation [44] and experiment [46]. Using non-lin-
ear Poisson–Boltzmann theory, lateral inhomogeneity is explicitly taken into
account in Ref. [47]. It was shown there that lateral inhomogeneity of the
counter-ion distribution yields a weak dependence of brush height on an-
choring density, although the counter-ions are assumed to be trapped inside
the brush. The corresponding brush regime is called non-linear osmotic.
Representing a stretched polyelectrolyte chain, which is supposed to consist
of spherical monomers, by a cylindrical rod, there are different possibilities
to choose its diameter. One way is to relate it directly to the bead size
(Fig. 8a, left-handed). Another possibility is to calculate it under the condi-
tion that the polymer volume remains constant (Fig. 8a, right-handed). Sim-
ilarly, there are different possibilities to match the cylindrical cell model
with the rectangular simulation box (Fig. 8b). Clearly the different ways to
set the inner and outer radii of the cell model influence the translational en-
tropy of mobile counter-ions. To compare theoretical predictions quantita-
tively with simulation data and with experimental results one has to take
into account the finite extensibility of polyelectrolyte chains. Although it
does not change the scaling behavior of brush height with grafting densi-
ty [48], at large stretching it strongly influences the absolute value of chain

Fig. 7 Scaling theory phase diagram at n2/lB3<1 in logarithmic scales with quasi-neutral
(NB), osmotic (OsB), Pincus (PB) and collapsed (CB) brush regimes
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extension. In fact, including lateral inhomogeneity of the counter-ion distri-
bution together with non-linear elasticity of the polyelectrolyte chains pro-
vides reasonable agreement between simulation data and theoretical predic-
tions without any fitting parameter [47]. In Fig. 9 we compare the simula-
tion result and theoretical predictions for the two different models discussed
above. Within the order of the systematic error of the model we obtain rea-
sonable agreement with the simulation data. Interestingly, there is some in-
dication of weak dependence of chain stretching on anchoring density from
recent experiments with polyelectrolyte brushes [49].

Fig. 8 Poisson–Boltzmann cell model: (a) different ways to model a polyelectrolyte chain
by a cylindrical rod, (b) different ways to choose the cell boundaries

Fig. 9 Brush height versus grafting density at lB=0.1 b, f =1. Simulation results and theo-
retical predictions
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3
Synthesis and Physicochemical Characterization of Polyelectrolyte Brushes

3.1
Introductory Remarks

Polyelectrolyte brushes at solid surfaces can be formed either by adsorption
of charged block copolymers from solution or by anchoring amphiphilic,
charged block copolymers at the air–water interface, compression, and sub-
sequent transfer of the layer to a solid substrate [9, 21, 50]. A third very im-
portant alternative is chemical attachment of charged polymers to the sur-
face of the substrate. In the following sections we will focus primarily on the
latter, which in one way or the other includes the formation of a covalent
chemical bond between the charged polymer molecules and the solid to
which the polymer chains are attached. In general, there are two well-estab-
lished routes for terminal attachment of polymer molecules to a solid sur-
face, one in which macromolecules containing reactive end-groups react
with appropriate reactive sites at the surface of the substrate, commonly
called a “grafting to” procedure, the other where the monolayer is formed
directly at the surface using a monolayer of surface-attached initiator mole-
cules. The initiator monolayer is then used to start a polymerization reac-
tion. In the latter process the polymer chains are grown directly on the sur-
face of the substrate in situ and such a process is frequently termed “surface
initiated polymerization” or “grafting from”.

3.2
Polymer Brushes via Chemisorption

The “grafting to” process uses specifically (ex-situ) synthesized end-func-
tionalized macromolecules that are chemically attached to appropriate reac-
tive sites on the substrate. Essentially such a process is an extension of the
formation of self-assembled monolayers (SAMs) of low molecular weight
compounds at solid surfaces to their high molecular weight analogs. Accord-
ingly polymer molecules with chlorosilane and alkoxysilane end groups have
been prepared for immobilization on glass and silicon surfaces, and poly-
mers with thiol and disulfide groups for attachment to gold surfaces. Al-
though most of the work published so far has been devoted to the formation
of “neutral” polymer brushes there are also some examples where charged
polymer brushes have been established by this method.

In one example, polystyrene sulfonate (PSS) brushes terminated with
trichlorosilane anchor groups are attached both to spherical [51] and to pla-
nar silicon oxide surfaces [52–54]. To obtain such structures in the first step
a monolayer consisting of neutral polystyrene molecules is formed by reac-
tion of the silane anchor groups with silanol groups on the silicon/silica sub-
strates. The neutral polymer is then transformed into the polyelectrolyte in
a second step via a polymer-analogous sulfonation reaction. The thus ob-
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tained monolayer consist of surface-attached polymer molecules which have
a high molecular weight (N�1900), low polydispersity (Mn/Mw<1.10) and a
degree of sulfonation of roughly f�0.6 [54]. The value of the latter parameter
was obtained from FTIR spectra of the surface-attached monolayers. The
chemisorption of polymers from solution is a very simple method of gener-
ating polymer monolayers, but also has some limitations, which cannot be
overcome easily. One serious limitation is that only relatively simple poly-
mer molecules such as polystyrene can be surface-attached by this method,
as the high reactivity of the anchor groups prevents the coexistence of most
functional groups in the polymer. For example chlorosilane end groups
would not tolerate any amino, hydroxyl, acid, and a variety of other func-
tional groups. In addition to this the thicknesses of the surface-attached
monolayers obtained by this method are limited quite strongly [55, 56]. At

Fig. 10 General scheme of a “grafting to” process for the end-attachment of polymer
molecules to solid surfaces. The early build-up of the polymer monolayer is governed
mainly by the diffusion of the molecules to the surface. However, at later stages ad-
sorbed amount and thickness are limited due to kinetic and thermodynamic hindrances
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the beginning of the surface-reaction, when the surface is still more or less
unoccupied, free chains can easily diffuse to the surface and react with their
counterparts on the surface. Once the surface starts to become significantly
covered with already attached polymer chains, however, the diffusion of fur-
ther chains against the concentration gradient into the film becomes very
slow (Fig. 10). This diffusion barrier leads to a very strong kinetic hindrance
of the attachment of further chains and limits the film thicknesses accessible
in experimental time frames to just a few nanometers. In addition to this the
macromolecules already attached to the surface have to stretch in order to
accommodate further chains to the surface. Accordingly, the attachment of
further molecules is energetically quite costly and even if the kinetic limita-
tions for film formation could be circumvented, the graft densities which
can be obtained by this technique will still be limited for thermodynamic
reasons [57]. Thus polymer monolayers obtained by the “grafting-to” route
are usually only in the “mushroom” or at the low graft density end of the
“brush” regime and the chain stretching is typically rather weak.

As a consequence of the general chemistry of such a process polyelectro-
lyte brushes prepared by this technique always require a two-step approach
where a neutral brush system is formed in a first step and then charged sites
are introduced in a second step. However, one should be aware that such a
post-synthetic modification process might lead to additional complications
if the transformation is not quantitative or if side reactions occur. For a de-
tailed understanding of the structural behavior of such brushes a homogene-
ous polymer-analogous transformation throughout the whole brush is a ba-
sic requirement.

3.3
Polymer Brushes via Surface-Initiated Polymerization

An alternative, which enables some of the problems of the “grafting to” pro-
cesses to be overcome, is the formation of polymer molecules directly at the
surface of the substrate by using a monolayer of surface-attached initiators
and starting a surface-initiated polymerization reaction as shown schemati-
cally in Fig. 11 [2, 57–59]. In this case only monomer has to diffuse to the
growing chain end, thus eliminating the problem with the diffusion barrier,
which strongly limits film growth in the “grafting to” case. As essentially any
chain reaction for the formation of polymer molecules will give the desired
structures, a number of different initiator systems and a variety of polymer-
ization techniques have been employed. For example, techniques such as
radical chain [58–60], living cationic [57, 61], and controlled living (atomic
transfer reaction and tempo-mediated) [62] polymerization have been used.
Substrate materials include spherical [58, 59] and planar [60, 62–64] silicon
oxide surfaces, spherical [61] and planar metal surfaces [57], and soft poly-
meric surfaces [65]; a large number of functional monomers have been used
so far [2].

R�he and coworkers used surface-attached monolayers of an azo initiator
to start the free radical polymerization of a variety of different monomers.
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Neutral [2, 58–60] and charged polymer brushes [2, 63, 64] with high molec-
ular masses and high grafting densities of the surface-bound macro-
molecules have been established. While molecular weights of the surface-at-
tached polymer chains of more than 106 g mol	1 could be realized, the dis-
tances of the surface-attached chains were in some cases less than 3 nm.

In general, the (dry) thickness of polymer brushes is a function of the
molecular mass of the attached polymer chains and of the grafting density [2,
59]. For conventional free radical chain polymerization processes, choosing
an appropriate monomer/solvent ratio in the polymerization step controls
the molecular mass of the attached chains. The grafting density of the sur-
face-attached chains can be controlled by adjusting the conversion of the
initiator, i.e. by choosing the polymerization time. Typically, polymer brush-
es having a wide range of thicknesses starting from a few nanometers to
more than 1000 nm in the dry, solvent free state have been reported [2, 59,
60, 63]. Further parameters that influence the molecular weight and/or the
graft density of the surface-attached chains are the temperature during the
polymerization process, as this determines the rate of dissociation of the ini-
tiator and thus the radical concentration in the film, the radical efficiency,
and transfer reactions. Brushes prepared by this free radical polymerization
method typically have a polydispersity of the order of Mn/Mw�2 (at least if
the conversion of the monomer is kept at a reasonably low level), due to the
nature of the radical polymerization mechanism and the associated termina-
tion steps [58].

In a first example, for a densely grafted PEL brush system positively
charged quaternized poly-4-vinylpyridine brushes have been prepared by
following a two step approach [2, 63, 64, 66]. In the first step a neutral poly-
4-vinylpyridine monolayer is prepared and, subsequently, charges are intro-
duced by a second, polymer-analogous quaternization step. The grafting
density of the parental neutral brush is adjusted by varying the polymeriza-
tion time (Fig. 12) [63, 64]. The substrates were planar silicon substrates in

Fig. 11 Schematic description of a “grafting from” process for the in-situ generation of
surface-attached functional polymer monolayers
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most cases. The yield of the polymer-analogous reaction was analyzed by us-
ing FTIR and measurement of the increase in the mass of the polymer film
during the quaternization reaction (Fig. 13), as the addition of the alkyl hal-
ogen compound leads to a significant mass increase of the repeat units of
the polymer. The conversion of the polymer-analogous reaction was found
to be quantitative, within the experimental error of the surface-analytical
techniques employed, ensuring homogeneous distribution of the charged
sites throughout the brush [63]. Polyelectrolyte brushes are prepared with
high molecular masses of the attached chains (Mn>106) and high grafting
densities (i.e. low distances d between neighboring chains, d�2–5 nm) [66].
However, one step syntheses of polyelectrolyte brushes were also reported–
by using the same immobilized azo-initiator monolayer and surface-initiat-
ed polymerization monolayers of polystyrenesulfonate or methacrylic acid
were generated at the surface in situ. Again the grafting density and the mo-
lar mass of the polyelectrolyte chains were controlled by adjusting the poly-
merization parameters.

An interesting aspect of this way of preparing polyelectrolyte brushes is
that it is also very simple to prepare (statistical) copolymer brushes. To this
only the two monomers have to mixed in the appropriate ratio and (if the
copolymerization parameters permit) statistical copolymer brushes can be
synthesized by the surface-initiated polymerization route. This allows for
some interesting structural variations of the polyelectrolyte brushes. For ex-
ample, if the second comonomer is not charged, but also hydrophilic, a co-
polymer brush is formed, which can be strongly swollen by water, but where
the average degree of charging can be strongly varied all the way from al-
most uncharged copolymers to the fully charged polyelectrolytes.

In an example by the Ballauff group, which follows essentially a very sim-
ilar strategy but with a different synthetic approach, latex particles with a

Fig. 12 Dry thickness (solvent-free state) of a neutral poly-4-vinylpyridine brush at-
tached to a planar solid surface as a function of polymerization time. The solid line rep-
resents the theoretically calculated thickness from the polymerization kinetics. For more
details see text
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polystyrene core and a shell of polystyrene sulfonate or polyacrylic acid
chains (Fig. 14) were synthesized by a photo-emulsion polymerization pro-
cess [2, 65]. In a first step polystyrene particles with typical sizes between 50
and 100 nm and narrow polydispersity were prepared by conventional emul-
sion polymerization. In a second step the latices were covered in situ with a
polymeric layer, where the polymer molecules contain side-groups with a
photo-initiator (seeded emulsion polymerization). This second emulsion po-
lymerization is carried out under starved conditions to avoid formation of
new particles and to ensure a defined core shell morphology. In the third

Fig. 13 (above) Waveguide-spectra (p-polarization) of a 490 nm thick PVP brush on a
LaSFN9/Au/SiOx substrate, and the same sample at a constant relative humidity of 70%
after quaternization with methyl iodide (MePVP, thickness: 870 nm); (below) FTIR detail
spectrum of a PVP brush attached to both sides of a silicon wafer, and the same sample
after the polymer-analogous quaternization
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and final step the polyelectrolyte brushes were generated on the surface of
the particles by photoinitiation using the surface-bound initiators in the
presence of monomer. To carry out this reaction the latex particles were dis-
persed in monomer solution and irradiated in the reaction mixture. Al-
though the latex with the surface-attached initiator presents a turbid system,
the strong light scattering in such systems is practically completely elastic,
so that photoinitiation can be used for such heterophase systems with satis-
factory efficiency. Sufficient dilution increases the interparticle distances
and ensures that no recombination of radicals growing on two different par-
ticles occurs. This is important because such a process would ultimately lead
to cross-linking of the complete system. The brush height, i.e. the hydrody-
namic thickness of the surface-attached layers, was determined by dynamic
light scattering. The brush height was found to increase with increasing
monomer concentration during the polymerization process. The results ob-
tained show that the photo-emulsion polymerization technique offers a fur-
ther convenient means of preparation of stable polyelectrolyte-modified par-
ticles.

3.4
Structural Characterization of Polyelectrolyte Brushes at Solid Surfaces

3.4.1
Swelling of Polyelectrolyte Brushes in Humid Air

For a variety of applications, especially in the life sciences, coatings applied
to the surface of a given material with the aim of making it more biocompat-
ible must be stable in aqueous buffer solution and must have good interfa-
cial properties for biomolecules. The stability of polymer films used in any

Fig. 14 Schematic representation of a spherical polyelectrolyte brush prepared by the
photoemulsion grafting from technique (details see text). The brush consists of a solid
polystyrene core and surface-attached strong (PSS) or weak (PAA) polyelectrolyte brush
shell (Reprinted from Ref. [71] with permission from the American Physical Society)
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of such life science application in contact with a gaseous, liquid or more
complex biological environment is of great importance. If the polymer layers
are swollen when they are exposed to a certain environment, mechanical
stress due to the swelling process can cause the film to become completely
or partially detached from the surface (delamination). Apart from the in-
tegrity of the films another serious issue is the displacement of the polymer
molecules of the coating by other competing adsorbents from the environ-
ment. The latter aspect is especially important in bio-oriented applications
as the coatings are exposed to rather complicated environments and some
molecules competing for surface sites have a very strong tendency to adsorb
and displace the molecules which are already adsorbed on the surface.

One example of a practical application where polyelectrolytes are of cru-
cial interest are immunoassays, where charged polymers are attached to sur-
faces and are then exposed to protein solution with the aim of loading of the
polymer layer with a reproducible amount of these proteins. The protein-
loaded particles or planar films thus obtained are in turn exposed to analyte
solutions containing other proteins. If the proteins in the film match the
proteins in solution, protein–protein complexes are formed, which are then
visualized and/or quantified. In order to complete such a process successful-
ly knowledge about the swelling of the polyelectrolyte layer in buffer solu-
tions and the interaction of such a layer with proteins has to be established.
Further questions, which are of great importance for such polyelectrolyte
systems are the behavior of the monolayers in contact with common impuri-
ties present in contacting solutions especially traces of multivalent ions or
tensides.

The first and simplest example of such a swelling process is when poly-
electrolyte brushes are exposed to humid air. As the films interact strongly
with water they swell to some extent on exposure to ambient humidity. The
extent of the swelling depends of course strongly on the structure of the
polymer. Knowledge about the swelling in humid air is important as most of
the methods for determining the thickness of the layer or the mass of the at-
tached polymer are carried out under ambient conditions and thus do not
give only the mass of the polymer chains, but include the amount of incor-
porated water. If this is not considered, a significant error concerning the
amount of attached polymer results.

In an attempt to evaluate the significance of this parameter a monolayer
of poly- N -methyl-(4-vinylpyridinium) iodide, synthesized by quaterniza-
tion of poly-4-vinylpyridine with methyl iodide, was brought into contact
with different controlled environments using a cell which was held at con-
stant temperature and constant relative humidity. The humidity inside the
cell was set to a chosen value by placing a small vessel containing a saturated
aqueous salt solution in it and sealing it carefully. To generate environments
with varying humidity, a number of different saturated aqueous salt solu-
tions were chosen. As the different salts have each an individual saturation
concentration due the solubility of the individual salts in water at the given
temperature, also the equilibrium water vapor pressure of these salt solu-
tions varies. As in all cases saturated solutions are chosen, the water vapor
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pressure and thus the humidity inside the cell is highly reproducible. To ob-
tain “dry” film thicknesses KOH pellets were introduced into the cell, as the
moisture content of air in contact with KOH is below 10	5 mbar.

The film thicknesses (and refractive indices) of the layers on top of 90

prisms were measured by waveguide spectroscopy, which records the reflec-
tivity of the sample as a function of the angle of incidence. Experimental de-
tails have been reported elsewhere [64]. Reflectivity curves and Fresnel cal-
culations (superimposed on the experimental curves as solid lines) are
shown in Fig. 15. A large uptake of water vapor molecules corresponding to
an increase in thickness of about 150% (Fig. 16) is observed if the film envi-
ronment is changed from 0 to 100% relative humidity at ambient tempera-
ture. The increase of the film thickness is consistent with a concurrent de-
crease of the refractive index of the film [64]. This strong influence of the
humidity of the environment on the film thickness shows that it is indeed
important to take such a process into account and that all measurements
where the film thicknesses of such polyelectrolyte layers are recorded do not
give the mass of the attached polymer directly but have to be significantly

Fig. 15 Waveguide spectra (p-poL) of a 740 nm thick (dry thickness) MePVP brush
covalently attached to the surface of a LaSFN9/Au/SiO2 substrate. The spectra were
measured in different (constant) rel. humidities a = 0%, b = 35%, c = 70%, d = 87% and
e = 100% rel. humidity at 25�C. The solid lines are the calculated reflection curves ob-
tained from Fresnel modeling
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corrected to allow for the air humidity-induced swelling. If the swelling of
the film due to the humidity content of the surrounding air is neglected the
actual mass of the polymer in the film will be quite significantly overestimat-
ed in such measurements.

Although it is intuitively quite clear that the film thickness of the surface-
attached polyelectrolyte layers increases with increasing moisture content of
the air, it is interesting to analyze this behavior in more detail. The experi-
mental data shown in Fig. 16 can be well described by the Flory–Huggins
model, if a c-parameter of 0.75<c<0.95 is used for the model-fit (the fits are
shown superimposed on the experimental data as solid lines in the figure).
The high value for the interaction parameter clearly indicates that humid air
is a “bad” solvent for the surface-attached polyelectrolyte molecules. During
the swelling process in humid air the uptake of water vapor molecules is not
sufficient to enable significant dissociation of the polyions and the counter-
ions. As a consequence the hydrophobicity of the backbone determines the
properties and the interaction of the water vapor molecules with each other
is strong compared to the interaction with the surface-attached polymer seg-
ments. Thus it is not surprising that for the swelling of a polyelectrolyte
brush in humid air large values of the c-parameter are observed.

3.4.2
Swelling Behavior of “Strong” Polyelectrolyte Brushes

Much more interesting, however, than the swelling in humid air is the behav-
ior of polyelectrolyte brushes in contact with water or salt solutions. The
first experimental study of the swelling properties of a surface-attached
polyelectrolyte monolayer obtained by a “grafting to” process has been re-
ported by Auroy and coworkers [51]. Polystyrene sulfonate layers chemically

Fig. 16 Degree of swelling of a 740 nm thick (dry thickness) MePVP brush covalently at-
tached to the surface of a LaSFN9/Au/SiOx substrate as a function of the relative humid-
ity (RH) of the environment. For more details see text
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attached to a high surface-area silica gel are prepared by grafting polysty-
rene molecules, by means of chlorosilyl end-groups, on to the solid surface,
and, subsequently, introducing the charges via a polymer-analogous sulfona-
tion reaction. The silica gels thus obtained were then studied with neutron
scattering techniques. However, due to problems during the synthesis, such
as chain degrafting and possible side-reactions, no systematic investigations
of the influence of the different parameters on the brush height could be per-
formed.

Transferring this preparation method in later studies on to planar solid
surfaces the same group published more systematic structure analysis on
the phase behavior of polystyrene sulfonate brushes [52–54]. In this case,
the height and segment density of the polyelectrolyte brushes were investi-
gated with neutron reflectometry. The surface-attached charged macro-
molecules exhibit a strong stretching normal to the surface, due to the elec-
trostatic repulsion of the charged segments. The authors claim that some of
the chains could even be “fully” stretched. As predicted by mean-field theo-
ry the average swollen height of the polyelectrolyte brushes scales almost
linearly with the length of the attached polymer and is furthermore indepen-
dent of the grafting density [53]. Adding small electrolytes to the solution
the brush height is affected above a certain concentration, and, due to elec-
trostatic screening of the repulsive forces inside the layer, shrinks with a
weak power-law as predicted by theory.

In another example, the swelling behavior of both surface-attached neu-
tral poly-4-vinylpyridine (PVP) and positively charged poly-N-methyl-(4-
vinylpyridinium) iodide (MePVP) brushes prepared by the “grafting from”
method were studied under “good solvent” conditions by means of multiple-
angle null-ellipsometry [67, 68]. In such experiments the brush is grown on
the base of a prism, which is used to couple in the light. The ellipsometric
parameters y and D are then recorded as a function of the angle of inci-
dence. From these spectra the refractive index profile and hence the segment
density profile can be reconstructed either by fitting prespecified functions
to the data or by performing a direct Fourier transformation [68]. This tech-
nique allows the segment-density profile of the brushes synthesized on the
high refractive index glass prisms to be obtained in a rather simple way. The
charged polymer brush was generated from the neutral precursor by a poly-
mer-analogous quaternization reaction in the same way as described above.
The brushes investigated consist of surface-attached macromolecules with
high molecular masses (Mn>106 g mol	1) and high grafting densities
(10	2<s<1 chains per nm2).

Because the MePVP brushes are directly related to the PVP brushes from
which they are synthesized, comparison of the brush height of the neutral
and charged systems allows direct visualization of the consequence of the
“switching on” of electrostatic interactions. A schematic depiction of the sit-
uation and a direct comparison of the segment density profiles for a swollen
brush in the neutral state (PVP) and after addition of the charges (MePVP)
is shown in Fig. 17. In both cases a good solvent (PVP/methanol and
MePVP/water, “salt free”) for the respective brush is employed. The segment

104 J�rgen R�he et al.



www.manaraa.com

density profiles of both the neutral and charged brushes do not show the ex-
pected parabolic shape as predicted by mean-field theory and simulation,
but rather follow an exponential function (Fig. 17b). Although this discrep-
ancy is not yet well understood, one possible explanation concerns with the
polydispersity of the experimental system. As a free radical chain polymer-
ization reaction was used to grow the polymer chains from the surface, the
polydispersity of the surface-attached molecules is significant (an estimate
gave Mn/Mw�2), whereas the theory was developed for monodisperse sys-
tems. It has been shown theoretically for neutral polymer brushes, by Milner

Fig. 17 (a) Schematic depiction of the increase in swollen thickness of a polymer brush
in a good solvent after conversion of a neutral brush into the charged species by intro-
duction of electrostatic forces. (b) Segment density profiles of a neutral PVP and a
charged MePVP brush. Both samples have an identical number of segments per surface-
attached polymer molecule similar grafting densities and are both in contact with a
good solvent (methanol for PVP, water for MePVP)
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et al., that the polydispersity directly impacts on the segment density distri-
bution [68a]. For polyelectrolyte brush systems the influence of polydisper-
sity on the segment density distribution is yet to be investigated, both exper-
imentally and theoretically. The brush height in these and all the following
ellipsometric experiments is defined as twice the first moment of the seg-
ment density distribution.

In agreement with mean-field theory, the swollen brush height of the PVP
brushes increases with graft density (L / s1/3) whereas the height of the
highly charged polyelectrolyte brush in pure, “salt-free” water is almost in-
dependent of the graft density (L / s0). In Fig. 18 the results of these studies
are shown together with the theoretically expected power-laws, which are su-
perimposed on the experimental data in Fig. 18. In the case described here,
the surface-attached neutral polymer chains stretch to about 40% and the
positively charged species to about 65% with respect to the theoretically cal-
culated contour-length [66, 69].

Apart from the effect of the external salt concentration on the static be-
havior of such systems, the dynamic properties of such brushes are also of
great importance. Gelbert et al. [70] investigated the influence of added elec-
trolytes on the internal structure of a polystyrenesulfonate brush prepared
by the “grafting from” method by means of noise analysis of a scanning
force microscope (SFM) cantilever. The dynamics of the surface-attached
polyelectrolyte brush, in particular fluctuations of the brush thickness under
compression and varying ionic strength of the liquid phase, were deter-
mined by bringing the brush into contact with a cantilever of a scanning
force microscope. To do this a silica sphere with a diameter of 10 m was
glued to the tip of the cantilever to obtain well-defined geometry in the in-

Fig. 18 Brush thickness as a function of graft density for neutral and charged brushes.
The experimental results are shown together with the scaling laws predicted by mean-
field theory (lines in the figure: L ~ s0.33 for the neutral brush, and L ~ s0 for the poly-
electrolyte brush)
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teraction zone. The schematics of the set-up are shown in Fig. 19. The ther-
mally activated motion of the cantilever is modified by the interaction be-
tween the brush and the tip and can be analyzed through a noise power
spectral density [70]. The outcome of such a noise analysis is, in principle,
equivalent to a force modulation spectrum.

The polyelectrolyte brush shrinks strongly on addition of electrolytes.
At low or moderately low salt concentrations (cs=0.01 mol L	1) the force
profiles resemble those of a soft brush. At salt concentrations of cs=
0.03 mol L	1, however, the profile of the static force resembles more closely
that of a hard surface. Interestingly, if the behavior of the PEL brush is stud-
ied close to the collapse point significantly increased compressibility can be
observed. However, the compressibilty shows no bistability, which indicates
that the transition between the brush and the collapsed state is not a true
first-order transition, although this would be expected from mean-field the-
ory. One possible explanation of this behavior would be that the polydisper-
sity of the surface-attached chains smoothens the transition.

In another example the swelling behavior of a spherical brush consisting
of a solid polystyrene core and a polystyrene sulfonate shell was investigated
with respect to the ionic strength and the pH of the liquid phase [71]. The
brushes were grown on the surface of the latex particles by photoemulsion
polymerization, which has been described above. The height of the brush
layer was determined by dynamic light-scattering experiments. It is evident,
that the swelling behavior of such a system must be considerably different
from that of the same system on a planar surface, as with increasing distance
from the surface the accessible volume increases with the third power of the

Fig. 19 Experimental set-up for thermal noise analysis experiments. The dynamic infor-
mation is contained in the random motion of a sphere which is in contact with the
brush and suspended on the cantilever of a scanning-force microscope (SFM)

Polyelectrolyte Brushes 107



www.manaraa.com

radius of the shell, which of course influences the segment density profile
strongly.

Figure 20 shows the dependence of the brush thickness L on the pH (A)
and salt concentration (B) of the liquid phase. As expected from mean-field
theory, the height of the strong polyelectrolyte brush at various grafting
densities and molecular masses of the surface-attached macromolecules is
independent of pH at a given constant electrolyte concentration of the medi-
um so that the PSS chains are fully dissociated under all circumstances [71].

The height of such spherical PEL brushes as a function of the concentra-
tion of added monovalent salts was investigated at constant solution pH us-
ing two different PSS brushes. The data (Fig. 20b) show that at low ionic
strength the PSS brush height is almost independent of the external salt con-
centration. At higher salt concentrations the polyelectrolyte brush shrinks.
However, it is evident that this behavior cannot be described by simple scal-
ing laws. The discrepancy between the experimental results and scaling law
prediction are most likely not caused by the polydispersity of the attached
macromolecules, but rather is determined by the fact that the contour-
length of the polymers is of the order of all other length-scales of the system
(e.g. the radius of the particle), and the brush height becomes very sensitive
to these pertinent parameters [71]. For a more detailed insight into the scal-
ing of spherical polyelectrolyte brushes the reader is referred to discussions
in Ref. [71] and references therein.

Fig. 20 (a) Brush thickness as a function of pH of the medium for a surface-attached
spherical PSS brush at different constant potassium chloride concentrations (crosses,
1 mol L�1; open squares, 0.1 mol L�1; triangles, 0.01 mol L�1; open circles, 0.001 mol L�1;
filled squares, 0.0001 mol L�1). The radius of the polystyrene core is R=68 nm; the con-
tour length of the attached chains is Lc=147 nm, the grafting density is s=0.037 nm�2.
(b) Brush thickness as a function of potassium chloride concentration of the medium
for a surface-attached spherical PSS brush at constant pH=7 (triangles, R=72 nm,
Lc=159 nm, s=0.027 nm�2; open circles, R=54 nm, Lc=141 nm, s=0.031 nm�2; filled
circles, R=54 nm, Lc=141 nm, s=0.031 nm�2 in MgSO4). (Reprinted from Ref. [71] with
permission from the American Physical Society)
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3.4.3
Swelling of “Weak” Polyelectrolyte Brushes

An interesting, and with regard to basic physics somewhat different, case is
present if the surface-attached polyelectrolyte chains consist of a weak poly-
electrolyte. The local charge density of a weak polyacid or polybase is not
fixed but is a function of the local concentration of protons inside the brush.
If the pH is raised or lowered new charges are generated on the brush or dis-
appear due to charge recombination. However, also within the brush the sit-
uation is not same in all different locations. Since the degree of dissociation
of weak polyelectrolytes depends on the polymer concentration and accord-
ingly the segment density in the brush, which is a function of the z -coordi-
nate, also the charge density varies within the brush as function of the dis-
tance from the substrate.

In one example polymer segment density profiles of weak polyacid brush-
es consisting of polymethacrylic acid (PMAA) chains were investigated as a
function of the pH of the environment by means of multiple-angle ellipsom-
etry [68]. The polymer brushes were prepared by surface-initiated polymer-
ization of methylacrylic acid as described above.

Figure 21 shows the segment density profiles of such PMAA brushes as
obtained by Fresnel-modeling, and, more directly (i.e. “model free”), by FT
analysis of ellipsometric spectra at different solution pH [68]. Figure 22
shows the swollen brush height L obtained from these experiments.

It is evident that the behavior of a polyelectrolyte brush consisting of sur-
face-attached weak polyacid chains is markedly different from that of a
strong polyelectrolyte brush described above, as the number of charges on
the polymer chain varies strongly with changing pH. At very low pH all sites
are protonated and the brush carries no net charge. Increasing the pH gen-
erates more charges inside the brush, which in turn causes an increase in
electrostatic repulsion and, as a result, the polymer chains are stretched out

Fig. 21 Profiles of a surface-attached weak polyacid brush as obtained from FT analysis
of ellipsometric data at different pH. The pH is given in the figure. Analysis of the same
ellipsometric data by Fresnel modeling. Best fits to complementary error functions at
different pH given in the figure. For more details see text
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further into solution. Accordingly the overall brush height increases. It
seems clear that outer regions of the brush are more affected because the
segment density decreases with increasing distance from the surface. At high
pH a highly extended tail is observed that is also expected from SCF calcula-
tions on such systems. However, theoretical calculations only treat strictly
monodisperse systems, and theoretical calculations for neutral surface-at-
tached chains of the influence of polydispersity on the segment density pro-
file also yield profiles that have long tails, which extend far into the solution.
Consequently, it is not yet clear what part of the observed behavior is due to
the change in the local pH and which is due to the polydispersity of the sur-
face-attached chains.

Dynamic properties of such PMAA polyelectrolyte brushes, investigated
by SFM noise analysis, are reported in a further communication [70]. Noise
analysis reveals that the PMAA brush shrinks with decreasing solution pH,
which is consistent with the findings of the optical measurements for the
same system described above. Analysis of static force profiles shows that the
grafted polyelectrolyte brushes are softest at the highest degree of swelling
(Fig. 23) and that the brushes appear to have extended outer tails, which is
consistent with both the ellipsometric analysis and mean-field predictions.
From force–distance profiles it is concluded that the polyelectrolyte brush
collapses at 5<pH<6, which, again, is consistent with the ellipsometric re-
sults on the same system (Fig. 23). In a manner very similar to that for
strong polyelectrolyte brushes a highly compressible region at near-collapse
condition is found for weak PMAA brushes [70].

A qualitative similar picture is observed for brushes consisting of the
same kind of polymer chain attached to a solid spherical substrate. By anal-

Fig. 22 Swollen thickness of a polymethacrylic acid brush attached to a planar lantha-
num oxide surface as a function of the pH of the solution. The thickness is determined
by FT analysis (closed symbols) and by Fresnel modeling (open symbols) of ellipsometric
data. For details see text
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ogy to the corresponding strong polyelectrolytes such spherical PAA brush-
es have recently been prepared by the photoemulsion polymerization meth-
od [71–73].

The influence of the pH and ionic strength of the surrounding medium
on the brush height was determined by dynamic light scattering. Figure 24
shows the brush height as a function of the external pH. The brush height
follows essentially the same behavior as that seen by ellipsometric measure-
ments of PMAA brushes on flat surfaces. In agreement with expectations the
stretching of the chains becomes more pronounced when a low ionic
strength of the medium is considered, because at high ionic strength screen-
ing of the charges starts to set in Ref. [70].

When such a spherical weak polyelectrolyte brush is studied, a somewhat
counterintuitive behavior can be observed, which has been predicted by
mean-field theory, and is sometimes called “anomalous salt effect”. While at
high salt concentrations the brush height shrinks in a way very similar to
that observed with strong polyelectrolytes, due to charge screening, at low
ionic strength of the medium the height of a weak poly acid brush increases
with increasing salt concentration as shown in Figure 25 for a PMAA brush
in contact with sodium nitrate solutions. Thus at intermediate concentration
a maximum of the brush height as a function of the external salt concentra-
tion is observed (Fig. 25). While at first view it looks somewhat peculiar that
the brush starts to swell with increasing concentration, it becomes directly

Fig. 23 Viscoelastic parameters measured during approach to a PMAA brush under var-
ious conditions of pH. The friction coefficient is increased at intermediate pH
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clear if not only the screening of charges but also the dissociation equilibri-
um is considered. With increasing concentration of monovalent ions the
protons of the carboxylic acid become more and more replaced. As generally
sodium salts of carboxylic acids are more strongly dissociated than their
acid counterpart the polymer chain becomes more and more charged and
the osmotic pressure inside the brush starts to increase. However, when the
salt concentration is further increased, this effect becomes overcompensated
by charge screening and the brush shrinks again (see also the discussion in
Ref. [71]).

3.5
Interaction of Brushes with Multivalent Ions

When the brushes are brought into contact with solutions containing multi-
valent ions the picture described above changes dramatically. To demon-
strate the effect the same PMAA brushes as described above were exposed to
solutions containing multivalent ions. Figure 25 shows as examples changes
of brush thickness with increasing ion concentration when the brushes are
exposed to sodium, calcium, and aluminium nitrate solutions [74].

The brush thickness passes through a maximum only with the monova-
lent sodium ion. If the brush is exposed to solutions containing bivalent al-
kaline earth metal ions such as calcium, the brush collapses at intermediate

Fig. 24 (a) Brush thickness as a function of pH of the medium for a surface-attached
spherical PAA brush at different constant potassium chloride concentrations (crosses,
1 mol L�1; open squares, 0.1 mol L�1; triangles, 0.01 mol L�1; open circles, 0.001 mol L�1;
filled squares, 0.0001 mol L�1). The radius of the polystyrene core is: R=66 nm; the con-
tour length of the attached chains is: Lc=228 nm; the grafting density is: s=0.039 nm�2;
(b) Brush thickness as a function of the potassium chloride concentrations of the medi-
um for a surface-attached spherical PAA brush at constant pH=7 (triangles, R=66 nm,
Lc=228 nm, s =0.039 nm�2; open squares, R=105 nm, Lc=123 nm, s=0.018 nm�2; filled
circles, R=57 nm, Lc=42 nm, s=0.038 nm�2 in MgSO4). (Reprinted from Ref. [71] with
permission from the American Physical Society)
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concentrations (around 10	3 mol L	1; Fig. 25) and exhibits no maximum in
brush thickness. Figure 26 compares typical ellipsometric spectra (D only)
for a PMAA brush immersed into aqueous sodium and calcium solutions of
different concentration. Even simple visual inspection of the spectra reveals
a remarkably different behavior for the monovalent and bivalent ions and

Fig. 25 Swollen thickness of PMAA brushes as a function of the external salt concentra-
tion for aqueous sodium, calcium, and aluminium nitrate solutions. Values at a concen-
tration of 10�6 mol L�1 correspond to the swelling in pure MilliQ water. The dry film
thicknesses were 42 nm (stars), 45 nm (circles) and 46 nm (squares)

Fig. 26 Representative ellipsometric spectra (D as a function of the incidence angle; Y is
omitted for clarity) of PMAA brushes on LaSFN9 prisms swollen in aqueous solutions
of NaNO3 and Ca(NO3)2. The concentrations are 10�5, 10�4, 10�3, 10�2, 10�1 and
100 mol L�1 from the top downwards and the offset in D by which the curves are shifted
for clarity is 20. The solid lines represent model calculations using a complementary er-
ror function to describe the segment density profile
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allows qualitative conclusions to be drawn. For calcium as the external salt
the flattening of the curve which connects the angle of incidence with the el-
lipsometric parameter D below the critical angle indicates that the brush
height is becoming dramatically smaller and the layer is getting closer to a
uniform box-like profile. Figure 27 shows some representative segment den-
sity profiles for the same PMAA brush at different calcium concentrations
obtained from model fits to the ellipsometric spectra in Fig. 26. The transi-
tion from a fuzzy profile to a box like profile at about 10	3 mol L	1 can be
seen quite clearly.

It is, furthermore, quite interesting to see that well above the collapse con-
centration the brush seems to re-swell slightly upon addition of more calci-
um ions to the solution. Although the effect is rather small and within the
experimental error, this feature seems to occur in all samples. One possible
explanation for this behavior is that with increasing calcium concentration
equilibrium formation requires that more and more calcium ions bind only
one carboxylic acid group within the film, leaving a number of moieties with
a net positive charge behind. Due to the increasing amount of charge on the
polymer chains they become more soluble and the film thickness increases
again.

Last, PMAA brushes in contact with aluminium solutions show similar
behavior to the calcium case; however, the collapse concentration is found
to be lower by roughly two orders of magnitude. If an aluminium salt solu-
tion is added to the brush the collapse starts at concentrations of
<10	5 mol L	1 (Fig. 25). Furthermore, it is interesting to note that the film
still contains rather large amounts of water in the collapsed state and re-
mains much more swollen, compared to the same film which has been col-
lapsed by exposure to calcium.

Fig. 27 Representative segment density profiles of the collapse of a PMAA brush on a
LaSFN9 prism swollen in aqueous solutions of Ca(NO3)2 having different external salt
contents as denoted in the figure. The profiles were obtained from model calculations
based on the ellipsometric spectra shown in Fig. 26
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Theoretical studies that deal with the thickness trends of weak polyacid
brushes show that if ionic interactions alone are responsible for swelling be-
havior the brush will display a maximum in its thickness with increasing
ionic strength. This behavior is predicted for both monovalent and multiva-
lent ions. In the described studies, however, only the monovalent sodium
salt case is in agreement with this theory [75]. As already described above
the thickness increases with increasing salt concentration, at sufficiently low
salt concentrations, in the so-called osmotic brush regime, since the addition
of salt facilitates the dissociation of the acid groups and leads to an increase
in the degree of ionization. Above a critical ionic strength, however, the
brush thickness decreases with increasing salt concentration, due to the in-
creased screening of the charged groups. This is called the salted brush re-
gime.

That completely different behavior is observed for bivalent calcium and
trivalent aluminium counter-ions can be attributed to the fact that ionic in-
teractions alone do not govern the brush structure and that the situation is
somewhat more complex. Indeed, there have been experimental investiga-
tions on the interaction of weak polyacids in different topologies with multi-
valent cations in the literature [76–78]. Osmotic de-swelling measurements
on sodium polyacrylate gels [77], and combined static and dynamic light
scattering measurements on sodium polyacrylate chains [78], show a volume
transition at specific ion concentrations. In addition, bivalent transition
metals and trivalent cations lower the elastic free energy by forming cross-
links between the polymer chains. How exactly the collapse of the brushes
proceeds will depend on subtleties of the interaction of the multivalent ion
with the polymer backbone, especially the strength of the formed complex
and its interaction with water. It can be envisioned that, if the complexation
constant is becoming too high, i.e. the complex becomes too stable, no re-
equilibration of the brush structure becomes possible.

3.6
Interaction of Polyelectrolyte Brushes with Other Polyelectrolytes

The following describes preliminary results on the formation of monomolec-
ular layers of surface-attached polyelectrolyte–polyelectrolyte complexes by
using polyelectrolyte brushes as substrates [79]. In particular, the differ-
ences between strong and weak polyelectrolyte systems were studied. The
surface-attached polyelectrolyte complexes obtained were used for further
layer-by-layer build-up of polyelectrolyte multilayers. Subsequent processes
in which the substrates were alternately dipped into a strong and a weak
polyelectrolyte will be termed strong/weak systems. The corresponding sys-
tems consisting of two varieties of strong PEL molecules will be called
strong/strong.

In the first step the influence of brush thickness on the adsorption of the
second, oppositely charged PEL layer for strong/strong and strong/weak PEL
systems was investigated. In a set of experiments the brush thickness was
varied from 5 nm to roughly 200 nm by adjusting polymerization time,
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which controls the conversion of the initiator and, accordingly, the grafting
density of the polymer monolayer. Figure 28 shows how the amount of
polyanions adsorbed depends on the polycation (MePVP) brush thickness.
It is evident that the adsorption of PMAA on the MePVP brush strongly de-
pends on the initial brush thickness whereas the adsorption of PSSNa is al-
most independent of the thickness of the substrate brush. While in the latter
case the brush thickness was varied by a factor of about 20, the concurrent
change of the thickness of the absorbed PSSNa layer was only a factor of
about 1.5. In contrast to this, for adsorption of the weak polyelectrolyte
(PMAA) the thickness of the adsorbed PMAA layer is more or less identical
to the thickness of the brush on which it was adsorbed, and an increase in
the layer thickness by a factor of roughly 20 was observed. This difference in
the overall layer stoichiometry can be understood if the swelling of the lay-
ers in contact with the oppositely charged polyelectrolyte is studied with
multiple-angle ellipsometry. Whereas the strong-weak PEL system remains
highly swollen throughout the absorption experiment, the brush in the
strong/strong system collapses immediately upon addition of the oppositely
charged PEL.

Apart from the formation of ultrathin surface-attached PEL–PEL com-
plexes it is very interesting whether the PEL brushes can be also used for
the formation of PEL multilayer assemblies. The so-called layer-by-layer
(LBL) technique is a simple and powerful method to form well-defined mul-
tilayered structures [80]. For the formation of such multilayer assemblies
the brushes are dipped alternately into polyelectrolyte solutions, one con-
sisting of a positively charged polyelectrolyte, the other of a negatively
charged polyelectrolyte. It is usually assumed that in this LBL deposition
process the driving force for each monolayer formation is charge overcom-
pensation [81, 82]. The stability of the multilayered system formed by LBL
process in different environments is one of the limitations of this process.
Since the attachment of the first layer depends solely on the interaction of

Fig. 28 Layer thickness increase due to formation of a PEL–PEL complex during expo-
sure of a MePVP brush to a PSSNa solution or a PMAA solution. Lines are a guide to the
eye
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the polymers with surface charges, the whole multilayer assembly can be
desorbed either by changing the sign of the surface charge of the substrate
or by addition of competing low-molecular-weight electrolytes which can
displace the polymer molecules in the first monolayer [82, 83]. Here having
covalently anchored polymers could be advantageous.

Another general problem of the layer-by-layer method is the low thick-
ness of each single deposited layer, which is on the order of 0.5 nm [80].
Such a small increase of the film thickness per deposited layer is rather in-
convenient if a thicker PEL multilayer assembly is desired, as in this case
many layers have to be deposited.

In preliminary experiments on the formation of polyelectrolyte multilay-
ers deposition of a MePVP/PSSNa multilayer system and a MePVP/PMAA
multilayer system were carried out using systems such as those described
above. The results of this study are shown in Figure 29 and Figure 30. The
prior shows the results of experiments in which two strong polyelectrolytes
were used (Fig. 29). It can be easily be seen that the thickness increase due
to absorption of the second layer is larger than that of the following layers
deposited on top of it, but starting from the third layer the thickness in-
creases only by about 0.5 nm per deposition cycle (i.e. deposition of two
monolayers) and a linear relationship between the layer thickness and the
number of deposited layers is observed. In this system the increase in layer
thickness per deposition cycle is independent of the properties of the brush.

For the MePVP/PMAA system also (Fig. 30) it is clearly visible that the
film thickness increases linearly with the number of dipping cycles. Howev-
er, it is also evident that the thickness of each layer in the multilayer assem-
bly strongly depends on the thickness of the initial brush layer. The increase
of layer thickness per deposition cycle is more or less identical to that of the
thickness of the initial brush monolayer and even when a very thick multi-

Fig. 29 Film thickness as a function of the layer numbers for MePVP/PSSa multilayers
using 7.6 nm (squares) and 22.9 nm (stars) MePVP covalently attached monolayers as
the first layer. The solid lines show a linear fit of the dependence of the film thickness
on the number of deposited layers
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layer is deposited, the outermost layer resembles closely the innermost, the
brush layer, and a very strong templating effect is observed.

Although the overall architecture of the two systems is very similar (sur-
face-attached PEL brush with electrostatically attached monolayers of alter-
nating charge sign), the film formation behavior of the two systems is very
different, as shown schematically in Fig. 31. In the depiction shown in the
figure only the heigth increase per layer is schematically shown. The figure
is not ment as to imply any detail concerning the internal structure such as
the existence or absence of phase boundaries and on film roughnesses. Al-
though all the details of this difference are not yet understood, it is evident
that the basic difference between the systems is the water solubility of the
PEL–PEL complex formed. This difference is directly evident if solutions of
the two polyelectrolytes are mixed [84]. While in the first (weak/weak) case
the complex remains soluble if solutions containing equimolar amounts of

Fig. 30 Film thickness as a function of the layer numbers for MePVP/PMAA multilayers
using 31 nm (circles), 90 nm (triangles) and 342 nm (stars) MePVP brushes as the first
layer. The solid lines represent a linear fit of the dependence of the film thickness on the
number of deposited layers

Fig. 31 Schematic depiction of the formation of PEL multilayers through PEL brushes:
(a) strong/strong system; (b) strong/weak system; no implication is made about phase
boundaries between the different layers and interface roughness
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polyanion and polycation are mixed, in the latter (strong/strong) case imme-
diate precipitation occurs due to the hydrophobicity of the neutral complex
formed.

Polyelectrolyte brushes can be used as substrates for the absorption of
polyelectrolytes from solution to form PEL–PEL complexes attached to solid
surfaces and for the subsequent build-up of weak polyelectrolyte multilayers
by a layer-by-layer deposition process. Because the generated polyelectrolyte
monolayers directly in contact with the surface are attached to it by chemical
bonds, the PEL complexes and the PEL multilayer could be potentially very
stable. Another advantage of this method is that it allows control of the sur-
face properties of the substrate in great detail.

The formation of PEL complexes and multilayers at solid surfaces via
polymer brushes consisting of weak and strong PELs is quite different from
the case where two strong polyelectrolytes are used. Interestingly, in the
strong-weak PEL system, each adsorbed layer has the same thickness, which
closely resembles the thickness of the innermost, namely the brush layer,
whereas in the strong/strong PEL system the formation of PEL multilayers
resembles more the traditional LBL technique in so far as that the increase
in layer thickness per deposition cycle is well below 1 nm. In the strong/
weak case, however, easily more than 100 nm of polyelectrolyte can be de-
posited per dipping cycle, which allows the simple generation of very thick
PEL multilayer assemblies.

4
Mixed Polyelectrolyte Brushes: Adaptive and Responsive Polymer Surfaces

4.1
Introductory Remarks

A novel strategy for the fabrication of responsive functional polymer films
is based on grafting of several different functional polymers on to a solid
substrate via functional end groups, resulting in mixed polymer brushes.
Grafting of two different polymers randomly on to a surface prevents macro-
phase separation while numerous morphologies and the possibility of
switching between them as a result of external stimuli offer opportunities to
tune surface properties and structure in a wide range. Even more promising
properties can be attributed to the mixed brushes if one or more polymers
in the mixed brush carry electrical charges.

4.2
Theory of Mixed Brushes

Mixed brushes prepared from polymers of similar molecular weight but dif-
ferent chemical composition have recently been intensively investigated the-
oretically [85–89] and experimentally [89–92]. It was shown that the mixed
brush morphology is effected by the interplay between lateral and phase
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segregation governed by solvent quality. The lateral segregation of mixed
brushes is dominant in nonselective solvent and results in a ripple morphol-
ogy, while in selective solvent the unfavored polymer forms clusters embed-
ded in the continuous phase (dimple morphology) of the second polymer
with its enhanced concentration on the top of the layer. This mechanism in-
troduces the adaptive and switching properties of the thin film which can
change morphology, surface energetic state, and functionality upon expo-
sure to controlled environments.

Mixed brushes fabricated by use of oppositely charged polyelectrolytes
(PEL) grafted on the same planar substrate exhibit even much more compli-
cated behavior [93]. In contrast with equally charged homopolymer brushes,
for which intrachain and interchain Coulombic repulsion leads to a stretch-
ing of the chains, oppositely charged mixed brushes have other means of re-
ducing the electrostatic repulsion, depending on charge ratio (degree of
compensation of the total charge of homopolymer A, consisting of NA seg-
ments, by the total opposite charge of homopolymer B, consisting of NB seg-
ments). When NA>NB polymer A chains are coiled due to the electrostatic
attraction between A and B, whereas when NA=NB both chains form a com-
pact brush. Addition of salt leads to screening of this attraction and the
brush expands. At a low charge ratio further increase of salt concentration
causes a decrease of brush thickness due to screening of the repulsion be-
tween equally charged segments, thus exhibiting a maximum. Consequently,
the larger variety of combinations of electrostatic and short-range interac-
tions leads to a much more complex response.

4.3
Synthesis of Mixed Polyelectrolyte Brushes

The strategy for synthesis of mixed PEL brushes is based on a combination
of the concepts used for synthesis of homopolymer PEL brushes, when two
main “grafting to” [94–99] and “grafting from” [63, 64, 66, 100] approaches

Fig. 32 Schematic presentation of “grafting to” and “grafting from” approaches for syn-
thesis of binary polymer brushes
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were developed by a number or research groups, and of the strategy devel-
oped for synthesis of mixed polymer brushes [80–92]. Usually neutral ho-
mopolymer brushes are synthesized by “grafting to” or “grafting from”
method and the second homopolymer is then grafted in the next step
(Fig. 32). Finally, the mixed polyelectrolyte brush is prepared from the
mixed neutral brush with an appropriate polymer analogous reaction. Below
we present several examples of different strategies for grafting of mixed PEL
brushes.

4.3.1
“Grafting To” Method. Step by Step Grafting of Two End-Functionalized Homopolymers

Mixed Polystyrene (PS)—poly(2-vinylpyridine) (P2VP) brushes were syn-
thesized by grafting carboxyl terminated PS in the first step and carboxyl
terminated P2VP in the second [92]. The mixed brush was prepared on the
surface of an Si wafer functionalized with (3-glycidoxypropyl)trimethoxysi-
lane (GPS). In both cases the polymers were spin-cast on the substrate and
grafted from the melt at a temperature above the Tg of the polymers
(120 
C–150 
C) via reaction of surface epoxy and hydroxyl groups with end
carboxyl groups of the homopolymers. In the next step the mixed PEL brush
was obtained by protonation of P2VP in acidic aqueous solution. Since the
grafted amount of the end-functional polymers is kinetically limited, the
composition of the brush was regulated by the conditions of grafting in the
first step (temperature and time) to graft some limited amount of the first
homopolymer and to reserve space on the surface for grafting of the second
polymer. In most cases the two different polymers are incompatible and,
generally, the best results for the grafting procedure on the Si wafer were ob-
tained if the second polymer shows larger affinity to the substrate than the
first one. For the inverse case the preferential adsorption of the first homo-
polymer protects the surface functional groups from grafting of the second
polymer.

Polyacrylic acid (PAA)—P2VP mixed brushes were prepared by a similar
synthetic procedure, by grafting of carboxyl-terminated poly(tert-butyl ac-
rylate) (PtBuA) and P2VP. Afterwards, PtBuA was hydrolyzed in the pres-
ence of p-toluene sulfonic acid. The same strategy was employed to graft
mixed PEL brushes on polymer surfaces. In this case plasma treatment was
used to functionalize surface of polymer substrates. We introduced amino
groups on the surface of PA-6 and PTFE by treatment of the polymer sam-
ples with NH3 plasma. Then the carboxyl terminated homopolymers were
grafted step by step from the melt to the solid substrate via amide bonds.

Mixed brushes of different chemical compositions and ratios between
polymers can be prepared with this procedure (Table 1). However, the total
grafted amount is usually limited to 10 mg m	2.

Polyelectrolyte Brushes 121



www.manaraa.com

4.3.2
“Grafting from” Method

This method can be successfully used to prepare high grafting density mixed
PEL brushes with a similar strategy [90, 91]. The surface of an Si wafer is
functionalized with GPS and treated with diaminopropane. The acid chlo-
ride of 4,40-azobis(4-cyanopentanoic acid) (Cl-ABCPA) was chemically graft-
ed to hydroxyl and amino groups on the Si wafer surface. Step by step two
different monomers, styrene and 2-vinylpyridine, were polymerized on the
surface. The ratio between the two grafted polymers is regulated by the con-
ditions of polymerization (temperature and time) in each step of grafting. In
the second step polymerization is initiated by the residual fraction of the
chemisorbed azo-initiator left after the first step. The molecular weight of
the grafted polymers can be regulated by adjusting monomer concentration,
temperature, and concentration of initiator added to the bulk solution.

The same protocol was used for the “grafting from” procedure to graft
mixed brushes on to polymeric substrate. Plasma treatment was used to in-
troduce hydroxyl (oxygen plasma) and amino (NH3 plasma) functional
groups on to the polymeric surfaces and then Cl-ABCPA and two different
homopolymers were grafted by polymerization from the functionalized sur-
face.

4.4
Characterization of Mixed PEL Brushes

Thickness of the brush and surface roughness of the layers was evaluated by
X-ray reflectivity which we performed with the dried product after each

Table 1 Characteristics of mixed PE brushes

Method
and
composition

Grafting
to PS-P2VP

Grafting
to PtBuA-P2VP

Grafting
from PS-P2VP

PS-
P2VP

PS P2VP PtBuA-
P2VP

PtBuA P2VP PS-
P2VP

PS P2VP

Grafted
amount A
(mg m	2)

6.8 3.6 3.2 7.3 4.0 3.3 27.3 14.1 13.2

Grafting
distance
(nm)

3.2 4.6 4.3 3.0 4.2 4.5 3.3 4.9 4.5

Grafting
density
(nm	2)

0.11 0.047 0.054 0.11 0.06 0.05 0.09 0.04 0.05

Mn (kg mol	1) 45.9 39.2 42.0 39.2 197.7 162.5

Mw (kg mol	1) 48.4 41.5 47.0 41.5 361.5 284.8

122 J�rgen R�he et al.



www.manaraa.com

grafting step. Results of all methods agreed very well providing evidence for
the reliability of the methods and models for fitting [90, 92].

4.4.1
Phase Segregation and Concentration Profiles

Mixed brushes segregate laterally and perpendicular to the plane of the sub-
strate. That introduces the difficult task of revealing the three-dimensional
concentration distribution of each component in the brush in various media.
It was impossible to solve this problem directly and we subdivided the prob-
lem into two tasks, i.e. to reveal first the concentration profile in the Z-direc-
tion and then study the lateral segregation in the layer. Even this divided
task is quite difficult because of the complicated morphology. For simplicity
we perform quenching of the brush layers after treatment with particular
solvents, assuming that the lateral segregation is not changed during the ra-
pid evaporation of the solvent and the brush undergoes mainly collapse in
Z-direction, while in X–Y directions the morphology is only slightly chan-
ged. Good agreement between the results obtained from different methods
proves the validity of this approach.

The lateral chemical and topographical resolution of the morphology was
investigated with atomic-force microscopy (AFM) and X-ray photoemission
electron microscopy (XPEEM).

XPEEM is a spectromicroscopy technique utilizing near edge X-ray
absorption fine structure (NEXAFS) contrast. XPEEM probes the surface
chemistry by detection of photoelectrons emitted from the surface. XPEEM
was performed at the PEEM2 microscope at the bending magnet beamline
7.3.1.1 of the advanced light source synchrotron at the Ernest Orlando Law-
rence Berkeley National Laboratory [89]. We estimated that the lateral reso-
lution provided by the microscope for the polymer samples was better than
70 nm. Surface charge averaged over the sample was measured with a Centec
PAAR Physica Apparatus in a 0.001 mol L	1 KCl solution.

4.5
Switching/Adaptive/Responsive Properties

Large diversity of functional surfaces can be fabricated with approach of
mixed PEL brushes. Here we consider two most important examples
(Fig. 33):

1. PEL–non PEL mixed brush; and
2. mixed brush from two different oppositely charged PEL.
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4.5.1
Pel–Non Pel Mixed Brush

This brush can be considered as a limiting case of the mixed PEL brush of
the homopolymers A and B at the charge ratio equal to 0. Responsive prop-
erties are determined from the combination of the behavior of the un-
charged mixed brush and the additional behavior originating from the elec-
trostatic interchain and intrachain repulsion of chains of the charged homo-
polymer A. Chains of the polymer B display coiled conformation and are lo-
cated near the substrate surface, they are in bad solvent conditions. The re-
maining chains of the charged polymer A are stretched. The main result of
such a combination lies in an extension of the range of switching—charges
make the surface more hydrophilic and introduce specific electrostatic inter-
actions important for adsorption of colloidal particles, proteins and cells.
The responsive properties of a weak PEL–non PEL brush can be regulated
by change of pH. Below we present several examples.

The Isoelectric point (IEP) of the mixed PS-P2VP brush, grafted on to
GPS-modified Si wafer, was determined to be at pH 5.9. That is between IEPs
of the homopolymer brushes of PS (pH 4.3) and P2VP (6.7). For a PtBuA–
P2VP mixed brush the IEP was at pH 5.7 (IEP for PtBuA at pH 4.6). Both
brushes undergo switching of morphology from dimple to ripple regime
(Fig. 34) and similarly switch the surface energetic state (wettability) upon
exposure to different organic solvents and aqueous medium of different pH
(Table 2). Upon exposure to toluene the brushes are hydrophobic. The wet-
tability of the brushes increases with decrease of the pH. At low pH values
the top of the film is preferentially occupied by hydrophilic protonated
P2VP chains. As reference we added the wetting properties of the two homo-
polymer brushes PS (non PE) and P2VP (weak PE). It is clearly seen that the
electrostatic interactions extend switching of wettability of the brushes to
broader range from highly hydrophilic (contact angle 22
) to hydrophobic
(contact angle 90
).

Fig. 33 Illustration of a polymer brush behavior under different conditions: (a) PE-non-
PE and PE1-PE2 brush in acidic media, (b) PE1-PE2 near IEP and (c) PE-non-PE ex-
posed to a selective organic solvent for the non-polar component
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4.5.2
Oppositely Charged Mixed Brushes

In this type of mixed brush one may expect also quite large diversity of com-
binations. Here we present one example of the mixed brush fabricated from
oppositely charged weak PEs—the PAA–P2VP mixed brush. The IEP point
of the brush (pH 5.6) is in between those of the corresponding homopoly-
mer brushes (PAA pH 3.2; P2VP pH 6.7) indicating the area when the brush
is neutral and opposite charges compensate each other in the brush.

The mixed PEL brush is sensitive to pH in a wide range of acidic–basic
properties of solution. That we illustrate with the dependence of the brush
thickness vs. pH. This relationship is presented by a symmetric U-shaped

Fig. 34 1�1 mm AFM images of a PS-P2VP brush (1:1, 24.7 nm thick) after exposure to
different aqueous media: (a) pH=1.6, (b) pH=9.3

Table 2 Water contact angles (q €3)0 of binary (1:1) PS-P2VP and PtBuA-P2VP brushes

Sample PS–P2VP PS–P2VP PPtBuA-P2VP PS P2VP

A (mg m	2) 27.2 6.9 7.3 6.8 7.2
Water pH
1.51 22 41 – – 19
2.9 58 55 57 87 24
5 – – 69 – –
7 67 71 68 86 62
9.3 73 72 73 88 63
Methanol 61 64 62 88 66
Toluene 90 88 82 90 70
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plot (Fig. 35). The effective refractive index of the swollen brush shows an
inverse relationship.

4.6
Concluding Remarks on Mixed Brushes

The use of mixed polyelectrolyte brushes is proposed as a novel approach
for engineering of responsive surfaces. Grafting of different functional poly-
mers on to the same surface prevents macrophase separation and offers ex-
clusive possibilities to use the interplay between intermolecular and intra-
molecular interactions to tune properties of the thin polymer films–surface
composition, surface energetic state, surface charge, thickness, wettability,
adhesion, etc., can be changed in a wide range. The experimental results
confirm that the concept of mixed PEL brushes opens a very promising
route for the development of new functional materials for application in dif-
ferent areas. One intriguing aspect is, for instance, that those mixed brushes
can react both on aqueous media as well as on organic solvents, while they
show switching behavior on pH and salt. Together with the wide variability
in different polymer brushes this opens a huge playground for different
properties and their design.

5
Cylindrical Polyelectrolyte Brushes

5.1
Introduction

Typical linear polyelectrolyte chains exhibit a charge density of one ionic
charge per 0.25 nm contour distance or less. According to Oosawa [101, 102]
for charge densities higher than one charge per Bjerrum length, lB, given as:

lB ¼ e2= 4peoeKBTð Þ ð7Þ
where e is the electronic charge, e0 and e the dielectric permittivity in vacuo
and in solution, respectively, and KBT the thermal energy, the counter-ions

Fig. 35 Influence of pH on the thickness, d, and refractive index, n, of the swollen
PAA-P2VP brush. The thickness of the dry state was measured to be 6.4 nm
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“condense” on to the polyion chain (known as “Mannig condensation”), thus
reducing the effective charge density to a maximum of one charge per Bjer-
rum length. Whereas the existence of counter-ion condensation is no longer
questioned, the condensation threshold and the chemical nature of the “con-
densed ion pair” are still controversially discussed. In particular, the flexibil-
ity and hydrophobicity of the polyelectrolyte chain, the chemical nature of
the counter-ions, the solvent quality, and concentration effects may well in-
fluence the “Manning condensation” [103–105].

In polyelectrolyte networks and in planar polyelectrolyte brushes the de-
gree of swelling may be caused by electrostatic repulsion of the charged
chains or chain segments for small charge densities whereas for high charge
densities condensation of counter-ions causes strong osmotic swelling due
to the Donnan equilibrium. In the latter case the electrostatic interactions
are screened by the presence of the condensed counter-ions. In this chapter
we review some properties and recent synthetic progress in the preparation
of cylindrical polyelectrolyte brushes as novel hybrid structures between lin-
ear polyions and planar polyelectrolyte brushes.

Since the pioneering work of Tsukahara on the homopolymerization of
methacryloyl end-functionalized polystyrene macromonomers to poly-
macromonomers several chemically different polymacromonomers were
successfully synthesized [106–118]. Also different routes to cylindrical brush
polymers by “grafting from” [119–121] and “grafting on to” [122, 123] tech-
niques were reported, each of which exhibits certain advantages and disad-
vantages, as outlined in Table 3.

In the following text we focus on cylindrical brushes prepared by poly-
merization of macromonomers, in particular on two systems. First, cylindri-
cal brushes consisting of poly-2-vinylpyridine side chains and a poly-
methacrylic main chain are discussed; these were converted into cationic
polyelectrolyte brushes by quaternization of the pyridine units by alkyl ha-
lides. The second system comprises sulfonated anionic cylindrical brushes,
i.e. polymacromonomers with polystyrene side and main chains and poly-
macromonomers with polymethacrylic main and polymethacrylic acid side
chains.

Table 3 Comparison of different chemical pathways to prepare cylindrical brushes

Grafting
on to

Grafting
from

Macromonomer
polym.

Main chain polydispersity + + –
Side chain polydispersity + 0 +
Control of grafting density – 0 +
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5.2
Cylindrical Brushes with PVP Side Chains

5.2.1
Neutral Brushes

The macromonomers were prepared by anionic polymerization of 2-
vinylpyridine followed by reaction with ethylene oxide and methacrylic acid
chloride [111] as shown in Scheme 1. MALDI–TOF mass spectroscopy was
utilized in order to determine the absolute molar mass and the degree of
end-functionalization as given in Table 4. The sample code MM-PVPXY
comprises the polymerizable unit (MM=methacrylate), the side chain
(PVP=polyvinylpyridine) and the side chain degree of polymerization XY.

Scheme 1

The radical polymerization was performed at high macromonomer con-
centration in benzene as described elsewhere [111] in order to yield high
molar mass polymers. The resulting polymacromonomers were character-
ized by AFM and by static and dynamic light scattering. One typical AFM-
picture is given in Fig. 36 which demonstrates the polymacromonomers ex-
hibit the conformation of wormlike cylindrical brushes with a considerable
directional persistence. The extensional force is caused by the strong steric
repulsion between the densely grafted side chains. Light scattering in typical

Table 4 MALDI–TOF characterization of PVP macromonomers

Sample Mn Mw Mw/ Mn f (%) a

MM-PVP 21 2352 2521 1.07 n.d. b

MM-PVP 25 2846 3188 1.12 n.d.
MM-PVP-26 2936 3081 1.05 85
MM-PVP 36 3952 4191 1.06 n.d.
MM-PVP 47 5078 5281 1.04 75

a degree of endfunctionalization
b not determined
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solvents like THF or methanol could not be utilized for molar mass charac-
terization because anomalous Zimm-plots were observed, as shown in
Fig. 37. Since the concentrations investigated are well below the overlap con-
centration, c*, the interaction peak is believed to originate from long-range
electrostatic repulsion caused by ionic impurities in the polymer. Measure-
ments in DMF with 1 g L	1 LiBr added yielded normal scattering curves
(Fig. 38) thus corroborating the presence of ionic charges even in the non-
quaternized polymer. The characterization results are summarized in Table 5.
As compared to the macromonomer the sample code of the poly-
macromonomer is changed to PM-PVPXY.

Fig. 36 AFM picture of sample PM-PVP47A spin cast from THF solution on to mica

Fig. 37 Anomalous scattering envelopes caused by intermolecular scattering for differ-
ent concentrations of sample PM-PVP47A in THF: circles, 1.150 g L�1; triangles,
0.61 g L�1; inverted triangles, 0.49 g L�1; plus signs, 0.115 g L�1
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5.2.2
Quaternized Brushes

Cylindrical polyelectrolyte brushes were prepared by quaternization of the
respective PVP-brushes with alkyl bromides. For the quaternized samples
the sample code is supplemented by the alkylation agent (Me=methyl,
Et=ethyl, Bz=benzyl, and Do=dodecyl) followed by the degree of quaterniza-
tion, Q. The degree of quaternization was determined by IR and is listed in
Table 6 along with the light-scattering results. Typical Zimm-plots for sam-
ple PM-PVP47C-Et75 in 10	3 mol L	1 NaBr and 10	2 mol L	1 NaBr are shown
in Fig. 39. Light-scattering investigations in water as a function of added salt
did reveal a small decrease in the molecular dimensions, which hardly ex-
ceeded the experimental error of €10% for Mw and Rg and €5% for Rh. This
increase is much less than observed for linear flexible polyvinylpyridinium

Fig. 38 Zimm plot of sample of PM-PVP47A in DMF with 1 g L�1 LiBr added: circles,
0.245 g L�1; triangles, 0.125 g L�1; diamonds, 0.066 g L�1; squares, 0.024 g L�1

Table 5 Light-scattering characterization of PVP-polymacromonomers

Sample Macromonomer Mw�10	6 Rg (nm) Rh (nm) Mw/Mn
a

PM-PVP 21 PM-PVP 21 2.7 b 70 b 34 b 3.63
PM-PVP 25 PM-PVP 25 0.29 19.4 10.7 3.07
PM-PVP26 PM-PVP 26 5.4 68.4 45.2 5.3
PM-PVP36 PM-PVP 36 1.8 27.6 20.5 3.14
PM-PVP47A PM-PVP 47 4.2 54.9 36.3 5.22
PM-PVP47B PM-PVP 47 2.94 46.1 29.4 5.2
PM-PVP47C PM-PVP 47 2.3 39.6 29.6 3.9

a Determined by GPC with polystyrene calibration
b Approximate values, only, due to strongly curved Zimm-plots and a negative virial
coefficient

130 J�rgen R�he et al.



www.manaraa.com

Table 6 Light-scattering and IR characterization of cylindrical polyelectrolyte brushes pre-
pared by quaternization of PVP brushes

Sample Akylation agent Qa Rg/ Rh (nm)

10	1m 10	2m 10	3m 10	4m

PM-PVP21-Bz80 Benzyl bromide 80 – – 70/39.4 77/42.5
PM-PVP25-Me80 Methyl bromide 90 21.5/11.5 21.5/11.5 – –
PM-PVP26-Et90 Ethyl bromide 90 – 92/53 105/56 100/61
PM-PVP36-Et70 Ethyl bromide 70 31.4/21.4 35.9/24.2 38.8/26.3 –
PM-PVP36-Do50 Dodecyl bromide 50 – – – –
PM-PVP47C-Et75 Ethyl bromide 75 – 42/30 48/32 52/39

a Degree of quaternization

Fig. 39 Zimm plot of sample PM-PVP47C-Et75 in 10�2 mol L�1 NaBr (a) and
10�3 mol L�1 NaBr (b) solution
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chains of similar chemical composition, because the excluded volume ex-
pansion is drastically reduced for the cylindrical brushes which exhibit a
wormlike conformation. However, due to electrostatic repulsion and/or os-
motic swelling a significant increase of the dimensions was to be expected
but was not found experimentally. The cylindrical polyelectrolyte brushes
could be stiffened at constant contour length or the contour length may in-
crease with or without a change in chain stiffness. The latter scenario was
found for neutral brushes for which the contour length increased signifi-
cantly with increasing solvent quality [124]. The scatter of the data and the
small changes in the dimensions do not allow the possibilities discussed
above to be distinguished.

Depending on the hydrophobicity of the quaternization agent the poly-
electrolyte brushes start to aggregate at higher salt concentrations and even-
tually precipitate. This aggregation has been observed “in situ” by AFM for
sample PM-PVP21-Bz80 [125].

5.2.2.1
The Cross-Sectional Dimensions

In order to determine the effect of the ionic charges on the cross-sectional
dimensions, i.e. on the extension of the side chains, X-ray scattering experi-
ments were performed. In the high q -regime the form factor of a rod-like
structure decays as:

q �PðqÞ ¼ p=L � exp

�
�1

2
q2R2

g;c

�
ð8Þ

where L is the length of the rod and Rg,c the cross-sectional radius of gyra-
tion. In Fig. 40 the cross-sectional radius is plotted vs added salt concentra-

Fig. 40 Cross-sectional radius of gyration Rg,c as function of added salt for sample
PM-PVP25-Me90 (squares, NaBr) and for sample F3-PS-PS41-S66 (triangles, NaCl)
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tion for sample PM-PVP25-Me90 and for the polystyrenesulfonate cylindri-
cal brush as discussed above. Within experimental error the cross-sectional
dimension does not change with added salt from “salt free” condition up to
10	2 mol L	1 salt. These results document that electrostatic repulsion and/or
osmotic swelling does not significantly affect the side-chain expansion. Also,
the ionic side chains are apparently not more expanded than the neutral
counterparts, as shown in Fig. 41. Those results seem to confirm the invari-
ance of the dimensions upon ionization. The solid line in Fig. 41 represents
a least square fit to all data yielding a slope of 0.75. This value lies at the up-
per limit of what is theoretically expected.

5.2.2.2
Effective Charge Density

In order to determine the effective charge density of the polyelectrolyte
brushes conductivity measurements were performed under argon gas atmo-
sphere on salt-free aqueous solutions. For evaluation of the effective charge
density the mobility of the polyion and of the counter-ion have to be known
according to:

f ¼ s

cmp mpþmc
� � ð9Þ

where s is the bare conductivity due to polyion and counter-ions, cp
m the

concentration of monomer units (in “monomole L	1”), e=1.602�10	19 C the
elemental charge and �p and �c are the respective mobility of polyions and

Fig. 41 Cross-sectional radius of gyration Rg,c as function of the side chain length Lsc,
for neutral and ionic cylindrical brushes: open circles, PM-PS samples in toluene, SANS;
open squares, PM-PS samples in toluene, SAXS; open triangles, PM-PVP samples in
MEK, SAXS; filled circles, PM-PVP21-Bz80; filled triangles, PM-PVP25-Me90; filled
squares, PM-PVP36-Et70; filled inverted triangles, PM-PVP36-DO50
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counter-ions. Practical problems are the subtraction of the conductivity of
pure water, which is quite sensitive to small amounts of ionic impurities,
and the formation of HBr upon dissolution of the polyions because the pyri-
dinium groups represent a weak base. Thus, the results rely on a precise de-
termination of the pH value since protons exhibit the highest electrophoretic
mobility mHþ ¼ 36:23 � 10�4ð and mBr� ¼ 8:09 �10�4cm2s�1V�1Þ. The net con-
ductivity of the polyions plus counter-ions is given by:

s¼ ssol�sw�sHBr ð10Þ
where ssol, sw, and sHBr are the respective conductivities from the solution,
from the solvent (water), and from HBr. According to Volk [126] the
polyvinylpyridinium conductivities at low salt concentrations lie in the
range 5�10	4 cm2 s	1 V	1 which was utilized for the calculation of f. In Ta-
ble 7 the effective charge density f is given for cylindrical polyelectrolyte
brushes with different hydrophobicity and for linear polyions for compari-
son. The effective charge density for the linear polyions compare reasonably
well to the values obtained by Beer et al. [103] for similar samples. It is clear-
ly seen that the effective charge density of the polyelectrolyte brushes is gen-
erally very small.

However, it is to be noted that the mobility of the polyelectrolyte brushes
is not known, and is also assumed to be �pffi5�10	4 cm2 s	1 V	1, which may
not be justified due to the different chain architecture. Since mp�Z/Rh
(where Z is the number of ionic charges and Rh the hydrodynamic radius of
the polyion) we may estimate the mobility of the brushes to be higher than
that of a flexible coil, because the reduced number of charges is overcom-
pensated by the much more compact chain architecture. Thus, the effective
charge densities given in Table 7 most probably represent an upper limit.
Moreover, the value for the polyion mobility does not influence the result
for the effective charge density significantly as long as it is smaller than the
conductivity of Br	. Even for the very unlikely case that mp is as small as
10	4 cm2 s	1 V	1 the resulting charge density increases by 50% only. Qualita-
tively, the following trends become clear. The charge density of a cylindrical

Table 7 Fraction of free counterions, fc (normalized to the number of chemically quater-
nized monomers), the effective charge density, f (normalized to the total number of mono-
mers), the effective charge density per main chain monomer fmc, the cross sectional radius
of gyration Rg,c, the mean concentration of counterions cc and the mean inverse Debye
screening length cb

	1 within the volume of a cylindrical brush molecule due to condensed
counterions

Sample fc (%) f (%) fmc (%) Rg,c (nm) cb
	1 (nm) cc (mol L	1)

PM-PVP 21-Bz80 3.3 2.6 55 2.55 0.24 6.65
PM-PVP 25-Me90 14.9 13.4 348 2.36 0.21 8.55
PM-PVP 36-Et70 7.9 5.5 198 3.45 0.25 6.04
PM-PVP 36-Do50 4.4 2.2 79 4.66 0.33 3.43
lim PVP-Et70 28.0 19.6 19.6 – – –
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polyelectrolyte brush is much smaller than that of the corresponding flexible
linear polyelectrolyte chain. With increasing hydrophobicity of the polyelec-
trolyte brush the effective charge density decreases. This qualitatively ex-
plains why static light-scattering measurements reveal neither intermolecu-
lar structure peaks in dilute solution nor the dynamic coupling effect, along
with the occurrence of the yet unexplained slow mode, unless solutions with
extremely high polyion concentrations are measured [104]. The latter effect
is reported to occur if the added salt concentration decreases below the con-
centration of ionic charges within the polyion cmp,eff=fcmp in monomole L	1,
i.e. cmp,eff /cs<1. Accordingly, this transition is expected to be shifted to
much higher polyion concentration if the charge density is very low [127,
128]. In Fig. 42 dynamic light-scattering measurements are shown as a func-
tion of fcmp/cs for some cylindrical brush polymers, where the effective
charge density f was taken from the conductivity results. It is observed that
within experimental error the curves exhibit the “ordinary–extraordinary”
transition around fcmp/cs=1. The scatter of the experimental data is quite
large because of the high concentrations utilized. Within the concentration
regime investigated the dilute–semidilute solution transition should also oc-
cur, which makes interpretation of the data slightly ambiguous.

In summary, the light-scattering investigations support the results ob-
tained by conductivity measurements that the effective charge density of cy-
lindrical polyelectrolyte brushes is much smaller than for linear flexible
polyions.

Fig. 42 Fast and slow diffusion coefficients as function of the reduced quantity fcpm/cs:
squares, PM-PVP21-Bz80; diamonds, PM-PVP25-Me90; circles, PM-PVP36-Et70
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5.3
Cylindrical Brushes with Anionic Side Chains

5.3.1
Neutral Brushes

Anionic cylindrical brushes are accessible either by sulfonation of polysty-
rene brushes or by hydrolysis of t-butyl acrylate brushes. Since sulfonation
even under mild conditions is likely to hydrolyze ester linkages, styryl end-
functionalized polystyrene macromonomers were synthesized by reacting
the living styryl anion with p-vinylbenzyl bromide. Much care has to be tak-
en in order to quantitatively remove excess p-vinylbenzyl bromide. After
characterization by MALDI–TOF (Table 8) the macromonomer was poly-
merized to the corresponding cylindrical brushes. In order to reduce the
polydispersity of the polymacromonomer the sample was fractionated by
continuous flow fractionation [129] which yielded some narrow fractions
with different molar masses, as listed in Table 9. For preparation of cylindri-
cal brushes with carboxylate groups methacryloyl end-functionalized t-butyl
acrylate macromonomers were synthesized by GTP according to Scheme 2.
In contrast to anionic polymerization the end-functionalization is per-
formed by utilizing the functional group of the initiator. The characteriza-
tion of the macromonomer with MALDI–TOF was not successful despite
many attempts utilizing various matrices. Eventually, the molar mass was

Table 8 Characterization of S-PS and MA-PBMA macromonomers

Sample Mn Mw Mw/ Mn f (%) a

S-PS41 4452 4827 1.08 >90
MA-PBMA31 3900 b – 1.13 c 95

a Degree of endfunctionalization
b Mn by vapor pressure osmometry
c Determined by GPC (PMMA calibration)

Table 9 Light-scattering results of the neutral polymacromonomers including the fraction-
ated samples (F) in toluene

Sample Mw�10	6 Rg (nm) Rh (nm) Mw/Mn
a

PS-PS41 2.3 38.6 25.2 3.02
F1-PS-PS41 1.22 18.4 15 1.28
F2-PS-PS41 2.6 34.1 22.9 1.38
F3-PS-PS41 5.4 51.4 33.4 1.49
PMA-PBMA31 2.6 b 42 b 25.6 b n.d. c

a Determined by GPC in toluene with fractions of cylindrical brushes as standard
b Solvent for LS: MEK
c Not determined due to anomalous elution in THF
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determined by vapor pressure osmometry and the polydispersity was esti-
mated by GPC with polystyrene calibration. Polymerization of the t-butyl
acrylate brushes was performed as discussed before. The characterization
data are summarized in Table 9.

Scheme 2

5.3.2
Anionic Brushes

Although frequently described in the literature, sulfonation of polystyrene
presents a delicate synthetic problem because of the drastic reaction condi-
tions applied. Sulfonation with H2SO4/P2O5 yielded fully sulfonated brushes.
Light scattering in 10	2 mol L	1 NaCl solution reveals extremely large molec-
ular dimensions which cannot be explained by a single molecule property
but rather by aggregation. Since this aggregation persists in organic solvents
like formamide it is most probable that side reactions during sulfonation
have led to partial intermolecular cross-linking. Under milder reaction con-
ditions utilizing acetic acid anhydride/phosphoric acid single sulfonated
brushes were obtained with moderate degrees of sulfonation in the order of
50–70% (Table 10). A comparison of the AFM pictures of the neutral precur-
sor brush F3-PS-PS41 (Fig. 43a) and of the sulfonated brush F3-PS-PS41-S68
(Fig. 43b) reveals a more compact conformation of the neutral brushes. This
effect, however, may originate from specific polymer/substrate interactions
and does not necessarily reflect the conformation in solution. It is to be no-
ticed that molar mass and dimensions of the sulfonated brushes are always
significantly larger than those of the respective neutral samples in toluene.
For some samples this is caused by strong aggregation and/or cross linking
which occurs for all sulfonated samples if stored as dry samples in a refrig-
erator for several weeks. Such samples become insoluble, which prohibited
more detailed investigations. Aggregated samples are easily identified be-
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cause they exhibit strange scattering envelopes, as shown in Fig. 44 for sam-
ple F3-PS-PS41-S66, whereas the non aggregated sample F3-PS-PS41-S68 ex-
hibits normal Zimm Plots (Fig. 45).

Normal Zimm-plots were obtained for samples PS-PS41-S64, F1-PS-PS41-
S62, F2-PS-PS41-S58, and F3-PS-PS41-S68 which, however, also exhibit larg-
er molar masses and dimensions as compared to the uncharged precursor
samples. In order to trace the origin of this discrepancy the loss of sulfonat-
ed polymer during repeated (three times) precipitation by methanol/diethyl
ether was investigated for sample PS-PS41-S61. In Fig. 46 the GPC traces of

Table 10 Light-scattering characterization of cylindrical polyelectrolyte brushes in aqueous
10	2 mol L	1 NaCl solution

Sample Qa Mw�10	6

(g mol	1)
Rg

(nm)
Rh

(nm)

PS-PS41-S100 100 12.6 105 71.3
PS-PS41-S64 64 4.6 53 32
F1-PS-PS41-S62 62 2.4 25.8 19.1
F2-PS-PS41-S58 58 6.4 53 34
F3-PS-PS41-S66 66 14.3 140 67
F3-PS-PS41-S68 68 6.85 61.7 36.1
PMA-PBMA31-MAS50 50 n.d. b 93.6 52.1
PMA-PBMA31-MAS100 100 n.d. b 37.1 22

a Determined by titration with NaOH

Fig. 43 AFM picture of the neutral precursor brush F3-PS-PS41 (a) and of the sulfonated
brush F3-PS-PS41-S68 (b)

a

b
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precipitated polymer and the fraction isolated from the sol by evaporation
of solvent are shown. This clearly shows that a lower molar mass fraction is
lost during the purification procedure.

The hydrolysis/elimination reaction of the t-butyl methacrylate brushes is
not easily driven to full conversion. Whereas linear t-butyl methacrylate
chains are fully converted to polyacrylic acid in dioxane with catalytic
amounts of toluene sulfonic acid the cylindrical brush structures precipitat-
ed at about 50% conversion (sample PMA-PBMA31-MAS50). Complete
cleavage of the ester groups was achieved, however, by dissolving the partial-

Fig. 44 Zimm-plot of sample F3-PS-PS41-S66 in aqueous 0.01 mol L�1 NaCl solution
showing partial aggregation: squares, 0.013 g L�1; diamonds, 0.03 g L�1; triangles,
0.061 g L�1; circles, 0.119 g L�1

Fig. 45 Zimm-plot of sample F3-PS-P41-S68 showing no aggregation: squares,
0.061 g L�1; circles, 0.054 g L�1; triangles, 0.046 g L�1; inverted triangles, 0.3 g L�1; dia-
monds, 0.02 g L�1
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ly hydrolyzed sample PMA-PBMA31-MAS50 in methanol and subsequent
addition of HBr. Both samples were visualized by AFM as shown in Figs. 47
and 48 for PMA-PBMA31-MAS50 and PMA-PBMA31-MAS100, respectively.
For the former sample normal conformations of the brushes were observed
when spin cast from 0.01 mol L	1 NaBr solution on to Mica. The fully hy-
drolyzed brushes spin cast from pure water at pH�4–5 showed undulations
as sometimes observed for pure PMMA brushes. The origin of such undula-

Fig. 46 GPC traces of the precipitated part of sample PS-PS41-S64 and of the sol frac-
tion

Fig. 47 AFM picture of the partially hydrolyzed sample PMA-PBMA31-MAS50 spin cast
from aqueous 0.01 mol L�1 NaBr solution onto mica
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tions is not yet clear and the phenomenon needs further more detailed in-
vestigation. Light scattering reveals that the partially hydrolyzed polymers
tend to aggregate whereas the fully hydrolyzed sample exhibits normal scat-
tering envelopes (Fig. 49). The dimensions of the latter sample are close to
those of the precursor (Tables 9 and 10).

Fig. 48 AFM picture of the fully hydrolyzed sample PMA-PBMA31-MAS100 spin cast
from pure water (pH�4–5) onto mica

Fig. 49 Zimm-plot of the fully hydrolyzed sample PMA-PBMA31-MAS100 in aqueous
0.01 mol L�1 NaBr solution: squares, 0.056 g L�1; diamonds, 0.153 g L�1; triangles,
0.214 g L�1; circles, 0.315 g L�1; plus signs, 0.405 g L�1
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5.3.2.1
Cross-Sectional Radius of Gyration

The cross-sectional radii of gyration were determined for sample F3-PS-
PS41-S68 as function of added NaCl. The data are included in Fig. 40 and
confirm the results obtained for sample PM-PVP25-Me90 that the cross-sec-
tional dimensions do not change with added salt. Within experimental error
counter-ion exchange from H+ to Cs+ did not influence Rg,c significantly
(Table 11). Since there is a strong difference in contrast between H+ and Cs+

the counter-ion and the segment density profile across the cylindrical brush
are obviously similar for the sulfonated brushes.

In a second series of experiments barium hydroxide was added in order
to monitor the effect of bivalent counter-ions on Rg,c. Since there is a strong
binding between the sulfonate group and Ba2+ (BaSO4 is insoluble in water)
a counter-ion included cross-linking within the cylindrical brush should be
observable in dilute solution. A slight decrease of Rg,c is observed which,
however, hardly exceeds the experimental error (Table 11). Above 10% Ba2+

relative to SO3
	 the brushes precipitate.

5.3.2.2
Intermolecular Structure Formation

X-ray scattering measurements on sample F3-PS-PS41-S68 with H+ and Cs+

counter-ions were extended over a large q-regime and for concentrations
ranging from 0.5 g L	1� cp�20 g L	1. Figure 50 shows the scattering curves
of the sample with H+ counter-ions at a polyion concentration cp=2 g L	1 in
10	2 mol L	1 aqueous NaCl solution. The solid line represents a fit obtained
by a Fourier transformation that is performed after having identified the cy-
lindrical geometry:

Table 11 Cross-sectional radius of gyration for sample F3-PS-PS41 S68 for different counte-
rions and for different amount of added salt

Counterion Added salt Rg,c (nm)

H+ 10	1 mol L	1 3.94
H+ 10	2 mol L	1 4.06
H+ 10	3 mol L	1 4.01
H+ 10	4 mol L	1 4.16
H+ 10	5 mol L	1 4.05
H+ “Salt-free” 4.04
Cs+ “Salt-free” 4.14
Ba2+/H+=0.028 “Salt-free” 3.8
Ba2+/H+=0.055 “Salt-free” 3.6
Ba2+/H+=0.083 “Salt-free” 3.6
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qIðqÞ ¼ 2p
Z1
r¼0

PcðrÞJ0ðqrÞdr ð11Þ

The transformation is performed using the indirect transformation meth-
od according to Glatter [130] which includes smoothing of the primary data
by a weighted least-square procedure (estimation of the optimum stabiliza-
tion parameter based on a stability plot) and transformation into real space
simultaneously. The fit shown was performed with the data points starting
at q=0.06 nm	1, whereas the measured data points start at a value of
q=0.026 nm	1. The deviation between the fit and the data at low q-values, as
shown in Fig. 50, indicates the deviation of the molecules from cylindrical
geometry at low q due to the flexibility of the wormlike brushes. For salt-free
solutions scattering peaks appear in the low q-regime at higher concentra-
tions (Fig. 51) whereas the scattering pattern at high q remains the same
within experimental error (not shown). The scattering envelopes shown in
Fig. 51 contain contributions of the intramolecular scattering, i.e. of the
form factor P(q) and of the intermolecular structure factor S(q). Unfortu-
nately it is not possible to extract S(q), even if P(q) is known, because the
convolution of P(q) and S(q) is quite complex [94]. Therefore we adopt the
relation derived for spherical structures:

I qð Þ ¼ P qð ÞS qð Þ ð12Þ
in order to approximately extract S(q) by division of I(q) (interacting rods)
by I(q)~ P(q) of the non interacting rods measured in 10	2 mol L	1 NaCl
solution (Fig. 50). The results are shown in Fig. 52 where for the highest
concentrations two maxima are clearly identified. Only for the two lowest

Fig. 50 Log I(q) versus log q for sample F3-PS-PS41-S68 at cp=2 g L�1 and cs=
10�2 mol L�1. The solid line represents the scattering curve of a cylinder, as described in
the text
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concentrations does the intermolecular structure peak move out of the
q-window.

The maximum q-values (first maximum) are plotted in Fig. 53 for both,
H+ and Cs+ counter-ions. No clear picture evolves as the slope of the sample
with Cs+ counter-ions is 0.44 whereas that for H+ counter-ions is 0.34. The
dotted line in Fig. 53 would result according to qmax ¼ 2p

<d>with< d> the
mean distance of the particles if the particles were evenly distributed
throughout the solution, i.e. formed a fcc lattice of spheres. For rod like par-
ticles this is only to be expected if the interparticle distance is much larger
than the rod length L, i.e. NPlt; 1

L3
w
, where NP is the number concentration.

This is shown by the arrow in Fig. 53 assuming a cylinder length per mono-

Fig. 51 I(q) versus q for sample F3-PS-PS41-S68 in pure water for different polyion con-
centration: triangles, 1.0 g L�1; diamonds, 2.0 g L�1; squares, 5.0 g L�1; inverted triangles,
10.0 g L�1; circles, 20.0 g L�1

Fig. 52 S (q) as function of q derived as described in text. Symbols as in Fig. 51
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mer of 0.2 nm. The measured data lie in the crossover region between the
dilute and the semi dilute regime where the scaling exponent is expected to
increase from 1/3 to 1/2. Moreover, the mean distance <d> between the par-
ticles is significantly larger than that derived from q1

max according to ds=2p/
q1

max (Table 12).
Similar discrepancies have been frequently reported for colloidal

spheres [131–135] and has led to the postulation of electrostatic attraction
resulting in ordered domains of higher local concentration in coexistence
with dilute non-ordered particles. For the present system, however, it would
be very speculative to assign the slope of 0.44 observed for Cs+ counter-ions
to a stronger attraction as compared to H+ which could possibly lead to a
nematic-like order within the domains. Finally, another strange observation
should be mentioned. The ratio q1

max/q2
max of the first and second maximum

for the highest concentrations for both, H+ and Cs+ counter-ions is equal to

Fig. 53 Log q1max versus log NP for sample F3-PS-PS41-S68 with H+ (circles) and Cs+

(inverted triangles) counter-ions. The dashed line represents qmax=2p/<d> with <d> de-
rived from a uniform particle distribution

Table 12 Peak positions from structure factor maxima, ds, and mean interparticle distances,
<d>

Sample cp

(g L	1)
q1

max

(nm)
q2

max

(nm)
ds

(nm)
<d>
(nm)

Peak
position ratio

H-PSS 20 0.134 0.27 46.90 87.90 1:2.0
H-PSS 10 0.109 0.22 57.95 110.7 1:2.0
H-PSS 5 0.080 – 78.51 139.5 –
H-PSS 2 0.063 – 99.78 189.4 –
Cs-PSS 20 0.136 0.26 46.2 102.1 1:1.9
Cs-PSS 10 0.102 0.21 61.5 128.6 1:2.0
Cs-PSS 5 0.075 – 84.1 162.0 –
Cs-PSS 2 0.061 – 125.7 219.9 –

Polyelectrolyte Brushes 145



www.manaraa.com

2€0.1 which is normally observed for lamellar ordering. This value is much
larger than expected for fcc packing of spheres

ffiffiffi
3

p	 

or for hexagonally

packed cylinders
ffiffiffi
2

p	 

. One explanation could be that S (q) was derived by

application of Eq. (12) which might not be allowed for rod like particles.

5.4
Conclusions on Cylindrical Brushes

Although it may be still a bit preliminary to quantitatively discuss the results
obtained so far the following conclusions may be drawn from the investiga-
tions described above.

The effective charge density along a single side chain of a cylindrical
brush is much less than for a linear flexible polyion. However, the charge
density along the contour of the main chain, fmc, is significantly higher than
for a linear flexible chain (Table 7). The major difference is that the cylindri-
cal brushes are much thicker (d�7–10 nm) than typical polymers, i.e. the
diameter d is in the order of the Debye screening length k	1.

Since the fraction of condensed counter-ions is obviously very large it is
tempting to estimate k	1 within the volume of a cylindrical brush. For this
purpose we assume the diameter of the brushes in solution to be twice the
cross-sectional radius of gyration as determined by X-ray scattering. The re-
sults are included in Table 7 in terms of the counter-ion condensation and of
the inverse Debye screening length. The data indicate that the electrostatic
repulsion within a cylindrical polyelectrolyte is very small and probably
negligible. However, a strong osmotic swelling due to the Donnan equilibri-
um should occur which is not at all reflected in the cross-sectional radius of
gyration as determined by X-ray scattering.

Neither the main nor the side-chain dimensions of ionic cylindrical
brushes differ significantly from their uncharged counterparts. Obviously,
the osmotic swelling is not significant for the present small side-chain
lengths, i.e. Psc<50. The intermolecular structure factor of ionic cylindrical
brushes are difficult to interpret. The intermolecular distances derived from
the peak of the structure factor is different for H+ and Cs+ counter-ions and
is always significantly smaller than the mean distance calculated from the
concentration of the particles and the known molar mass. Thus, a “two state
model” may also be postulated for the present cylindrical polyelectrolyte
structures.

6
General Conclusions

Polyelectrolyte brushes constitute a new class of material with very interest-
ing physicochemical properties. The strong stretching of the polymer chains
due to segment–segment interactions and electrostatic forces introduce
completely new physical properties into monolayers consisting of polyelec-
trolyte brushes and also into cylindrical brush systems. With the develop-
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ment of new synthetic strategies, simple ways for the preparation of high
graft density charged brushes have been paved; these allow, for the first
time, a somewhat detailed comparison between theory and the experimental
realization of such systems.

For any practical application of polyelectrolyte brushes the influence of
multivalent ions, hydrophobic ions, and other polyelectrolyte molecules
present in a contacting solution on to the structure of the surface-attached
layers or the cylindrical polyelectrolyte brushes are of utmost importance.
In particular, study of the interaction of brushes with other polyelectrolyte
molecules in solution might open an avenue for the understanding of inter-
action of proteins or other charged biomolecules such as DNA, as a special
form of charged macromolecules, with charged surfaces. It has become clear
that not only the influence of the surface on to the conformation of the pro-
tein, but also the influence of the protein on the structure of the polymer
layer is important.

However, in general it is a basic requirement for all evaluation of swelling
data, and for any practical application, to understand how the brush struc-
ture responds to changes in the environment. In same cases the addition of
very minute amounts of an certain compound might cause the whole brush
to collapse. The strong dimensional changes, which can be observed for
sometimes very subtle changes in the chemistry of the environment, could
render PEL brushes as very promising materials for sensor and actuator
applications.
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1
Introduction

Langmuir monolayers, the most defined arrangements of amphiphiles at a
water surface, are not only interesting because of various aspects of physics
in two dimensions, they are also excellent model systems for study of many
different problems in materials and biosciences [1]. One of these areas is
polymer science, in which the behavior of polymers at interfaces is a topic of
highest relevance [2]. In this context the hydrophilic monolayer part may be
considered as a surface of variable or defined composition, also with special
charge density, on to which a water-soluble polymer in the subphase may be
adsorbed (Fig. 1). The system has the special advantage that surface energet-
ics can be assessed via surface tension measurements and that adsorption
equilibrium, in the case of lateral mobility, is established in a much shorter
time than with solid surfaces. The system has recently gained more attention
because the last two decades have seen a wealth of new technical develop-
ments for study of liquid interfaces at many length scales down to the molec-
ular level [1, 3].

Polyampholytes on the other hand consist of oppositely charged groups
and are a special type of polyelectrolyte. The behavior of polyampholytes is
mainly determined by the net charge and the ratio between the oppositely
charged groups [4]. Natural polyampholytes, like proteins, play a significant
role in the processes of life, and protein adsorption on a solid substrate has
been the topic of numerous publications [5–8]. Whereas proteins have spe-
cific compositions and structures, due to their biological function, synthetic
polyampholytes have a much simpler structure. Therefore, synthetic
polyampholytes may serve as model systems for understanding the mecha-
nism of adsorption. Theoretical aspects of the adsorption behavior of
polyampholytes have been discussed recently [9] and diblock polyam-
pholytes were found to form monolayers of micelles [10, 11] similar to those
observed for uncharged amphiphilic diblock copolymers [12].

The present contribution, concentrating on polyelectrolytes at interfaces,
is not meant to report in detail on one system, but should demonstrate what
can be learnt from studying these systems. We thus give illustrative exam-

Fig. 1 The model system. An amphiphile, in most cases with an ionic hydrophilic head
group and two aliphatic tails at the air/water interface with easy manipulation of surface
pressure, p, and molecular area, A. Polyelectrolyte dissolved in the subphase may bind
to the monolayer
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ples from work of our groups. Also experimental details will be given only as
far as needed to understand the data presented.

2
Molecules and Systems

Details of material handling and purification can be deduced from the origi-
nal publications cited. Here we would like to concentrate on those features
which qualified the molecules for selection. Dioctadecylammonium bromide
(DDAB) is a cationic double chain surfactant forming stable monolayers
with (at room temperature) a phase transition from a liquid expanded (LE)
to a liquid condensed (LC) state. In the LC phase the aliphatic tails are
known to order but at any pressure the tails are tilted with a tilt angle above
40
. This is probably because of packing constraints in the head group re-
gion. The anionic phospholipids dimyristoylphosphatidic acid (DMPA) and
dipalmitoylphosphatidic acid (DPPA) form stable monolayers with vertical
tails (at high pressure), and DMPA also undergoes a LE/LC phase transition.
Cardiolipin comprises basically two DPPA molecules linked in the head
group region. At room temperature it has an LC phase with vertically orient-
ed tails, at higher temperatures one may observe an LE/LC transition. The
amphiphilic block copolymer polyethylethylene (PEE)–polystyrenesulfonic
acid (PSS) is used to graft the anionic PSS at the interface. The side branch
of the PEE backbone serves to inhibit condensation, hence the hydrophobic
anchor is essentially fluid-like.

The cationic polyelectrolytes polyallylamine hydrochloride (PAH) and
polydimethyl diallylammonium chloride (PDADMAC) are known to bind to
anionic surfactants. They are distinguished by the repeat length along the
backbone. The bulky side group probably gives PDADMAC greater stiffness.
The fact that the charge on the amine of PAH depends on pH is not made
use of here. Poly(p-phenylene sulfonate) (PPPS; sodium salt) is a rather stiff
anionic polyelectrolyte with (compared to PSS) a rather low charge density.
The anionic carboxymethylcellulose (CMC; sodium salt) is presumably
rather stiff and strongly hydrated. DNA is the anionic polyelectrolyte with
the largest persistence length. For this reason it is presented here, but there
are obviously many biophysical and biotechnological reasons to study its in-
teraction with membranes.

On the other hand the adsorption of the weak diblock polyampho-
lyte poly(methacrylic acid)-block-poly((dimethylamino)ethyl methacrylate),
PMAA-b-PDMAEMA, with varying copolymer composition and molecular
weight has been investigated [13, 14]. It is an interesting model system be-
cause of its charge on the two blocks varying with pH. The adsorption was
performed on silicon substrates from aqueous solutions at different pH val-
ues. The comparison of polyampholytic systems with different copolymer
composition and molecular weight provides a good basis to understand ad-
sorption behavior and structure formation at an interface.
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3
Polyelectrolyte Adsorption at Monolayer Surfaces

A prerequisite for studies of thermodynamics and kinetics of adsorption is
to prepare a macroscopically homogeneous surface and subphase. An ele-
gant method to achieve this and to exchange the subphase in a short time is
to use a two-compartment trough where in one trough the polyelectrolyte is
dissolved homogeneously in the subphase and the monolayer is spread on a
second trough and compressed to a desired molecular area, A. This mono-
layer is then moved laterally on the first trough at constant A and change in
surface pressures or other surface parameters can then be recorded [15]. In
the example of Fig. 2 a cationic monolayer is transferred over a subphase
containing different anionic polyelectrolytes. Obviously binding of the poly-
electrolyte may lead to an increase or a decrease in surface pressure, de-
pending on the polyelectrolyte, and also the slopes of the curves may devi-
ate. They either change continuously (CMC, PSS) or there may be an inflec-
tion (PPPS). This will be discussed below. The sign of the changes can be
understood qualitatively by inspecting the pressure/area isotherms of Fig. 3.
They show a change in slope at a molecular area near 0.8 nm2 corresponding
to a first-order phase transition from a liquid expanded (LE) to a liquid con-
densed (LC) phase [16, 17]. The condensation of the film with PSS binding
to it (curve b) can be understood as screening of the Coulombic repulsion of
the charged head groups due to the anion binding. This electrostatic contri-
bution to the surface pressure has been calculated on the basis of Gouy–
Chapman theory and may amount to about 10 mN m	1 [18]. More difficult
to quantify is the pressure increase upon polymer binding. It may be due to:

Fig. 2 Surface pressure as a function of time after depositing a DODAB monolayer at
fixed film area on a subphase containing the anionic polyelectrolytes PSS, CMC, or
PPPS. Subphase polyelectrolyte concentration 5�10�5 monoMol
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1. steric constraints of the polymer/lipid counter-ion binding, e.g. if the two-
dimensional charge density of the polyelectrolyte projecting on the surface
is higher than that of the lipid monolayer at the same pressure;

2. entropic constraints, since the polyelectrolyte may favor a disordered con-
figuration with lower lateral charge density. The latter may be less pro-
nounced for stiff polyelectrolytes like DNA or PPPS. For longer chains en-
tropic repulsion dominates, and therefore one observes a lateral expansion
for high molecular weight PSS adsorption in contrast to the finding for
short PSS (below) [19].

3. insertion of fractions of the polyelectrolyte into the hydrophilic or hydro-
phobic region of the monolayer, since typical polyelectrolytes also possess
hydrophobic moieties lending them some amphiphilicity. The latter effect
obviously is not important at high pressures since all pressure/area iso-
therms before collapse tend towards a limiting molecular area around
0.5 nm2. This is larger than the area of 0.4 nm2 expected for two aliphatic
tails oriented normal to the surface and indicates a chain tilt. The argu-
ments above to explain monolayer condensation or expansion upon poly-
electrolyte coupling also explain the shift in the pressures corresponding to
the phase transition since they can likewise be used to favor or disfavor the
LC phase with respect to the LE phase.

It is most convenient to use the change in surface pressure, D p, for a
fixed film area as a measure of polyelectrolyte density Ap within the film. A
linear D p versus Ap relation, however, is only expected if the lipid undergoes

Fig. 3 Surface pressure versus molecular area for a DODAB monolayer on pure water
(a), on a 5�10�5 monoMol PSS solution (b), and on a 5�10�5 monoMol CMC solution
(c)
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no phase transition and if the polymer also does not rearrange cooperative-
ly. The first condition can be verified from pressure/area isotherms, the sec-
ond one also, but it will later prove even more instructive to learn about
these transitions.

If adsorption is diffusion-controlled we expect the well-known depen-
dence of Ap on time t, diffusion coefficient D and subphase polymer concen-
tration co [20, 21]:

Ap tð Þ ¼ 2ffiffiffi
p

p
� �

co
ffiffiffiffiffiffiffiffi
D � t

p
ð1Þ

For low Ap one expects the square root dependence on time to hold; for
high Ap there is interaction between adsorbed polymers and also the ApD p
relationship is not expected to be linear. Therefore we refrain here from fit-
ting the measured time dependence but define an easily measurable time t1/2

corresponding t1/2=t at which Dp
Dpmax

¼ 0:5 where half of the total pressure
change has occurred. This time should correspond to half of the total poly-
mer adsorption. This is true only in rough approximation, but the definition
is useful for comparing systems and conditions. From Eq. (1) one thus de-
rives

t1=2 ¼
A2
pð1=2Þ
4D

�p
 !

c�2
o ð2Þ

For dilute polymer solutions one expects D to depend on concentration
according to D � co

	h with 	0.1> h >	1, and one thus expects a relation-
ship [22]:

t1=2 � c�2�h
o ð3Þ

The double logarithmic plot according to Eq. (3) in Fig. 4, however, yields
values of h of approximately 	1.4, i.e. considerably larger in absolute value
than expected from diffusion measurements in solution [23]. We have no fi-
nal explanation for this discrepancy. One reason may be that for charged
species and charged interfaces the simple diffusion model leading to Eq. (1)
is insufficient—long range attraction from the charged interface leads to di-
rected transfer, and the polyelectrolyte concentration near the interface is
increased [24]. This calls for numerical calculations of adsorption kinetics
in a way similar to that pursued for the adsorption of low molecular weight
ionic surfactants [25].

The more complex adsorption kinetics for PPPS in Fig. 2 suggests that it
cannot be described by a simple diffusion model. The sigmoidal shape also
indicates that cooperative processes have to be taken into account, and these
may be rate-limiting. In the case of a rigid polymer like PPPS one may as-
sume a nematic ordering of the rod-like polymers in two-dimensional sheets
and the pressure change Dp

pmax
may reflect the amount U (t) of polymers in
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these sheets. Polymer crystallization is frequently described by the semi-em-
pirical Avrami equation [26]

U tð Þ ¼ 1� exp �ktnð Þ ð4Þ
where k is a rate constant and n an exponent characterizing the growth
model. For two-dimensional growth one expects n =3, whereas if growth is
limited by diffusion from a half-sphere below the “crystalline” sheet n re-
duces to 2. Hence in real systems one expects n between 2 and 3 and this is
indeed found from simulations [27]. Figure 5 demonstrates that the pressure

Fig. 4 t1/2 as a function of CMC subphase concentration on a double logarithmic scale

Fig. 5 Measured and calculated (using the Avrami equation, Eq. 4) time dependence
of the pressure change Dp /pmax for a DODAB monolayer varying the PPPS concen-
tration in the subphase: 10�5 monoMol (a), 2�10�5 monoMol (b), 4·10�5 monoMol (c),
8�10�5 monoMol (d)
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change can be simulated reasonably well with the Avrami equation. Discrep-
ancies when t is small may be explained by distortion from monolayer trans-
fer and by induction of crystal nucleation.

The assumption underlying Eq. (4) is that crystals are formed at the inter-
face and it is highly desirable to verify the existence of these crystals. For
another rod-like polyelectrolyte, DNA, we will demonstrate the existence of
organized rods by surface diffraction (see below). Principally one can also
prove local order by use of different types of optical microscopy, for example
Brewster angle microscopy [28, 29], a special version of imaging ellipsome-
try [30], fluorescence [31], or scattering microscopy [32]. As an example of
a quantitative measurement Fig. 6 compares reflectivity DR and surface
pressure as a function of time for the system of Fig. 5 [33]. In this case DR is
measured at a wavelength (325 nm) corresponding to the polyelectrolyte ab-
sorption maximum and therefore measures polyelectrolyte concentration at
the interface. One thus deduces from Fig. 6 that adsorption saturates after
16 min, but the surface pressure change requires four times as long. This
supports the assumption made for the simulations of Fig. 5 that in this case
we are not simulating polyelectrolyte adsorption but its ordering which is
then reflected in a pressure change.

4
Polyelectrolyte Arrangement at Interfaces

Many theoretical efforts have been made to describe the arrangement of
polymer segments at interfaces and the corresponding energetics [34–36].
The extremes are a pancake–or a brush like arrangement–but subtleties like
ion condensation within the brush or detailed segment density distribution
are also important for understanding the properties. Reflectivity measure-
ments have proved most valuable to learn about segment distribution, and

Fig. 6 Optical reflectivity D R at 325 nm from DODAB adsorbing at the interface and
change in surface pressure as a function of time after transfer on PPPS- (1.4�10�5 mono-
Mol) containing subphase
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among these neutron reflectivity has gained outstanding relevance [37]. This
is because one may deuterate segments completely or partly and thus gain
specific contrast.

However, due to limited flux one cannot measure at high Q-values as de-
sirable, measurement times are long and this limits systematic parameter
variation. An alternative could be X-ray reflection measurements because
even laboratory sources provide high flux and synchrotrons provide ample
intensity. However, in most cases scattering relies on electron density con-
trast, and in this respect many polymers are not distinguished much from
water. A new development has been to increase the contrast via insertion of
heavy counter-ions into the subphase [38, 39]. In the example of Fig. 7 the
X-ray reflectivity of a DODAB monolayer with 1 mol L	1 CsCl and 10	3

monoMol PSS in the subphase is given as a function of wave vector transfer
Qz ¼ 4p

l sinj where j is the incidence angle and l the wavelength [19]. The
reflectivity R divided by the reflectivity RF expected for an infinitely sharp
interface is given according to [40]:

R
RF

¼ j 1
rsub

Z
dr
dz

exp iQzZð Þdzj2 ð5Þ

To derive the electron density profile r(z) one has to use models; the most
successful have been slab models to describe the profile. For the system of
Fig. 7 one basically has to use a slab containing the aliphatic tails, a thin and

Fig. 7 X-ray reflectivity R normalized to the Fresnel reflectivity RF expected for an in-
finitely sharp interface for a DODAB monolayer on a subphase containing 1 mol L�1

CsCl and 10�3 monoMol PSS at different pressures indicated in the isotherm in the inset.
For clarity the reflectivity curves are displaced by 0.4 units
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dense one near the head groups and a less dense and elongated slab furthest
into the subphase [19]. The density of the two hydrophilic slabs is largely in-
fluenced by the Cs+ ions which are very close to the anionic polyelectrolyte,
and the electron density therefore reflects the segment density distribution.
Of course one has to verify that the structure is not changed ion-specifically.
This has been done by comparing pressure/area isotherms with CsCl and
NaCl at different concentrations in the subphase and also comparing X-ray
reflectivity as far as meaningful data could also be extracted with NaCl in
the subphase.

The most surprising finding is the enrichment of polyelectrolyte segments
in a thin slab of about 1 nm thickness near the head groups as sketched in
Fig. 8. A careful analysis revealed that the binding is far from stoichiometric,
i.e. the ratio of PSS monomers and lipid head is about 1.2 at highest com-
pression and increases toward 5 on film expansion. This proves that the in-
teraction polyelectrolyte/monolayer is not only electrostatic in nature. On
the contrary, one observes overcharging, hence binding occurs even against
electrostatic repulsion. This may be explained by at least two different ef-
fects:

1. A charged molecule in high dielectric medium (water) experiences image
forces at an interface towards low dielectric medium (hydrocarbon,
air) [41]. This favors counter-ion binding, hence the polyelectrolyte is not
charged near the interface.

Fig. 8 Electron density profiles obtained from a fit to the data of Fig. 7. z=0 corresponds
to the alkyl tail/head group interface. For clarity the profiles d–f of the condensed phase
are vertically shifted by 0.1e�/�3. Also shown is a schematic of the molecular arrange-
ment within the three-slab model. The thick and diffuse slab to the right extends beyond
the scale of the figure
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2. The hydrophobic moieties of PSS cause attraction to the interface. This is
most plausible, since one also observes PSS adsorption at a free water sur-
face [42].

The second hydrophilic slab extends up to 8 nm and contains a much
lower segment density (0.1 to 1 per lipid). It is not observed for low-molecu-
lar-weight PSS (Mw 4300 Da) and is hardly observed for low salt. Its thick-
ness decreases on film compression toward 2 nm. Qualitatively this thick-
ness decrease can be understood in terms of residual electrostatic interac-
tions between the surface and the polyelectrolyte tails—on compression sur-
face overcharging is reduced and hence the lowered repulsion (from
head+PSS in the first slab) enables condensation of the remaining segments
in the adjacent slab.

We are not aware of theoretical predictions for the technologically most
important high-salt regime. Still these results confirm charge reversal upon
polyelectrolyte binding which has been observed in the fabrication of poly-
electrolyte multilayers. It is also obvious that the complexity of electrostatic
conditions at the interface and their change upon adsorption will cause com-
plicated adsorption kinetics, as we have discussed above.

An alternative way of grafting a polyelectrolyte at an interface is by using
an amphiphilic block copolymer [38, 39]. In the example to be discussed a
fluid hydrophobic block serves as an anchor at the air/water interface and
the polyelectrolyte block is immersed into water. In this case the two-dimen-
sional polyelectrolyte density can be controlled in a defined way and varied
via film compression. Careful analysis of the pressure/area isotherms reveals
changes in the slope indicating higher-order phase transitions. Fortunately
the X-ray reflectivity exhibits pronounced structure, and therefore detailed
information can be deduced. The pronounced minimum at large Qz in Fig. 8
is dominated by interference of a wave reflected at the hydrocarbon/air in-
terface and from the center of the middle slab. Its shift upon compression is
therefore expected, because the thickness of the hydrocarbon slab increases
(in this case from 0.8 nm to 2.4 nm). The maximum and shoulder for
Qz<0.1 �	1 are dominated by the extension of the polyelectrolyte into the
subphase. The insensitivity of the Qz position with respect to lateral density
indicates that in this case the profile extension does not change much. How-
ever, the density changes, as is revealed, e.g., from a change in maximum re-
flection intensity. Profiles deduced from fitting show this in detail at the bot-
tom of Fig. 8. One again realizes the increased PSS density in a 1 nm layer
beneath the hydrocarbon slab. To describe satisfactorily the decay of density
up to 15 nm into the subphase two additional PSS slabs had to be intro-
duced, and it is most instructive to compare the total lengths of the three
PSS containing slabs. This is given in Fig. 9 (top) as a function of area per
grafted polymer for various ionic strengths. For low salt (1 mmol L	1) one
observes the largest length (12.5 nm), irrespective of molecular areas. This is
expected for an osmotic brush where the counter-ions are embedded within
the volume defined by A�H, where A and H are, respectively, the area and
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length of the brush. The osmotic pressure p then is given by the density of
the counter-ions Q

A�H � p [43]. This yields an osmotic force fosm ¼ p �A¼ Q
H

fosm is balanced by an elastic force fel � H
a2 �N where a is a segment length

and N the number of segments. The balance then yields H ffi a (QN), irre-
spective of molecular area.

Increasing the salt concentration one expects the lateral interactions to be
reduced and the polyelectrolyte to be less stretched. This is indeed observed.
Also as typical for the salted brush the brush length increases upon com-
pression [44]. For this case one theoretically expects the dependence on den-
sity as depicted by the full line describing the measurements for 0.1 mol L	1

salt. At still higher salt contents one expects counter-ion condensation [45],
hence part of the counter-ions do not contribute to the osmotic pressure. In
this case one expects a further shrinking of the brush with salt content. In
the extreme of a collapsed polymer one expects the length to be inversely
proportional to the molecular area which corresponds to the steepest slope
at highest salt content.

In summary with this system it has been possible to observe the transi-
tion from the osmotic to a salted and then to a collapsed brush. One might
suspect that these transitions are also reflected in the pressure/area iso-
therms. However, we have not yet been able to relate the breaks in the iso-
therm slopes with parameters deduced from X-ray reflectivity. This would
require an even higher precision of data analysis, and precision in density
determination better than 1% is difficult to achieve. We realize that the tran-
sition at pc is accompanied by a change in relaxation times as expected for a

Fig. 9 (a) Normalized X-ray reflectivity from the block copolymer PEE114 PSS83 on a
subphase containing 0.5 mol L�1 KCl measured along the isotherm given in the insert.
The full lines correspond to a fit of the electron density profiles in b to the data. For
clarity the reflectivity curves are shifted by 0.5 units, (b) Electron density profiles and
corresponding arrangement of hydrophobic and hydrophilic block
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glass transition, but also as expected for three dimensional glasses there is
no discontinuity in any structural parameter.

We should also note that the finding of enrichment near the head groups
is not unique for PSS. It has also been observed for polyampholytes like gel-
atin [46].

5
Influence of Polyelectrolyte on Monolayer Structure

Since it is known that lipid monolayers exhibit a richness of phases in a nar-
row temperature and pressure range their structure is expected to be a very
sensitive measure of interactions at interfaces. For ordered arrangements X-
ray diffraction is known to be the most direct and precise technique for
structure analysis, and these measurements have become possible in the last
15 years by making use of the high brilliance of synchrotron sources [47].
With this technique an X-ray beam strikes the surface at grazing incidence
and if the electron density projected on the surface is laterally periodical
one observes Bragg peaks indicating the scattered intensity as a function of
the scattering angle, a. The wave vector transfer Qxy is defined as Qxy ¼
2p
l sina where l is the X-ray wavelength. Because the signal is obtained by
averaging over many randomly distributed domains one basically observes a
two-dimensional powder pattern. It is important to note that up to now no
signals could be ascribed to head groups, i.e. one basically measures the ar-
rangement of aliphatic tails. If the tails are uniformly tilted the maximum of
intensity is moved out of the horizontal towards a wave rector, Q0

z , and this
is related to the tilt angle, t, by tan t¼ Q	

z
Qxy

[48].

It turns out that this technique enables measurement of even small tilt an-
gles, in favorable cases with precision close to 1
. As an example Fig. 10 com-
pares contour plots measured for the phospholipid DPPA at different pres-
sures on pure water and on a polyelectrolyte (PDADMAC) solution [49]. At
low pressures (upper left) on water one observes three diffraction spots with
Q0
z >0. This means the lattice is oblique and the tails are tilted. Increasing the

pressure one observes two diffraction spots, one with Q0
z >0, showing that the

lattice is rectangular with tilt relative to one lattice plane. On further increas-
ing the pressure there is only one peak with Q0

z =0, i.e. the lattice is hexagonal
and the chains are oriented normal to the plane. In contrast, with PDADMAC
in the subphase one observes at all pressures a rectangular lattice with chain
tilt and the tilt angle (i.e. Q 
z ) decreases only slightly with pressure.

The tilt angle derived from a detailed analysis of the peaks as a function
of pressure is given in Fig. 11. In the absence of polymer one observes the
reduction of t to zero whereas for PDADMAC t>25
 even at the highest pres-
sure. For comparison we also include the tilt angle measured for PAH in the
subphase. The binding of this cationic polyelectrolyte apparently has only a
minor influence on monolayer structure. The polyelectrolyte coupling may
be best understood looking at the model of Fig. 12 which should hold specif-
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ically for PDADMAC. The insensitivity of the structure with respect to pres-
sure suggests that the polymer at the interface is stiff and tightly coupled to
the lipid. The rationale for this model is that the lipid tails form a centered
rectangular lattice with tilt along axis a. The axis normal to a is 7.6 � long,
i.e. twice the PDADMAC repeat distance. Thus if PDADMAC is oriented per-
pendicular to a it is commensurate with the lipid lattice and one obtains 1:1
binding stoichiometry. The model further explains the following find-
ings [49]:

– The diffraction spot for the periodicity along the polymer rod does not
change at all with pressure. It is also narrower than in the absence of poly-
mer, i.e. the positional correlation along this direction is increased by poly-
mer coupling.

Fig. 10 Intensity distribution (contour plots) in the Qxy, Qz plane of grazing incidence X-
ray diffraction for a monolayer of DPPA at different pressures on pure water (left) and
on a 10�3 monoMol PDADMAC solution. The circles indicate peaks of maximum inten-
sity
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– Also along b the lattice cannot be compressed to obtain a smaller tilt angle
since from molecular models the polymer diameter is close to b. One would
thus compress against lateral steric repulsion of the polymer.

Although the model explains all findings we hesitate to call PDADMAC a
stiff rod. Still one has to be aware that binding to the interface stiffens the
polymer and that the model explains findings with X-ray concerning posi-

Fig. 12 Model of PDADMAC arrangement (linear rod) and a DPPA monolayer (top
view). The phospholipid exhibits two aliphatic tails (black dots) that are uniformly tilted
(arrows) along lattice vector a. Lattice spacing, a, corresponds to twice the repeat length
of PDADMAC, b, to the polymer diameter

Fig. 11 Tilt angle derived from analysis of diffraction spots (Bragg rods) versus surface
pressure for a DPPA monolayer on pure water (squares), on 10�3 monoMol PDADMAC
(circles) and on 10�3 monoMol PAH(triangles)
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tional correlation lengths which are typically 30 repeat units. It is also true
that this model describes an extreme situation:

– With increasing ionic strength the coupling is reduced and hence the lipid
monolayer becomes more compressible [50].

– The latter is also valid for binding of a copolymer of PDADMAC and the
non-ionic polymer [51].

With the model of Fig. 12 we can also explain the opposite finding with
PAH in the subphase. The repeat distance is 2.6 � and one does not find any
low-order spacing that would be commensurate with it. Also from the mo-
lecular structure one expects the polymer to be more flexible. Hence we do
not expect PAH to induce order by binding. On the other hand we would
have expected that it reduces head group repulsion thus condensing the film.
Apparently this is counteracted by entropic disorder induced by the poly-
mer.

The other extreme where polyelectrolyte coupling creates disorder is giv-
en in Fig. 13a. There the monolayer is of cardiolipin, a lipid existing of two
coupled diacylphosphatidic acids [52]. The pressure/area isotherms indicate
that it exhibits a liquid condensed phase, and this is confirmed by the sharp
diffraction line. With PDADMAC in the subphase the film is expanded, and
one observes only a very broad diffraction line. From the width one deduces
a correlation length of about two spacings, indicating liquid-like order. Still
in both cases one may determine the area per molecule from the X-ray spac-
ings, and these are included in the isotherm graphs. One realizes that the
point lies on the isotherm in the absence, but not in the presence of poly-
electrolyte. This indicates that the film is heterogeneous with the condensed

Fig. 13a In-plane diffraction intensity for a cardiolipin monolayer on water without and
with PDADMAC in the subphase
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and more ordered region observed by means of X-rays and a disordered re-
gion not measured by diffraction. This is a not unusual problem. Still one
should keep in mind that the other extreme, binding causing all sorts of
structures, is not observed. This would not yield well-defined diffraction
spots.

Up to recently all models on a regular polyelectrolyte arrangement at the
monolayer surface could be questioned because there was no direct proof of
this. The situation meanwhile has changed since, at least for DNA, we have
observed diffraction which can be ascribed to the polymer [53]. As an exam-
ple of this Fig. 13b gives a diffraction spot corresponding to a repeat dis-
tance between rod-like molecules at the interface. In this case the charge
density of DNA projected on the surface (1e	/0.6 nm2) is larger than the
charge density of the lipid. Hence for charge compensation one expects a
fraction of another layer underneath and the layer near the lipid might be as
dense as possible. This is correct only to a certain extent since there is also
lateral repulsion between DNA molecules and the spacing can be varied with
lateral pressure. This is indeed observed.

6
Polyampholyte Adsorption and Structure at a Solid Interface

The adsorption behavior of weak polyampholytes from aqueous solutions
on to a solid wall is strongly determined by the pH of the polymer solution.
So it is absolutely necessary to investigate the adsorption as function of pH.
As an example the adsorbed amount of two polyampholytes with medium
molecular weight of around 60,000 g mol	1 and different block sizes is
shown in Fig. 14 [13]. In every case the isoelectric point IEP of the polymer,
which is determined by the block ratio, is the prominent feature of adsorp-

Fig. 13b In-plane diffraction intensity versus wave vector transfer Qxy for DNA binding
to a DODAB monolayer at high surface pressure
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tion and solution behavior. The amount of the polymers adsorbed increases
from higher and lower pH values towards pHIEP, while directly at the IEP a
minimum of adsorption occurs (Figs. 14a and 14b). The solution behavior
of these polyampholytes at the IEP is characterized by precipitation of the
polymer, as indicated by a decrease in the transmission of laser light through
the polymer solution. The precipitation at the IEP of the polyampholyte is
typical for weak polyampholytes containing an equal amount of positively
and negatively charged functional groups [4, 54].

This adsorption regime, including maxima and minima, is explainable in
terms of two trends determining the adsorption. The increase of adsorbed
polymer is caused by a decrease in net charge of the polyampholyte towards
the IEP. Less net charge means a reduction in electrostatic repulsion be-
tween the polyampholyte chains, so adsorption at higher density is possi-
ble, which leads to a greater amount adsorbed [5, 11, 55]. The minimum di-
rectly at the IEP is caused by the second trend. Directly at the IEP the
charge of the polyampholyte is shielded by intra- and interchain interac-

Fig. 14 The adsorbed amount, A, of a polyampholyte as a function of the pH of the ad-
sorption solution. The solid and the dashed lines are shown as a guide for the eye. The
transmission, T, of the solutions (dotted line) is shown as a function of pH. The arrows
below the graph indicate where the silicon surface, S, and the polyampholyte, P, are car-
rying a positive or negative net charge. Characteristics of polymers (B1, B3, B4 - a, b, c)
are: Mn 68,000 g mol�1, 62,000 g mol�1, and 62,000 g mol�1, PMAA/PDMAEMA weight
ratios 90/10, 55/45 and 19/81, pHIEP 3.8, 5.9 and 9.3, respectively
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tions. So the attractive interactions between the anchor block of the
polyampholyte and the negatively charged silicon substrate are reduced
and the amount adsorbed decreased. The positive or negative net charge on
silicon substrate and polyampholyte copolymer changes with pH and is also
indicated in Fig. 14.

For the polymers the maxima and minima in the adsorbed amount
are shifted with the IEP of the polyampholytes, which is determined by
the block ratio. Furthermore the amount adsorbed increases with the
larger positively charged PDMAEMA block, which acts above the
pHIEP=3.8 of the silicon wafer as the positive anchor block [9, 56]. The
larger PDMAEMA block works in two ways. On the one hand a larger posi-
tive block means more electrostatic interaction with the negative silicon
surface. On the other hand with the increase of the PDMAEMA block also
a shift of the IEP to higher pH values takes place. So the maximum in ad-
sorption occurs at higher pH, where also the silicon surface contains more
negative charges.

Both adsorption regimes result in different lateral structures formed by
the adsorbed (and dried) polyampholyte on the silicon substrate. The lateral
structures of the adsorbed polymers are characterized by differently sized
agglomerates [13]. The smallest agglomerates have approximately the size of
polyampholyte micelles determined by dynamic light scattering in aqueous
solution [55, 56]. The size of polyampholytic agglomerates in aqueous solu-
tions is strongly influenced by pH, which determines the charge of the dis-
solved polyampholyte. The appearance of some agglomerates is shown in
Fig. 15. For the first polymer (B1) at pH=2.8, structures in solution with di-
ameter 90 nm and at pH=4.8 with diameter 132 nm have been observed by
light scattering. A polyampholyte of different composition (B3) shows, at
pH=6.4, agglomerates with a diameter of 42 nm and at pH=9.1 with a diam-
eter of 96 nm. While, partially, the adsorption of whole micelles can be as-
sumed, larger aggregates observed especially close to the maximum in ad-
sorption near the IEP may be explained by the formation and adsorption of
bigger precipitated agglomerates. So the stability of micelles at the interface
should be larger than for the other polyampholytes with smaller PDMAEMA
block. One may compare those findings with other work in the literature
about micelle formation by amphiphilic diblock polymers at an interface,
when the adsorbing anchor block is much larger than the non-adsorbing
block [57].

Thus, two different adsorption regimes have been identified for PMAA-
b-PDMAEMA. The first regime observed with most polyampholytes is de-
termined by two absorption maxima close to the isoelectric point of the
polyampholyte and one minimum of the adsorbed amount directly at the
IEP. The second regime is observed only for polyampholytes containing a
large positively charged PDMAEMA-block and is characterized by one
maximum directly at the IEP (Fig. 14c). The explanation for both regimes
is given by two influences of electrostatic interactions between polymers
and the substrate. On the one hand the repulsive electrostatic interactions
between the polymer chains decrease with the polymer net charge towards
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the IEP of the polyampholyte, so the polymer can adsorb at higher density.
This tendency increases the amount adsorbed. On the other hand a de-
crease of net charge of the polyampholyte means also a decrease in the at-
tractive electrostatic interactions with respect to the charged substrate sur-
face. An increase in the positively charged PDMAEMA block causes an in-
crease in the amount adsorbed. This effect was explained by the shift of the
IEP to higher pH values and the accompanied increase of attractive interac-
tions between polyampholyte and silicon surface. A clear predominance of
the positively charged block leads to the adsorption of homogeneously
sized micelles. Under favorable conditions highly regular polyampholyte
structures can be observed adsorbed at the substrate [14]. An example is
shown in Fig. 16 where from AFM studies and X-ray scattering investiga-
tions at grazing incidence a dominant structural size of 64–179 nm is deter-
mined, depending on pH during adsorption. In this case structural sizes do
not depend strongly on pH and are significantly larger only directly at the
IEP.

Fig. 15 SFM images of the dry adsorbed polyampholytes from Fig. 14 on silicon sub-
strates. The polymers were adsorbed from solutions of different pH. The adsorbed
amount, A, measured by ellipsometry is given. (A) Polyampholyte B1 pH=2.7;
A=1.1 mg m�2; (B) Polyampholyte B1 pH=3.0; A=2.4 mg m�2; (C) Polyampholyte B3
pH=6.9; A=5.5 mg m�2; (D) Polyampholyte B3 pH=7.5; A=16.4 mg m�2
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Dependence of the adsorption behavior on the molecular weight has
been observed only in the case of polyampholytes of small molecular
weight [13]. These polymers show an increase in the adsorbed amount com-
pared to larger polyampholytes, as shown in Fig. 17. This tendency is ex-
pected to result from the adsorption of whole micelles of high density. One
generally has to consider micelle formation in solution and at the interface
to obtain a better understanding of the complex adsorption behavior of
polyampholytes.

Other investigations have been performed where silicon substrates were
modified from alkaline to acidic and hydrophobic nature [58], where
salt concentration was varied during adsorption [55] and where the nature
of one of the blocks was changed [59]. Monolayers of polyampholyte
micelles were used to modify protein adsorption [60]. An example
is shown in Fig. 18 where the adsorption of fibrinogen is controlled by
preadsorption of polyampholyte micelles and the phosphate buffer con-
centration.

Fig. 16 Power spectral density (PSD) from AFM data (circles) and intensity of out of
plane scan from X-ray scattering at grazing incidence (squares) from an adsorbed
diblock polyampholyte (Mn 15,000 g mol�1, PMAA/PDMAEMA weight ratio 33/67) of
highly regular lateral structure adsorbed at different pH on a plane silicon wafer: (a) 6.1,
(b) 9.4, and (c) 8.5. The most prominent length scale is marked with an arrow
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Blends of homopolyelectrolytes were compared with corresponding di-
block polyampholytes with respect to their adsorption behavior [61]. All
those investigations show that the use of diblock polyampholytes offers a
unique way to control adsorption behavior by pH and to generate structured
monolayers with partial highly regular order which can be used to modify
the surface properties of solid substrates.

Fig. 18 Adsorption of the protein fibrinogen as influenced by preadsorption of polyam-
pholyte micelles (PMAA/PDAEMA 33/67 weight ratio, Mn~15,000) in presence of
0.01 mol L�1 (filled symbols) and 0.001 mol L�1 (empty symbols) phosphate buffer solu-
tion

Fig. 17 Comparison between the maximum adsorbed amount of polyampholyte with
two high molecular weights and one low molecular weight as function of the block ratio:
Mn~65,000 g mol�1, squares; Mn=101,000 g mol�1, triangles; Mn~14,500 g mol�1, circles
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7
Conclusion

We have shown here that amphiphile monolayers are an excellent model sys-
tem to study polyelectrolyte/lipid interactions. Techniques have been devel-
oped to study adsorption kinetics and structure at the molecular level. Ad-
sorption kinetics can be described qualitatively with established models but
the complications due to long range electrostatic forces and cooperative pro-
cesses during adsorption keep us far away from a quantitative understand-
ing. Considerable progress has been achieved to elucidate polyelectrolyte ar-
rangement at interfaces and to correlate with theoretical calculations. The
lipid monolayer structure, due to its high sensitivity to environmental
changes, can be used as a fine sensor to study interfacial interactions. This
is needed on one hand to understand these interactions, on the other hand
to build-up systems of technical interest or for pharmaceutical applications.

The adsorption of weak diblock polyampholytes at a solid substrate can,
on the other hand, be understood qualitatively–amount adsorbed and lateral
structures are largely determined by micelle formation in solution, which is
strongly influenced by pH. In this way quite different and, in part, highly
regular structures at the surface may be generated, depending on copolymer
composition, molecular weight, pH, and salt concentration of the solution.
This parameter field offers several possibilities and resulting structured
polyampholyte monolayers may be used to control surface properties in a
wide range. In this way protein adsorption, for instance, can be enhanced or
largely prohibited at a pretreated surface.
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Abstract Two types of membrane are presented: free-standing films which are formed from
aqueous polyelectrolyte solutions and membranes prepared by alternating electrostatic
layer-by-layer assembly of cationic and anionic polyelectrolytes on porous supports. Layer-
by-layer assemblies represent versatile membranes suitable for dehydration of organic sol-
vents and ion separation in aqueous solution. The results show that the structuring of the
polyelectrolytes in the liquid films and the permeability of the multilayer membranes de-
pends on different internal and environmental parameters, for example molecular weight,
polymer charge density, ionic strength, and temperature.
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1
Introduction

Membranes play an important role in natural science and for many technical
applications. Depending on their purpose, their shape can be very different.
For instance, membranes include porous or non-porous films, either sup-
ported or non-supported, with two interfaces surrounded by a gas or by a
liquid. Important properties of non-porous membranes are their permeabili-
ty for certain compounds and their stability. In biological cells their main
task is to stabilize the cell and to separate the cell plasma from the environ-
ment. Furthermore, different cells and cell compartments have to communi-
cate with each other which requires selective permeability of the mem-
branes. For industrial applications membranes are often used for separation
of gases, liquids, or ions. Foams and emulsions for instance are macroscopic
composite systems consisting of many membranes. They contain the contin-
uous liquid phase surrounded by the dispersed gas phase (foams) or by an-
other liquid (emulsions). Beside these application possibilities membranes
give the opportunity to investigate many questions related to basic research,
e.g. finite size effects.

This review focuses on two different types of polyelectrolyte membrane.
The first part deals with thin free-standing liquid films formed from aque-
ous polyelectrolyte/surfactant solutions. Free-standing films are interesting
in two respects. First, the film can be considered as the building block of a
foam so that its properties affect the behavior of the whole macroscopic
foam. In this context it is the molecular structure at and near the film sur-
faces rather than the structure of the film core which is important. Second,
the free-standing film presents a slit pore which enables study of the effect
of geometrical confinement on the structuring of polymers. The liquid free-
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standing film is highly relevant in this respect, since its thickness can easily
be varied by changing the outer pressure.

The second section refers to polyelectrolyte membranes prepared by al-
ternating electrostatic layer-by-layer assembly of cationic and anionic poly-
electrolytes on porous supports. Mass transport across ultrathin polyelectro-
lyte multilayer membranes is described. The permeation of gas molecules,
liquid mixtures, and ions in aqueous solution has been investigated. The
studies indicate that the membranes are excellently suited for separation of
alcohol/water mixtures under pervaporation conditions and for ion separa-
tion, e.g. under nanofiltration conditions.

The first part concentrates on structure while the second part focuses on
the permeability. Both features are highly correlated and the influence on the
membrane properties of electrostatics (e.g. ionic strength, polymer charge
density, pH), temperature and the molecular weight of the polymers are
studied on both types of membrane.

2
Aqueous Polyelectrolyte Membranes

Two large fields of colloidal science which have been investigated for several
decades are associated with the studies presented in the first section–interac-
tions between two opposing surfaces of free-standing aqueous films (so-
called foam films) (e.g. Refs. [1, 2]) and the structuring of polyelectrolytes
in aqueous solutions (e.g. Refs. [3–7]). With respect to general miniaturiza-
tion the question arises about how this chain ordering is affected by a geo-
metric confinement. Here confinement means that the dimensions of the to-
tal system are of the same order of magnitude as the correlation length of
the polymer system (e.g. Debye length, correlation length, persistence
length, radius of gyration). In the present study the polyelectrolytes are en-
trapped between the two interfaces of a horizontal single liquid free-stand-
ing surfactant (foam) film. A foam film gives the opportunity to adjust the
thickness and therefore the confinement by changing the outer pressure.
The film thickness is between 5 and 120 nm.

A quantitative measure of the sum of the interactions between the two
film interfaces is the disjoining pressure P. It is the excess pressure between
the pressure in the film and the pressure of the corresponding liquid. This
difference is due to interactions between the film interfaces which are mainly
determined by electrostatic repulsion between (charged) interfaces, van der
Waals attraction, steric repulsion between the adsorbed surfactant mole-
cules, and structural forces. Disjoining pressure isotherms (disjoining pres-
sure as a function of film thickness) have been measured in a so-called thin
film pressure balance (TFPB).
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2.1
Scientific Background

The electrostatic repulsion between two identically charged interfaces is
described by an exponential decay:

Pel ¼P0 exp �k h�2h0ð Þ½ � ð1Þ
where the Debye–H�ckel screening length is 1/k and the thickness of the
adsorbed interfacial layer is h0. P0 is connected to the surface potential Y0
by the relation [8]:

P hð Þ ¼ 64kTr1g2 exp �khð Þ ¼ 1:59
 108
	 


cel½ �g2 exp �khð Þ; Pa½ � ð2Þ
where

g¼ tanh zeY0=4kTð Þ ð3Þ
In a simple foam film the thickness of the interface is similar to the length

of a surfactant molecule. The thickness of the so-called common black film
(CBF) is determined by the DLVO forces, and the thinner Newton black film
(NBF) is stabilized by steric repulsion and does not contain any free solvent
molecules. A transition from a CBF to a NBF can be induced by the addition
of salt leading to a screening of the surface potential. This confirms the elec-
trostatic nature of the repulsive force stabilizing the CBF. The transition
from a CBF to a NBF corresponds to an oscillation of the disjoining pressure
because of the attractive van-der-Waals forces. This attractive part of the iso-
therm is mechanically unstable, and it cannot be measured by a TFPB. But a
step in film thickness from the thicker CBF to a thinner NBF is detected.

Beside the DLVO forces so-called structural forces can occur between two
interfaces, i.e. in the film, due to the layering of molecules. This is related to
an oscillatory concentration profile with a decay in amplitude from the in-
terface towards the film bulk. The relation between the oscillatory concen-
tration profile and the oscillatory pressure is still under discussion. An os-
tensive image of the oscillatory pressure is the layer-by-layer expulsion of
the molecules which induces attractive depletion forces. With respect to the
class of molecules this kind of force is also called solvation or hydration
force. These structural forces have been observed for spherical molecules
entrapped between two mica plates in a surface-force apparatus (SFA) (e.g.
Ref. [8]). The period of the oscillation is connected to the diameter of a
spherical molecule. Oscillatory forces also occur in free-standing films con-
taining liquid crystals, colloidal particles (e.g. Ref. [1] and references there-
in) or micelles. Micellar systems have been investigated both in an SFA be-
tween solid interfaces [9] and in a TFPB between liquid interfaces [10, 11].
The step size scales with the surfactant concentration, cs, as cs

	1/3 [12].This
can be simply explained by a homogeneous distribution of “hard spheres”
in three dimensions where the distance between two centers of mass is deter-
mined by the concentration of spheres. To the best of our knowledge, the
stepwise thinning (i.e. stratification) of foam films containing micelles oc-
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curs if the surfactant is charged but it has yet been not published for non-
ionic surfactants. This indicates that the electrostatic repulsion between the
micelles could be responsible for film stratification.

2.2
Thin Film Pressure Balance (TFPB)

The measurements have been carried out in a thin film pressure balance us-
ing the porous-plate technique (Fig. 1). This method was developed by My-
sels et al. [13] and subsequently enhanced by Exerova [14, 15] for measuring
the disjoining pressure P (h) in the film as a function of the film thickness
h (disjoining pressure isotherm). The film is formed from an aqueous poly-
mer solution over the (1 mm) hole drilled in a porous plate. The film holder
is enclosed in a metal cell and the pressure inside the cell is changed using a
syringe pump. The main contribution to the disjoining pressure within the
film is the difference between the pressure inside (pg) and outside (pr) the
cell. The film thickness is determined by an interferometric method [16]. In
these circumstances the reflected intensity decreases with decreasing film
thickness. This means that during the discontinuous transition from a thick-
er to a thinner film the “new�� thinner film thickness is indicated as darker
spots (see photograph in Fig. 1). The equilibrium thickness is reached when
the intensity is constant over a period of 20 min. Further details are de-
scribed elsewhere [17].

Fig. 1 Thin film pressure balance (TFPB) with a photograph of the film recorded by vi-
deo microscopy
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2.3
Materials

Polyelectrolytes of different molecular architecture are used.

2.3.1
Amphiphilic Diblock Copolymers

The amphiphilic diblock copolymer has been synthesized in the group of
Stephan F�rster (University of Hamburg). It consists of a poly(styrene sul-
fonic acid) block of 144 monomers and a hydrophobic poly(ethylethylene)
block of 136 monomers. It is called PSSH–PEE in the following discussion.
Synthetic details are described elsewhere [18]. The films of the diblock
copolymers are made from pure aqueous polymer solutions without any
further surfactant. The concentration of the diblock copolymers is given in
g L	1.

2.3.2
Branched Polyelectrolytes

The polycation PEI is a gift from BASF AG and it is available at three differ-
ent degrees of branching with 100% secondary N atoms (linear), 50% and
38% secondary N atoms (depending on the number of bonds to the next car-
bon atoms one distinguishes between primary, secondary and tertiary nitro-
gen atoms). The 38%–N–PEI is irregularly branched and it is assumed to
have an elliptic shape. The diameter is estimated from dynamic light-scatter-
ing measurements [19].

2.3.3
Linear Polyelectrolytes

For instance, a prototype of linear polyelectrolytes is a statistical copolymer
consisting of positively charged diallyldimethylammonium chloride (DAD-
MAC) monomers and neutral N-methyl-N-vinylacetamide (NMVA) mono-
mers. It is a gift from Werner Jaeger from the Fraunhofer Institute for Ap-
plied Polymer Research in Golm/Potsdam (Germany). Details about the syn-
thesis and the characterization are described in Ref. [20] for Poly(DADMAC)
and in Ref. [21] for Poly(NMVA), and the copolymers. Unless stated other-
wise the molecular weight is about 100,000 g mol	1. The concentration of
linear and branched polyelectrolytes is given in units of monomol L	1 which
means the corresponding monomer concentration.

182 Regine v. Klitzing · Bernd Tieke



www.manaraa.com

2.3.4
Surfactants

The nonionic surfactant C12G2 is used in the experiments at a fixed concen-
tration of 10	5 mol L	1 (0.1�cmc). The cationic hexadecyltrimethylammoni-
um bromide (C16TAB) was recrystallized four times from 10:1 ethyl acetate–
ethyl alcohol and used at a fixed concentration of 10	4 mol L	1 (0.1�cmc).
Therefore, the surfactant concentration is always below the critical micelliza-
tion concentration (cmc) and the critical aggregation concentration (cac) of
the respective polymer/surfactant systems.

The free-standing films are either formed from aqueous surfactant/poly-
electrolyte solutions or from pure aqueous diblock copolymer solutions.

2.4
Foam Films of Amphiphilic Diblock Copolymers

Amphiphilic diblock copolymers act as a surfactant and stabilize free-stand-
ing films. They are assumed to adsorb at the interface by analogy with low-
molecular-weight surfactants: The hydrophobic part is collapsed at the inter-
faces and the hydrophilic part is directed towards the film core (Fig. 2a). In-
vestigations of the structure at a single liquid interface (air/water) show that
the amphiphilic diblock copolymers present polymer brushes which are an-
chored by the hydrophobic block at the interface [22, 23]. This structure is
also assumed at the film surfaces. Fig. 3 shows the disjoining pressure iso-

Fig. 2 (a) Schematic diagram of potential between the opposing polyelectrolyte brushes;
(b) expulsion of one layer of micelles at higher diblock copolymer concentrations
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therm at two different polymer concentrations. At a concentration of
1.8 g L	1 the film drains continuously and the data points can be fitted by
Eq. (1). Under the assumption that the adsorbed layers have the same thick-
ness of 22.5 nm as at the free interface, the fit results in a Debye length, k	1,
of 15 nm and a surface potential, Y0, of about 20 mV [24]. The exponential
decay of the potential is sketched in Fig. 2a. The sign of the potential cannot
be determined by the TFPB. The exponential decay is indicative of electro-
static repulsion between the two opposing polymer brushes (see Fig. 2a).
The exponential decay is a hint that the two brushes do not interdigitate.
Otherwise, the electrostatic repulsive force would increase with decreasing h
as 1/h [25], instead of the found exponential increase.

At a higher concentration of 3 g L	1 the film shows discontinuous stratifi-
cation. The isotherm shows a step in film thickness of approximately 32 nm.
This step size is in good agreement with the size of a PSSH–PEE micelle in
solution which has a diameter of approximately 30 nm [26]. It is assumed
that by analogy with small surfactants a layer of micelles is entrapped be-
tween the two interfaces which is pressed out of the film (Fig. 2b). After the
step, the film is thinner than for the lower concentration. The film is less sta-
ble, and it breaks at a pressure of about 300 Pa.

With increasing ionic strength the film becomes thinner, because of the
electrostatic screening between the interfaces (Fig. 4). This is also observed
for films of small surfactant molecules (see Scientific Background section)
due to a decrease in the Debye length. Furthermore, the charged hydrophilic
blocks coil with increasing ionic strength, which also contributes to the film
thinning. This coiling could also explain the reduction in thickness and the
stability at a higher polymer concentration, i.e. at a higher counterion con-
centration. Theoretical calculations by Pincus et al. [27] predict a scaling
behavior of the film thickness, h, with the concentration of counterions as
h / cel

	1/3. In the present case an exponent of about 	0.2 is found. The devi-
ation could be explained by the finite volume of counterions which is not

Fig. 3 Disjoining pressure isotherms of PSSH–PEE at two different concentrations—
1.8 g L�1 and 3 g L�1. The solid line corresponds to an exponential fit of the experimen-
tal data. For details see text (from Ref. [24])
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taken into account in Pincus� theory. Vertical films of poly(tert-butyl-
styrene–PSS) (PtBS–PSS) which drain by gravitation forces showed the pre-
dicted exponent of 	1/3 [28]. The reason for this difference in the experi-
mental results is still under discussion.

2.5
Mixed Polyelectrolyte/Surfactant Films

In the following discussion the polyelectrolyte itself does not form any sta-
ble foam films, and the film has to be stabilized by additional surfactant.
On the other hand, the surfactant itself does not form any stable films at
such low concentrations below the cac as used in the presented experi-
ments. This indicates synergistic effects between the two classes of com-
pounds which lead to stable free-standing films. In the case of oppositely
charged surfactants and polyelectrolytes surface-active complexes are as-
sumed to be formed at the air/water interface below the bulk cac. This has
been detected by a reduction in surface tension [29, 30], and by X-ray and
neutron reflectometry [31, 32]. If one of the compounds is neutral or if both
compounds have the same sign of charge addition of polyelectrolyte does
not influence the surface tension, but nevertheless an increase in film sta-
bility is detected. This effect has not yet been clarified. Mixed polyelectro-
lyte/surfactant films also show stepwise thinning above a certain polyelec-
trolyte concentration. The steps are not reversible. By decreasing the pres-
sure no step backward to the former branch of the isotherm is possible,
and the thickness does not change significantly. Different combinations of
surfactants and polyelectrolytes showed that the choice of the surfactant
has an influence on the total film thickness but not on the step size of the
disjoining pressure isotherms [17, 33, 34]. This leads to the conclusion that
addition of polyelectrolytes induces the stratification of the films. The
experimental data can be considered as parts of a damped oscillation as

Fig. 4 Film thickness at a PSSH–PEE concentration of 3 g L�1 after the step in film thick-
ness in dependence of the NaCl concentration. The solid line corresponds to a fit by a
power law and results in an exponent of �0.2
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shown in Fig. 5. The attenuation explains the irreversibility of the steps: if
the system is at a mechanically unstable point after increasing the pressure
it jumps to the next mechanically stable state which is the next thinner iso-
therm branch. If, on the other hand, the pressure is decreased the system
stays in a mechanically stable state and has no motivation to jump back to
the former thicker isotherm branch. In relation to the stratification of films
containing hard colloidal particles where the step size in film thickness is
somehow related to the diameter of the particles, the question arises which
characteristic length corresponds to the period of the oscillatory curve in
the films containing polyelectrolytes. In the following discussion it is shown
that the molecular architecture and the electrostatic interactions have an in-
fluence on the stratification behavior.

2.5.1
Branched Polyelectrolytes

Free-standing films which are formed from aqueous PEI/C16TAB solution
show a stepwise thinning. With increasing polymer concentration the step
size decreases and the number of steps increases. Figure 6 shows the step
size of a film containing branched PEI as a function of the corresponding
concentration of monomer units for two different molecular weights of the
PEI. The step size D h scales with the polyelectrolyte concentration, c, as
c	1/3 [35]. By analogy with the spherical particles discussed above, a layer-
by-layer expulsion of PEI molecules is assumed. The exponent 	1/3 is ex-
plained by geometrical arguments–with increasing concentration of the
branched polyelectrolytes in a three-dimensional system the distance be-
tween two molecules decreases in proportion to c	1/3 in every dimension. At
a fixed concentration of monomer units the number of PEI molecules de-
creases with increasing molecular weight. This leads to an increase in the in-
termolecular distance and therefore to an increase in the step size at the
higher molecular weight. PEI is a weak polybase. At pH 9 (PEI in Milli-Q

Fig. 5 Disjoining pressure isotherm of a C12G2/PDADMAC film. The solid line represents
an exponentially damped cosine function. The mechanically stable and unstable parts
are marked (from Ref. [33])
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water) about 17% of the monomer units are charged (measured by stream-
ing potential); at pH 4 (adjusted with HCl) about 74% of the units are
charged. With decreasing polymer charge density the film stratification be-
comes less pronounced. The pressure needed to induce a step is lower and
the film thickness between two steps can no longer be stabilized at pH 9
(Fig. 7). This leads to the conclusion that the layering of the PEI molecules is
less ordered due to decreasing intermolecular electrostatic repulsion. This
finding is also supported by drainage curves at these two pH values. The
thinning velocity at pH 4 (i.e. higher polymer charge density) is much high-
er than that at pH 9. Due to electrostatic intermolecular repulsion the expul-
sion of the polyelectrolytes out of the film is much faster at pH 4 than at
pH 9. Similar results are found for branched and linear polyelectrolytes. For
linear PEI the disjoining pressure isotherm is less structured and the drain-
age process is slower than for branched ones. This could be due to a lower
charge density in the case of the linear PEI. The number of charged mono-
mers at a certain pH is almost independent of the degree of branching, but

Fig. 6 Step size in the isotherms of films consisting of branched PEI and 10�5 mol L�1

C16TAB at a MWof PEI of 5000 and of 25,000 (from Ref. [35])

Fig. 7 Disjoining pressure isotherms of films formed from aqueous solutions containing
3.4�10�1 monomol L�1 PEI and 10�4 mol L�1 C16TAB at two different pH values
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the volume of a branched PEI molecule is much smaller than that of a swol-
len coil of linear PEI. In addition, the linear chains interdigitate as described
in the following section, which could again slow down the drainage process.

These results support the assumption that the oscillatory forces are
caused by electrostatic repulsion between the layered polyelectrolytes. On
the other hand the c	1/3 dependency indicates that the step size is deter-
mined by the geometry but not by electrostatics. It is assumed that the con-
centration of free counterions around the PEI is quite low and that the step
size Dh is:

Dh¼ dþ 2k�1 ð4Þ
where d is the diameter of the PEI molecules. The diameter of one PEI mol-
ecule of molecular weight 5000 is about 3 nm. The measured step size at a
PEI monomer concentration of 0.34 monomol L	1 is about 7 nm. This corre-
sponds to k	1 of about 2 nm, which is indicative of an ionic strength of
0.025 mol L	1. On the other hand, however, a PEI monomer concentration of
0.34 monomol L	1 (74% of the monomer units are charged at pH 4) corre-
sponds to a concentration of monovalent counterions (i.e. ionic strength) of
0.25 mol L	1. This difference in ionic strength means that only 10% of the
counter ions are free and that the majority is entrapped within the branched
molecules. The exponent of 	1/3 can be explained by the fact that the ratio
between free and entrapped counterions changes with the polymer concen-
tration.

2.5.2
Linear Polyelectrolytes

Foam films containing linear polyelectrolytes also show stratification [17,
35–40]. In contrast to the branched polyelectrolytes the step size, Dh, scales
with polyelectrolyte concentration as Dh / c	1/2 which indicates another
type of structuring within the film. This stratification behavior is indepen-
dent of the chain stiffness and is observed for both flexible and semi-flexible
chains [39] and even for worm-like micelles [41] which are regarded as “liv-
ing” polymers. By analogy with the branched polyelectrolytes discussed
above one could assume that the stratification is caused by a layering of
polyelectrolyte coils and that the period is related to the radius of gyration.
This would mean that the step size should change with the degree of poly-
merization. But the TFPB measurements show no effect of the chain length
on the step size (Fig. 8), which means that a layering of polyelectrolyte coils
cannot be the right model. Since only the polymers seem to induce the strat-
ification the possible structuring of the corresponding aqueous polyelectro-
lyte solutions have been investigated by small-angle neutron scattering
(SANS). The spectra show a broad peak which indicates an interaction be-
tween the chains [3–7, 33, 42, 43]. The peak position, qmax, shifts to higher
q values with increasing polyelectrolyte concentration, c, and can be con-
verted into a correlation length, x, by:
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x¼ 2p=qmax / c�1=2 ð5Þ
on the assumption that the Bragg equation can be applied (Fig. 9). Such scal-
ing behavior of the correlation length has been predicted by the isotropic
model of de Gennes and several other groups [44–48] which assumes over-
lapping of the chain above a certain concentration c * (semi-dilute regime).
A kind of transient network is formed and the correlation length corre-
sponds to the mesh size and the peak width in the SANS spectrum is related
to the polydispersity of the mesh size. With increasing polyelectrolyte con-
centration the concentration of counterions increases. This leads to en-
hanced electrostatic screening between the chains which is related to a
broadening of the correlation peak. Comparison of the correlation length
obtained from SANS measurements with the step size in the disjoining pres-

Fig. 8 Disjoining pressure isotherms of free-standing C16TAB/PDADMAC films at differ-
ent molecular weight of PDADMAC. The PDADMAC concentration is fixed at a corre-
sponding monomer concentration of 5�10�3 monomol L�1. Therefore the concentration
of the polyelectrolyte molecules changes with the molecular weight. The C16TAB concen-
tration is 10�4 mol L�1 (from Ref. [33])

Fig. 9 SAN scattering curves of aqueous solutions at three different PDADMAC concen-
trations above the critical overlap concentration, c *, without additional salt. The poly-
mer concentration is given in monomol L�1; MW(PDADMAC)=100,000 g mol�1 (from
Ref. [42])
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sure isotherms shows that both lengths are similar (Fig. 10). This means that
the interactions between the polyelectrolyte chains which induces a structur-
ing of the chains in the aqueous solution are the same as the interactions in
the film which lead to film stratification. On the assumption that the poly-
electrolyte chains form a network-like structure in aqueous solution this
structure can be obviously transferred to the film bulk. Hence, the period of
the oscillatory disjoining pressure curve corresponds to the correlation
length found in the bulk solution.

In comparison with the layered branched polyelectrolytes it is difficult to
imagine the expulsion of linear polyelectrolyte chains which belong to a net-
work. From fluorescence measurements at foam films containing dye-labeled
polyelectrolytes it is known that the polyelectrolyte chains are pressed out of
the film and that they are not collapsed within the film [40]. This means that
as much of the corresponding monomers that belong to one mesh size are
expelled during a transition from a thicker to a thinner film. But one poly-
electrolyte chain is involved in several mesh sizes. The idea is that the net-
work breaks down and is rebuilt much faster as the time resolution of the
TFPB [33]. Up to a certain pressure the network rebuilds itself with a certain
number of meshes in the film and above this pressure the network is rebuilt
with one mesh less. The polyelectrolyte chains which are not involved in the
network anymore are pressed out of the film. Using this image this would
mean that the mesh size in solution and in the film is the same and that the
film does not represent a confined geometry with respect to the mesh size.
This could be explained by image charges induced by the air/liquid interface
which extend the network to infinity. Furthermore, the surfactant at low
concentrations has no effect on the step size which means that the interac-
tions between polyelectrolytes and surfactant are negligible. This has been
also observed by SANS measurements [33]. Oscillatory forces for linear
polyelectrolytes have been also measured by Milling et al. with an AFM [49],

Fig. 10 Comparison between the step size in film thickness of a free-standing C12G2/
PDADMAC film (TFPB) and the correlation length of the respective aqueous bulk solu-
tion (SANS), calculated from the position of the structure peak in SANS spectra by
Eq. (5), as a function of the polyelectrolyte concentration. The concentration of C12G2
was 10�5 mol L�1. Adapted from Ref. [33]
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and they also found that the correlation length scales with c	1/2. To the best
of our knowledge, no force oscillations for polymers have been observed in
SFA studies. Oscillations in the concentration profile of a polymer system
between two interfaces are predicted by theoretical models [50, 51], but until
now no simulations exist of oscillatory forces of polyelectrolyte solution en-
trapped between two interfaces.

2.5.2.1
Effect of Electrostatics

Decreasing the charge density along the polyelectrolyte chain or increasing
the concentration of low molecular mass salt leads to a reduction of the
pressure which is necessary to induce a step in the film thickness. At high
ionic strength or at a low degree of charge the stratification vanishes [37,
38]. The charge density has been changed by varying the ratio between cat-
ionic and neutral monomer units. Above a degree of charge of about 50%
the steps occur one after the other at different pressures. Below a degree of
charge of 50% all steps occur at the same low pressure. This leads to the con-
clusion that the electrostatic repulsion between the polyelectrolyte chains is
reduced and that the structuring becomes “softer” at a low polymer charge
density. In the example investigated, PDADMAC, above a degree of charge of
50% so-called charge renormalization takes place. The distance between two
monomer units on the fully charged chain is almost half of the Bjerrum
length, i.e. the distance between two ions where Coulombic interactions are
compensated by the thermal energy. At a charge distance below the Bjerrum
length counterion condensation [52–54] takes place which renormalizes the
charge density. Therefore the effective charge density is the same above a
degree of charge of 50% which seems to lead to similar disjoining pressure
isotherms.

With increasing ionic strength the stratification of the film occurs at a
lower pressure [38] which indicates that the structuring of the polyelectro-
lyte chains becomes “softer��.

2.5.2.2
Effect of Temperature

With increasing temperature from 20 to 40 
C the film becomes less stable
[55]. Decreasing stability with increasing temperature is also well-known for
pure surfactant foam films and is caused by increasing fluctuations at the
film interfaces. In surfactant/polyelectrolyte films temperature effects are
even more pronounced. It is assumed that increasing motion of the polymer
chains with increasing temperature further reduces film stability. Further-
more, the steps in film thickness are induced at a much lower pressure. It is
assumed that chain motions at higher temperature also soften polyelectrolyte
structuring within the film.
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2.6
Summary and Conclusions

Disjoining pressure studies of free-standing liquid films containing polyelec-
trolytes show that the interactions between the interfaces are very sensitive
to the molecular architecture of the polyelectrolytes. Stratification of the
films occurs which is related to oscillatory structural forces. The size of the
steps in film thickness scales in a different way with the polyelectrolyte con-
centration for different molecular architectures; this is due to different struc-
turing of the polymers within the film. In the case of branched polyelec-
trolytes the step size scales as Dh/c	1/3. This indicates expulsion of layers of
the branched polymers by analogy with micelles entrapped within foam
films above the cmc which results in the same scaling law. Linear polyelec-
trolytes lead to a scaling behavior as Dh / c	1/2. It is assumed that a tran-
sient network of overlapping chains is formed within the film, as is assumed
for polyelectrolyte solutions. The stratification of foam films made from am-
phiphilic diblock copolymers is assumed to be caused by expulsion of a lay-
er of micelles previously entrapped within the film. A common feature of all
types of these films is that the stratification and therefore the structuring of
the polyelectrolytes is caused by electrostatic repulsion between the poly-
electrolyte chains. It is reduced by decreasing the polymer charge density or
increasing the ionic strength. The correlation length detected in semi-dilute
solutions of linear polyelectrolytes is a statistical length, and it remains a
general question how this length can be detected by force or disjoining pres-
sure measurements.

3
Layer-by-Layer Assemblies of Polyelectrolytes as Separating Membranes

About a decade ago a new preparation route to organized molecular films
was reported by Decher and coworkers [56–59]. The method is based on
electrostatic layer-by-layer assembly of positively and negatively charged
polyionic compounds on solid substrates. In a typical process a positively
charged substrate is immersed in an aqueous solution of a negatively
charged polyelectrolyte so that a monolayer of this polymer is adsorbed
and the surface charge is reversed. After careful washing the substrate is
now dipped into an aqueous solution of a positively charged polyelectro-
lyte, which also becomes adsorbed and adds a second polymer layer to the
substrate. Multiple repetition of the adsorption steps leads to polyelectro-
lyte multilayers with precise control over thickness and polymer composi-
tion.

Soon after the first reports on the layer-by-layer adsorption appeared, the
method was also used for surface modification of polymers [60, 61], and for
the preparation of composite membranes [62–65]. Composite membranes
were obtained by alternate dipping of porous supports into solutions of cat-
ionic and anionic polyelectrolytes so that an ultrathin separation layer was
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formed, as outlined schematically in Fig. 11. In recent years, extensive stud-
ies have been performed on the separation capability of polyelectrolyte mul-
tilayer membranes. Gas separation [62–65], separation of liquid mix-
tures [65–73] under pervaporation [74] conditions, and ion separation [67,
75–78] have been studied. Research activities have recently been re-
viewed [79–81]. In the following discussion a survey of the most important
results obtained by the author�s research group is presented.

3.1
Formation of Polyelectrolyte Multilayer Membranes

In most of our studies [65–67, 69, 70, 72, 73, 75, 77, 78] porous PAN/PET
supporting membranes were used consisting of a porous polyacrylonitrile
(PAN) layer on a polyethylene terephthalate (PET) fleece. Before adsorption
of the separation layer the membrane surface was rendered hydrophilic by
treatment with oxygen plasma. Further data on membrane thickness, pore
sizes and polyelectrolytes used for adsorption are supplied in Fig. 11. For
preparation of the separation layer, the supporting membrane was alternate-
ly dipped into aqueous solutions of the cationic and anionic polyelectrolytes.
Due to the repeated dipping, a thin homogeneous and dense skin layer con-
sisting of the polyelectrolyte complex was formed on the substrate. After de-
position of 60 layer pairs, the total thickness was in the range of a few hun-
dred nanometers. The SEM picture in Fig. 12 shows that the polyelectrolytes

Fig. 11 Scheme of layer-by-layer assembly of polyelectrolytes on activated porous sup-
porting membrane. The separation layer is obtained upon multiple repetition of steps
A and B. In reality, pore diameters are 20 to 200 nm, polymer chains are less ordered
and partially overlapping. Polyelectrolytes: PVA, poly(vinylamine); PAH, poly(allylamine
hydrochloride); PEI; polyethyleneimine (branched), P4VP, poly(4-vinylpyridine);
PDADMA, poly(diallyldimethylammonium chloride); PVS, poly(vinylsulfate);PVSu,
poly(vinylsulfonate); PSS, poly(styrenesulfonate); PAA, polyacrylic acid; DEX, dextran
sulfate (from Ref. [70])
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do not enter and block the pores, but the support is well coated with the
polyelectrolyte skin layer. Since the support does not exhibit any transport
selectivity by itself, all selectivities measured for the composite membrane
can be exclusively ascribed to the polyelectrolyte separation layer. This en-
ables study of the transport behavior of the polyelectrolyte complex layers
with great precision.

3.2
Gas Permeation Studies

In order to make sure that a dense separation layer had formed, the per-
meation of gases through the membrane was investigated. First the depen-
dence of the gas flow rate on the number of deposited polyelectrolyte
layer pairs was studied [65–66]. For the permeation of argon across PAH/
PSS separating membranes an inverse relation was found. The flow rate de-
creased from a value of 7.2 L cm	2 h	1 bar	1 for the bare support to values
of 100 mL cm	2 h	1 bar	1 after a coating with 15 bilayers and to
8.7 mL cm	2 h	1 bar	1 for the sample coated with 60 bilayers, that is, the ar-
gon flow rate decreased by almost a factor of 103. Selectivities in gas flow
were rather poor—60 P4VP/PSS bilayers only showed an ideal separation
factor a (CO2N2) of 1.51 [67], with PAH/PSS membranes no separation was
found. Similar results were reported by other research groups [63]. The
studies indicated that polyelectrolyte multilayer membranes are not well
suited for gas separation.

Fig. 12 Scanning electron micrograph of a composite membrane with polyelectrolyte
multilayer (60 layer pairs) as skin layer and porous support consisting of PAN and PET
layer (a) (pore sizes: 20 to 200 nm). In (b) the skin layer is shown at a larger magnifica-
tion (from Ref. [90])

194 Regine v. Klitzing · Bernd Tieke



www.manaraa.com

3.3
Alcohol/water Pervaporation

The possibility of reducing the gas flow by a factor of 103 by layer-by-layer
deposition of polyelectrolytes made it worthwhile to study liquid permeation
and separation under pervaporation conditions. Earlier studies on solution
cast, free-standing membranes of polyelectrolyte complexes reported by
Paul and coworkers [82–84] had already shown a good selectivity in separa-
tion of alcohol/water mixtures under pervaporation conditions. Thus it was
interesting to also study alcohol/water separation across the layer-by-layer
assemblies of polyelectrolytes. Details of the home-made pervaporation ap-
paratus can be found in the literature [79, 80]. First results obtained with
PAH/PSS membranes 60 bilayers thick were not very promising, but it was
found that flux and water content in the permeate were highly dependent on
the preparation and operating conditions [65, 66]. Further investigations in-
dicated that a suitable choice of polyelectrolyte was most important for
achieving a good separation. The charge density of the polyelectrolytes, de-
fined as the number of ionic groups per number of carbon atoms in the re-
peat unit of the polyelectrolyte complex, is especially important [69, 70]. An-
other important structural property is the acid/basic character of the ionic
groups. Further parameters influencing ethanol/water separation are the
number of adsorbed polyelectrolyte bilayers, the pervaporation temperature,
the pH and ionic strength of the polyelectrolyte solutions used for mem-
brane preparation, the molecular weight of the polymer and a thermal post-
treatment of the membrane. In the following discussion the influence of the
various parameters is briefly discussed.

3.3.1
Molecular Structure of the Polyelectrolytes

In order to describe the influence of polyelectrolyte structure on separation
behavior it is useful to briefly discuss the structure of the separating mem-
brane. In Fig. 13 [79, 80], a simplified structure model is shown. Although
loop formation and interdigitation of chains from adjacent layers are ne-
glected, as are incomplete ionization and neutralization, it clearly shows that
the membrane exhibits a network structure with pores of defined size in the
�ngstrom range, which are denoted as nanopores. Moreover, it can be de-
rived from the model that cross-linking density and nanopore size will de-
pend on the charge density of the polyelectrolyte complexes forming the
membrane. Thus the charge density, r, of the polyelectrolyte complex was
chosen as a structure parameter whose exact definition is given in Fig. 13.
According to the structure model one can expect that membranes prepared
from polyelectrolytes of high charge density consist of small, hydrophilic
pores, which should be very permeable to water and less permeable for alco-
hols, whereas the use of polyelectrolytes of low charge density leads to mem-
branes with larger, less hydrophilic pores. The larger pores can be expected
to be more permeable to alcohol molecules and thus membranes prepared
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from polyelectrolytes of low charge density should be less useful for alcohol/
water separation. The model was tested by studying ethanol/water separa-
tion across a variety of polyelectrolyte membranes with different r values
ranging from 0.06 (for PDADMA/PSS) to 0.25 (for PVA/PVS, PEI/PVS and
PVA/PVSu) [67, 69, 70, 72, 73]. As indicated in Fig. 14, the separation behav-
ior of the various membranes is in good agreement with the predictions de-
rived from the model of Fig. 13. With increasing value of r the total flux de-
creases, but the water content of the permeate strongly increases. This

Fig. 13 Simplified structure model of polyelectrolyte multilayer membrane and defini-
tion of charge density, r. The model does not take into account possible chain interdigi-
tation and incomplete ionization (from Ref. [70])

Fig. 14 Separation characteristics of polyelectrolyte multilayer membranes (60 layer
pairs) as a function of the charge density, r. Feed solution: ethanol/water (93.8/6.2)
(w/w); pervaporation temperature 58.5 �C (from Ref. [70]). Abbreviations are as in the
caption to Fig. 11
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means that transport of water across the membrane is especially high, if the
charge density of the polyelectrolyte complex is high so that the nanopores
are very small and hydrophilic. The clarity of the correlation is surprising
since the presence of any specific structural elements like phenyl rings, spac-
er groups or the nature of the ionic groups have not yet been taken into ac-
count. Therefore, in a further study the influence of the ionic groups on the
separation characteristics was investigated [73]. For this purpose, ethanol/
water pervaporation across three membranes of same high charge density
containing PVA and different anionic polyelectrolytes with either sulfonate
(PVSu), sulfate (PVS) or carboxylate (PAA) groups was investigated. As can
be seen from Fig. 15, all membranes are able to separate the water quite effi-
ciently. At low water content in the feed the membrane with the strongly
acidic sulfonate groups is the best, because the sulfonate groups are most
hydrophilic and even attract very small amounts of water from the mixture.
However, at high water content in the feed, the strong hydrophilicity of PVSu
is a drawback, because the polymer-bound ion pairs tend to hydrolyze, and
the membrane begins to swell. As a consequence, the flux goes up, and the
separation decreases. If the water content in the feed exceeds 20 wt%, the
PVA/PAA membrane is better suited for separation, but the comparatively
poor hydrophilicity of the carboxylate groups results in the flux across this
membrane always being rather low.

Fig. 15 Separation characteristics of PVA/PVSu, PVA/PVS and PVA/PAA membrane in
ethanol/water pervaporation. Thickness of separation layer: 60 polyelectrolyte bilayers;
pervaporation conditions: pH 6.8, no salt added to polyelectrolyte solution (from
Ref. [73])
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3.3.2
Number of Deposited Layer Pairs

From the successive adsorption of polyelectrolyte layers on a porous support
one can, first, expect that the pores of the supporting membrane become
coated and, second, that the thickness of the separating membrane gradually
increases. Consequently, the total flux should decrease and eventually–when
all the pores are coated–the separation should improve. Experiments indi-
cated that this is indeed the case [66, 67]. With increasing number of de-
posited PVA/PVS bilayers, the water content of the permeate increases from
10 wt% for 10 bilayers to 92 wt% for 50, and 98 wt% for 60 bilayers, if the
ethanol/water feed solution contains 6.3 wt% water. Simultaneously the total
flux decreases from about 1 kg m	2 h	1 to about 150 g m	2 h	1 for the 50
bilayer sample, and to 110 g m	2 h	1 for 60 bilayers. The decrease mainly re-
flects the usual inverse relationship between flux and thickness of a mem-
brane. From the measurements it can be derived that the adsorption of at
least 50 polyelectrolyte bilayers on the highly porous PAN/PET support is
necessary to get an optimum separation. Most of our experiments were
therefore carried out on membranes containing 60 bilayers.

3.3.3
Pervaporation Temperature

Increasing the pervaporation temperature is quite often useful in order to
improve the flux and separation efficiency of a membrane. This also holds
for polyelectrolyte multilayer membranes [66]. For 2-propanol/water perva-
poration across PVA/PVS membranes it was found, for example, that the
total flux increases by a factor of ten upon changing the pervaporation
temperature from 25 to 60 
C, whereas the water content of the permeate also
increased slightly. The reason is that increasing the temperature mainly in-
creases the flux of water across the membrane, which is favorable for the
separation characteristics. For an optimum separation all pervaporation
measurements were thus carried out at about 60 
C, the highest temperature
technically available with our apparatus.

3.3.4
pH and Ionic Strength of Polyelectrolyte Solutions Used for Membrane Preparation

The conformation of a polyelectrolyte in solution is known to be highly de-
pendent on the pH and ionic strength of the solution. Previous studies have
shown that these also affect ionization of the polar groups and chain confor-
mation of the adsorbed polymer so that thickness, surface roughness and
charge density of the polyelectrolyte multilayers become a function of pH
and ionic strength of the solutions used for layer-by-layer assembly [85–89].
In fact, SEM pictures of PAH/PSS membranes prepared either from acid or
neutral solution, or acid solution in presence of sodium chloride, indicate
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large differences between the surface structures (Fig. 16) [90]. Thus it is like-
ly that the separation behavior is also affected. In order to study the influ-
ence on the separation characteristics, two PVA/PVS membranes were pre-
pared from either neutral or acid solution at pH 6.8 and 1.7, respectively. A
third membrane was prepared from polyelectrolyte solutions at pH 1.7 con-
taining additional sodium chloride (concentration 0.1 mol L	1) [73]. As
shown in Fig. 17, the poorest separation was found for the membrane pre-
pared from aqueous solution at pH 1.7 without additional sodium chloride.
The presence of salt, or the higher pH of 6.8 positively influenced the sepa-
ration capability, while the flux was affected only if salt was present in the
polyelectrolyte solution. In this case a substantially lower total flux was ob-
served. This might be because the presence of salt in the polyelectrolyte so-
lution reduces the size of the polyelectrolyte coils. Unfolding of the coils
during adsorption is rendered more difficult so that the polymers are par-
tially adsorbed as coils. Consequently the thickness of the layers increases,
the flux is lowered, and the separation is improved. If the membrane is pre-
pared at pH 6.8, the polar groups of the polyelectrolytes are present in a
completely ionized state, a very regular network structure of high density is
formed and the thickness of the membrane is low. Consequently, good sepa-
ration and a high flux are obtained.

Fig. 16 SEM pictures of the surface structure of a PAH/PSS membrane prepared under
different conditions of the polyelectrolyte solution: (a) neutral pH, no salt added; (b)
pH 1.7, no salt added; (c) pH 1.7; 0.1 mol L�1 NaCl (from Ref. [90])
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3.3.5
Molecular Weight of Polyelectrolytes

Another important parameter influencing the separation characteristics is
the molecular weight of the polyelectrolytes. The effect of molecular weight
was studied on PVA/PAA membranes with PAA(l) of low molecular weight
of 5000 and PAA(h) of high molecular weight of 250,000 [73]. While the
water enrichment was the same for the two membranes, the flux of the mem-
brane containing PAA(l) was only a quarter of the value found for the other.
It was assumed [73] that the short polymer chains are able to enter and stop
the pores of the supporting membranes so that the flux is decreased. More-
over, the use of PAA(l) also reduces the long-term stability of the membrane,
probably because the polymer chains are so short that they are gradually
leached out during the pervaporation experiments.

3.3.6
Annealing of the Membrane

For many of the membranes, annealing subsequent to adsorption of the sep-
aration layer was advantageous in order to improve the separation charac-
teristics. Upon annealing of PEI/PVS and PAH/PSS membranes at 90 
C, for
example, the separation of ethanol/water (9:1) mixtures could be highly im-
proved [69]–for PEI/PVS the water content of the permeate increased from
67.8 to 96.7 wt%, while the flux decreased from 70 to 45 g m	2 h	1, and for
PAH/PSS, the water content of the permeate increased from 28.5 to
80.9 wt%, while the flux decreased from 1270 to 240 g m	2 h	1. However,
membranes containing PVA as the cationic polyelectrolyte could not be im-
proved in their separation behavior upon annealing. SFM pictures of a PAH/

Fig. 17 Separation characteristics of PVA/PVS membranes (60 bilayers) prepared under
different conditions of pH and NaCl content of the polyelectrolyte solution. Pervapora-
tion temperature: 58.5 �C (from Refs. [73, 81])
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PSS membrane in Fig. 18 indicate changes in the surface structure upon
annealing [90]. The height differences are reduced from 22.9 to 9.9 nm, the
membrane appears much smoother and more homogeneous, which goes
along with the improvement of the separation behavior.

3.3.7
Separation of Various Alcohol/Water Mixtures

The good results in ethanol/water separation obtained with the PVA/PVS
and PVA/PVSu membranes suggested extending the studies to other alcohol/
water mixtures. In Fig. 19a–d, the separation behavior of various alcohol/
water mixtures using PVA/PVSu membranes is compiled [73]. It turned out
that flux and separation increased if the hydrophilicity of the alcohols
decreased. For a t-butanol/water (9:1) mixture, for example, a flux, J, of
2 kg m	2 h	1, a water content in the permeate of 99.99%, a separation factor
a of 8.500, and a separation efficiency aJ (also denoted as �pervaporation
separation index�) of 1.95�104 were found, if a PVA/PVSu membrane was
used and the pervaporation was carried out at 58.5 
C. The PVA/PVS mem-
brane showed very similar separation behavior [72]. There are two reasons
for the excellent separation of the more hydrophobic alcohols from water.
First, the strength of the hydrogen bonds between alcohol and water mole-
cules decreases with increasing number of carbon atoms in the alcohol,
making the separation easier. Second, the solubility of the alcohol molecules
in the hydrophilic membrane decreases with increasing alkyl chain length
rendering transport across the membrane more difficult.

Fig. 18 Scanning force microscopic pictures (tapping mode) of the surface structure of a
60 bilayer PAH/PSS membrane prior (left) and subsequent to annealing at 90 �C (right)
(from Ref. [90])
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3.4
Transport of Ions

From earlier studies [91, 92] it is known that the bilayer casting of two aque-
ous polyelectrolyte solutions of opposite charge leads to so-called bipolar
membranes. These membranes are able to separate mono- and divalent ions,
because the divalent ions receive much stronger repulsive forces from the
equally charged layers and attractive forces from the oppositely charged lay-
ers than the monovalent ions. This is true for both anions and cations so
bipolar membranes represent barriers for ions of high charge density in
general.

3.4.1
Rejection Model of Multi-Bipolar Polyelectrolyte Membrane

The polyelectrolyte multilayers consist of an alternating sequence of molec-
ular layers of cationic and anionic polyelectrolytes and can therefore be re-
garded at as a multi-bipolar membrane on a molecular level, which likewise
should be useful for ion separation. A corresponding model for the ion re-
jection of the multibipolar membrane [75] is shown in Fig. 20. The model

Fig. 19 Separation characteristics of a PVA/PVSu membrane (60 bilayers) for various
alcohol/water feed mixtures. Plot of water content in permeate (a), total flux (b), separa-
tion factor a (c) and separation efficiency (d) versus water content in feed mixture. Per-
vaporation temperature 58.5 �C (from Ref. [73])
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implies separation of monovalent and divalent ions, which becomes progres-
sively more effective if the number of deposited polyelectrolyte layers is in-
creased and which is independent of the surface charge of the membrane.

3.4.2
Ion Permeation at Ambient Pressure

In a number of studies [75–77] ion transport across the polyelectrolyte mul-
tilayer membranes was investigated. Most studies were concerned with ion
permeation along a concentration gradient at atmospheric pressure. Experi-
mental details are given elsewhere [75, 77]. From the permeation measure-
ments, preferential transport of monovalent ions across the membranes was
evident. Using PAH/PSS separating membranes, theoretical separation fac-
tors a (Na+/Mg2+) up to 112.5 and a (Cl	/SO4

2	) up to 45.0 could be mea-
sured [75]. The ion permeation was controlled by factors such as the num-
ber of deposited layers, the charge density of the polyelectrolytes, and the
pH and ionic strength of the polyelectrolyte solutions used for membrane
preparation.

If the number of deposited layers was increased, the permeation rates,
PR, of all the salts decreased, but for salts with divalent or trivalent metal
ions the decrease was stronger than for salts with monovalent ions (Fig. 21).
Consequently the selectivity increased if a greater number of layers was ad-
sorbed, as predicted by the model discussed above. However, different from
pervaporation separation, for example, a good separation was already found
for separation layers consisting of five polyelectrolyte bilayers only (a (Na+/
Mg2+)=51) [76]. The ion separation also increased if polyelectrolytes of pro-
gressively higher charge density were used for preparation of the membrane.
With increasing charge density the cross-linking density of the network in-

Fig. 20 Rejection model of the multi-bipolar polyelectrolyte multilayer membrane (from
Ref. [76])
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creased and the PR values of all ions decreased. However, again the decrease
was stronger for the divalent than for the monovalent ions so that the selec-
tivity in ion transport increased.

3.4.3
The Influence of the Charge Density of the Permeating Ions

In order to gain information on the transport mechanism the permeation
rates of a number of alkali and alkaline earth metal chlorides, copper, zinc,
and lanthanum chloride, and sodium and magnesium sulfate were deter-
mined. In an additional experiment, the concentration of the permeating salt
solution was varied from 1 mmol L	1 to 3 mol L	1. All measurements were
carried out on membranes consisting of 60 PVA/PVS bilayers [76].

The permeation rates of the metal chlorides were found [76] to be in-
versely proportional to the charge density of the metal ions. The reason is
that ions of low charge density only display weak interactions with the poly-
electrolyte membrane and thus are able to permeate rapidly across the mem-
brane whereas ions of high charge density and strong interactions only ex-
hibit low PR values. The influence of the charge density on PR is even recog-
nizable for the series of alkali and alkaline earth metal chlorides: PR values
drop in the sequence K+>Na+>Li+ and Ba2+>Ca2+>Mg2+, that is in the direc-
tion of increasing charge density of the non-hydrated cations (Fig. 22). The
same is true for the anions so that the PR values of electrolytes generally de-
crease in the sequence 1,1-electrolyte>2,1-electrolyte�1,2-electrolyte>2,2-
electrolyte. For example, the ratio of the PR values of sodium and magne-
sium chloride and sodium and magnesium sulfate is 3000:10:30:1 [76]. One
may find the correlation between PR and the non-hydrated cation radii in
Fig. 22 surprising, because ions in aqueous medium are generally believed

Fig. 21 Plot of permeation rates PR of NaCl, MgCl2 and LaCl3 versus the number of ad-
sorbed PVA/PVS bilayers. Separating membranes were prepared from polyelectrolyte
solutions containing 0.1 mol L�1 NaCl, pH 1.7 (from Ref. [76])
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to be strongly hydrated and the transport behavior is rather determined by
the hydrodynamic radius, which decreases from lithium to potassium ions,
for example. However, the results clearly indicate that in the membrane hy-
dration only plays a minor role. Instead interactions between the water mo-
lecules and charged segments of the polyelectrolyte chains are stronger and
the available energy is not sufficient to cause hydration of the permeating
ions.

3.4.4
Permanent Incorporation of Ions

From Fig. 22, very low permeation rates are evident for barium, calcium,
copper and lanthanum chloride. In a recent study [78] it was shown that the
interactions of certain divalent and multivalent ions as for example Cu2+,
La3+, Ba2+ and [Fe(CN)6]4	 with the polyelectrolyte chains are so strong that
these ions become fixed in the membrane. In most cases the permanent in-
corporation of the ions is accompanied by an increase of the network densi-
ty of the membrane. As a consequence, the membrane becomes less perme-
able for all ions. This aging process was quantitatively investigated by study-
ing multiple alternating permeation of aqueous NaCl and CuCl2 solutions
across a PVA/PVS membrane [78]. Although the membrane was carefully
washed after each salt permeation, copper ions were permanently incorpo-
rated and–after fivefold alternating permeation of the two salt solutions–the
PR values of both salts dropped to half of the original values (Fig. 23). If the
same experiment was carried out with KCl and K4Fe(CN)6, the decrease was
as high as 70%. Only BaCl2 was an exception, as also indicated in Fig. 23.
Because of its high affinity for the sulfate ions of PVS it is able to replace the

Fig. 22 Plot of the permeation rates of various metal chlorides in aqueous solution (feed
concentration: 0.1 mol L�1) against the charge density z+e�/4pr2 of the non-hydrated
metal cations (z+: charge number of ion; r: radius of metal cation)
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ammonium ions of PVA from the polyelectrolyte complex. As a conse-
quence, the network density of the membrane is lowered and the permeation
rates are increased.

3.4.5
The Influence of Electrolyte Concentration

In a further set of experiments, the influence of the concentration of the per-
meating salt solution on PR values and selectivities was investigated [76]. It
was found that the permeation rates gradually increased with the salt con-
centration. The effect was weak in the concentration range from 1 mmol L	1

to 0.1 mol L	1, and became very strong at concentrations above 0.3 mol L	1.
Simultaneously, the selectivity decreased. While for 1 millimolar electrolyte
solutions the theoretical separation factor a (NaCl/MgCl2) was 60, it was
only 10 at concentrations of 0.3 mol L	1. This indicates a structural change
of the membrane, the higher electrolyte concentration causing the formation
of small pores and channels in the membrane through which the electrolyte
solution can flow. The effect is partially reversible and can be explained by
considering the equilibrium:

PþX�þP�Mþ> PþP�þMþX� ð6Þ

Fig. 23 Plot of permeation rates PR of aqueous salt solutions of (a) NaCl and CuCl2, (b)
NaCl and LaCl3, (c) NaCl and BaCl2, and (d) KCl and K4Fe(CN)6, determined for multi-
ple alternating permeation of the respective salt solutions across a PVA/PVS membrane
(60 bilayers). The PR values gradually change upon repeated permeation due to perma-
nent incorporation of the divalent, trivalent and tetravalent ions in the membrane (from
Ref. [78])
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of the formation of the polyelectrolyte complex P+P	 constituting the mem-
brane. According to Eq. (6), the presence of locally high concentrations of
electrolyte M+X	 causes the equilibrium to be shifted to the left, and thus
the polymer-bound ion pairs P+P	 dissociate and the network begins to
open.

3.4.6
Ion Transport under Nanofiltration and Reverse Osmosis Conditions

Very recent studies [93] have investigated the pressure-driven transport of
inorganic ions across the polyelectrolyte multilayers. Using a home-made
dead-end apparatus, ion permeation was investigated under nanofiltration
and reverse osmosis conditions, that is along a concentration and pressure
gradient across the membrane. The transport of aqueous sodium and mag-
nesium chloride solutions with concentrations of 1 and 10 mmol L	1 was in-
vestigated using a PVA/PVS multilayer membrane 60 bilayers thick. The per-
meation flux of all solutions increased linearly with pressure, the slope being
practically equal to the pure water flux. At operating pressures from 5 to
20 bar sodium ion rejection increased from 84 to 92% and at an operating
pressure of 40 bar, a rejection of 93.5% was reached. For the two sodium
chloride solutions of different concentration the same rejection was found
within the experimental error. For the magnesium chloride solutions ion re-
jection was complete over the whole pressure range. The total rejection can
be ascribed to strong electrostatic interactions of the permeating magne-
sium ions with the charged groups of the membrane matrix. The study [93]
indicates that the polyelectrolyte multilayers show the typical behavior of
nanofiltration membranes with partial rejection of monovalent and com-
plete rejection of divalent ions at moderate applied pressures. In this pres-
sure range the membranes are suitable for water softening. At high operat-
ing pressure nearly complete ion rejection is found so that the membranes
are even suitable for water desalination under reverse osmosis conditions.

3.5
Summary and Conclusions

These investigations demonstrated that alternating electrostatic layer-by-lay-
er adsorption of cationic and anionic polyelectrolytes is a useful method of
preparing ultrathin, dense separating membranes on porous supports. The
thickness of the separating membranes is in the nanometer range and can
be adjusted with monolayer precision. The separating membranes consist of
a nanoporous, hydrophilic network structure of the polyelectrolyte complex-
es, which is easily permeable to small hydrophilic molecules and ions of low
charge density, such as potassium, sodium, and chloride ions. Larger, less
hydrophilic alcohols, as for example propanol or t-butanol, and ions of high
charge density such as divalent metal cations or multivalent metal complex
ions are largely rejected. Due to the highly selective mass transport, the
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polyelectrolyte membranes are suitable for dehydration of organic solvents,
especially alcohol/water separation, and for separation of monovalent and
multivalent ions, e.g. under nanofiltration conditions, and for water desali-
nation under reverse osmosis conditions.

The selectivity in the mass transport behavior is probably one of the most
interesting properties of polyelectrolyte multilayer systems in general. The
suitability of the multilayer systems as ion separation membranes has been
confirmed by other research groups [76] and attempts to further improve
ion selectivity have been reported [94–96], e.g. by chemical cross-linking of
the membranes [94]. In other studies attempts have been made to under-
stand the separation behavior on a theoretical [97] and experimental ba-
sis [98, 99], and to improve the performance of the membranes in alcohol/
water pervaporation [71]. High permeability and selective mass transport
render the polyelectrolyte multilayer membranes interesting not only as sep-
arating membranes but also for applications in the sensors. The main as-
pects of the transport behavior obtained from the studies using flat mem-
branes also aid understanding of the transport behavior of polyelectrolyte
hollow capsules [100], which might be useful as drug carriers in medi-
cine [101]. Future work will be concerned with the use of the polyelectrolyte
multilayers in electrodialysis and in ultrafiltration and microfiltration. More-
over, it appears interesting to incorporate permselective components in the
membranes to improve the separation capability. The use of chiral com-
pounds may even enable separation of enantiomers.
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Abstract Capillary electrophoresis has widely contributed to the analysis of biological poly-
electrolytes like DNA or proteins. Their behavior in the different electrophoretic separation
systems is well understood. However, this knowledge is rather limited in the case of synthet-
ic polyelectrolytes. This paper discusses our results on how it is possible to gain informa-
tion on size, shape, and mobility from capillary electrophoresis experiments. Capillary gel
electrophoresis (CGE) is the most valuable method for size characterization of polyelec-
trolytes. Different separation principles and sieving media are presented and an optimiza-
tion concept is evaluated. Capillary zone electrophoresis (CZE) and capillary isoelectric
focussing (cIEF) can be used to study the influence of solvent properties such as ionic
strength, buffer pH, and temperature on the size and surface charge of polycations, polybe-
taines, and polyampholytes in free solution. The pH dependence of the mobility can be
used for the determination of charge neutrality of the surface. Systematic variations of
structural parameters lead to significant changes in electrophoretic behavior. Even the for-
mation of intermolecular associates is easily detectable by CZE. All results are in good
agreement with orthogonal classical polyelectrolyte characterization methods which makes
capillary electrophoresis a fast and efficient supplement to established methods.
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1
Introduction

Capillary electrophoresis (CE), the combination of the classical flat-bed elec-
trophoresis with the instrumental potential of liquid chromatography, has
found wide applications in the analysis of biopolymers like proteins and
DNA. Separation of DNA by CE has been of paramount importance in the
human genome project. It has been obvious, therefore, to study the applica-
tion of CE to the analysis and characterization of synthetic polyelectrolytes.
This report will summarize our recent research on the application of the var-
ious CE techniques with anionic, cationic, and ampholytic polyelectrolytes.

The concept of CE encompasses various separation systems. The funda-
mental separation principle is, of course, electromigration of the analytes in
an electric field applied to both ends of the capillary. This active electropho-
retic transport–responsible for the separation–is always superimposed on
the passive electroosmotic flow (EOF), which contributes to the transport of
the analytes, but not to their separation. This EOF strongly depends on the
pH and the ionic strength of the buffer and on the surface properties of the
capillary. In the easiest experimental set-up the capillary (50 m to 100 m
inner diameter, 50–100 cm in length) is filled with the buffer solution. As the
EOF is usually directed to the cathode the sample is introduced at the anodic
end by suction, pressure, or by applying an electric field. In the general in-
strumental set-up the detector (standard UV-detection, tunable wavelength
or diode-array detection) is located in the proximity of the cathodic buffer
reservoir. The molecules are transported by the EOF to the cathode and mi-
grate either with (coelectroosmotic: cations) or against (counterelectroos-
motic: anions) the EOF. Depending on the vectorial contribution of the EOF
slow anions (active migration slower than the EOF) are also transported to
the detector. It is therefore possible to analyze in one run all cations (migrat-
ing in front of the EOF) and the slower anions. Faster anions can be detected
by performing the separation with a reversed field or with capillaries in
which the EOF is reversed by physical or chemical surface modification. A
schematic representation of the system is depicted in Fig. 1. This standard
technique is also called (free) capillary zone electrophoresis (CZE).

Other CE techniques in which the EOF contributes to the separation are
micellar electrokinetic chromatography (MEKC), in which neutral analytes
can be separated in the presence of a micelle-forming agent, almost exclu-
sively sodium dodecylsulfate (SDS). Analyte transport occurs with the mi-
celles; the separation principle is the partitioning of the analytes between
the buffer solution and the micelles, hence a real chromatographic process.
In capillary electrochromatography the capillaries are packed with chro-
matographic stationary phases and flow of the mobile phase is generated by
applying an electric field. Surface properties of the stationary phase are re-
sponsible for the magnitude of the EOF. For further details monographs on
CE [1–4] and CEC [5–7] should be consulted.

Polyelectrolytes and biopolymers have a constant charge-to-surface ratio
and migrate therefore with almost identical velocity. Consequently they can-
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not be separated by migration in the electric field. As the polymers differ in
size, their electrophoretic migration can be hindered by filling the capillary
with a gel, which is in most cases just a solution of a linear polymer. The
separation range can be adjusted by the proper selection of the molecular
weight of the “sieving” polymer and its molecular mass. Optimization strate-
gies will be described in detail in this report. With this technique the EOF
should be eliminated totally to avoid the gel from being swept from the cap-
illary. Consequently the surface of the capillary has to be coated with a neu-
tral, hydrophilic polymer, for example poly(vinyl alcohol) (PVA). The tech-
nique of capillary gel electrophoresis (CGE) with linear polyacrylamide
(LPA) as sieving polymer contributed significantly to the analysis of the hu-
man genome [8].

Another electrophoretic technique–isoelectric focussing (IEF)–can also
be transferred to capillaries [9]. In contrast to CZE, in cIEF amphoteric com-
pounds are, because of their different isoelectric points, separated along a
pH gradient formed in the capillary. Here also coated capillaries without
EOF have to be used. The capillary is filled completely with a mixture of the
amphoteric analytes and several ampholytes forming the pH gradient while
applying the electric field. The ampholytes and the analytes take their posi-
tion in the pH gradient formed. Gradient formation can be observed by

Fig. 1 Modes of electrophoretic separation in fused-silica capillaries
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monitoring the current in the capillary, which approaches a constant value
when the gradient has been formed. After that the content of the capillary
must be transported past the detector, either by applying pressure or by
chemical mobilization. Capillary isoelectric focussing (cIEF) is a fast meth-
od of high efficiency for separation of ampholytic polymers.

2
Capillary Gel Electrophoresis (CGE)

2.1
Principal Considerations

The intrinsic problems of CE, e.g. influence of buffer concentration, prob-
lems with Joule heat dissipation, distortion of peak shape due to differences
between salt concentrations in the separating buffer and analyte solution
(electrodispersion), and effects on separation efficiency of analyte adsorp-
tion on the capillary surface have been widely discussed in handbooks on
CE which may be used as references [1–4]. Low buffer concentrations are to
be preferred to improve separation efficiency. A high salt concentration in
the separation buffer counteracts analyte adsorption. Another important
factor is elimination of the EOF and the stability of the surface coatings at
high pH (pH>7.5). In the selection of sieving polymers the viscosity of their
solutions should be low, to shorten the rinsing time while replenishing the
buffer solution (the usual pressure for replenishing the capillaries with com-
mercial instruments is mostly restricted to a maximum of 2 bar). Low buffer
viscosity prevents bubble formation (heat dissipation) leading to current in-
terruption. On the other hand, the concentration of polymer must exceed
the so-called threshold concentration, c*, above which entanglement of the
independent molecular chains of the sieving polymer starts, which is neces-
sary for efficient separation of polyelectrolytes. This is one important factor
in selecting an appropriate water-soluble sieving polymer. Its molecular
mass is important for adjustment of the sieving range.

The threshold concentration c* can easily be determined with a CE instru-
ment with good temperature and pressure control [10, 11]. In Fig. 2 the ex-
perimental curves for dextrans differing in molecular mass are given. The
specific viscosity is determined via the time required to replace the polymer
solution by the aqueous buffer. For time measurement a UV-absorbing neu-
tral solute is injected. As the synthetic sieving polymers always have a mo-
lecular mass distribution entanglement of the chains of different lengths
starts at different concentrations. Thus c* is given more or less by a concen-
tration interval rather than by a distinct point. Therefore a concentration at
least twice as high as c* (determined via the crossing point of the two tan-
gents) seems appropriate in practice. The threshold concentration can also
be calculated via an empirical equation using the intrinsic viscosity and
other characteristic data of the polymer [12].
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For separations in CGE the “pore size” of such a polymer solution is of
interest. The segment between two points of entanglement can be regarded
as an independent sub-unit of the polymer, which can undergo the random
walk per se. The volume enclosed by this chain segment is called a “blob”
which can be used as the pore size of the sieving media [12]. In DNA analy-
sis it has been shown that the “pore size” of an entangled polymer solution
does not depend on the degree of polymerization but only on its concentra-
tion. The consequence is that two solutions of the same type of polymer of
the same concentration but differing in molecular mass may have the same
“pore size” as long as they are entangled. Because of differences in molecular
mass the viscosities of the solutions are different. This is important in exper-
imental application as low viscosity is desirable with CE instruments.

When plotting the logarithm of the relative mobility of a given polyelec-
trolyte versus the logarithm of its molecular mass (or chain length) a cali-
bration curve as depicted schematically in Fig. 3 is obtained. In DNA analy-
sis, the observed phenomena have led to the discussion of different migra-
tion models [13]. When the radius of gyration of the analyte is smaller than
the “blob” size of the sieving polymer the migration behavior can be de-
scribed by the Ogston model [14, 15]. Because of its low mass selectivity it
is unimportant for molecular mass determination.

Fig. 2 Determination of the threshold concentration c* for several dextrans as buffer
additives: (a) dextran T10, (b) dextran T70, (c) dextran T500, (d) dextran T2000
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The region with the highest mass selectivity is described by the so-called
reptation model [16]. When the radius of gyration of the analyte is larger
than the “blob” size of the sieving matrix the analyte molecule has to change
its form from a coil to a stretched confirmation in order to be able to twist
reptile-like through the entangled polymer network. For DNA molecules this
movement has been visualized by fluorescence microscopy [17, 18].

The third region, where mobility reaches a minimum—mobility is inde-
pendent of molecular mass—is also unimportant in practice, but is a focus
of theoretical discussion [17, 19].

2.2
CGE of Synthetic Polyelectrolytes

CE techniques have great advantages over conventional chromatographic
methods for characterization of polyelectrolytes, because in the pure aque-
ous system unwanted interactions with a stationary phase are excluded.
However, strongly basic polyelectrolytes may adhere to the capillary surface,
leading to peak distortion. In this case similar precautions have to be taken
as in the separation of proteins and DNA, i.e. use of hydrophilically coated
capillaries.

2.2.1
Analysis of Poly(Styrenesulfonates) (PSS)

As PSSs are fully dissociated even at low pH, they can be directly separated
in this medium, because the EOF is strongly suppressed at pH values below
2.5. Wall adsorption of PSS has never been noticed [20]. Some authors dis-
cussed wall adsorption [21] because they had not been able to detect PSS at
intermediate pH values (pH=5). However, with these conditions at pH 5 the
migration of the PSS and the EOF may just be identical in opposite direc-

Fig. 3 Schematic calibration curve obtained for the separation of polyelectrolytes in en-
tangled polymer solutions
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tions. When the separation has to be accomplished at higher pH values the
EOF has to be suppressed by coating the capillary wall. A poly(vinyl alcohol)
coating has been found to be optimal in respect of hydrophilicity, stability,
and effectiveness of EOF suppression [20, 22] and is widely used in DNA
analysis. No difference between the separation of PSS standards could be ob-
served whether the separation was accomplished in uncoated capillaries at
low pH (pH�2.5) or in coated capillaries at higher pH [19].

The optimization of PSS analysis in respect of type and concentration of
the sieving polymers has been summarized in a recent publication in this se-
ries [19]. Most effective were solutions of dextrans, because they had excel-
lent sieving properties at low viscosity at the required concentrations. Opti-
mal discrimination of PSS according to molecular mass could be achieved in
the molecular mass range up to 300,000 g mol	1 either with a 5% (w/w) so-
lution of dextran T2000 or with a solution of 10% (w/w) dextran T500. With
dextran T70 (15% w/w) mass discrimination was possible up to molecular
mass of 150,000 g mol	1. Poly(ethylene glycol) (20,000 g mol	1) was not ef-
fective even at high concentrations.

Similar to the findings in DNA analysis the separation efficiency decreases
with increasing field strength. Optimal conditions are around 200 V cm	1. It
has also been reported [11] that the mobility decreases with increasing ionic
strength. Because the size of the PSS depends also on the buffer counter-
ions, an influence of the counter-ions on mobility has been observed [11].

In a following section our results on optimization of the type of sieving
polymer, its molecular mass, and its concentration will be described.

2.2.2
Analysis of Cationic Polyelectrolytes

Cationic polyelectrolytes are strongly adsorbed by the negatively charged
surface silanols of the capillary. They are widely used (e.g. polybren) as buff-
er additives to reverse the EOF. Therefore, exclusively surface-coated capil-
laries have to be used in their separation.

In PVA-coated capillaries it was possible to separate at pH 2.5 the stan-
dards of poly-2-vinylpyridinium hydrochloride (p(2-VPy)) in the molecular
mass range between 1500 and 1,730,000 g mol	1 with dextran T70 as sieving
matrix [20]. An example is shown in Fig. 4, where a 5% solution of dextran
T70 has been used. The efficiency of the monomolecular basic marker 4-
aminopyridine is excellent, demonstrating the exclusion of secondary ad-
sorptive effects at the capillary surface. Hence, the broad peaks of the poly-
meric standards are due to their polydispersity. As in CE the width of the
peaks depends on their migration velocity through the detection window, no
direct comparison of broadness of the individual peaks and analyte polydis-
persity is possible. However, for each individual peak the methods applied
in SEC for calculation of the different molecular mass averages can be ap-
plied.

From the electropherograms of the p(2-VPy) standards calibration curves
can be constructed as shown in Fig. 5. The curves are identical whether stan-
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dards are injected singly or as a mixture. This proves that analyte–analyte
interactions are not present in this case.

When the averaged molecular masses determined by CGE are compared
with those given by the suppliers (measured via SEC), molecular masses de-
termined by SEC are always lower. When the CGE values are compared with
results from MALDI–TOF measurements a closer correlation could be
found. This may be an indication that in SEC polymer adsorption on the
matrix was the reason for higher elution volumes, resulting in lower molecu-
lar masses. Of course, polydispersity is also affected by adsorption. Conse-
quently CGE is a fast and reliable method for characterization of the molec-
ular masses of polyelectrolytes and their distribution.

Fig. 5 Comparison of the calibration curves for p-(2VPy) in single injections and injec-
tion of the mixture. Separation conditions were as for Fig. 4

Fig. 4 Separation of p(2-VPy) standard mixture in 5% w/w dextran T70. Separation
conditions: marker: 4-aminopyridine; capillary: PVA 50/57 cm, i.d. 75 �m; BGE:
0.05 mol L�1 phosphate pH 2.5+5% w/w dextran T70; U=+17.1 kV; injection for 10 s at
0.5 psi; T=25 �C; detection at 254 nm
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The same standards can be separated with poly(ethylene glycol) (PEG
200; molecular mass 200,000 g mol	1) in a 5% (w/w) solution or with
poly(vinylpyrrolidone) K90 (1% w/w). As can be seen in Fig. 6, the separa-
tion ranges and the broadness of the peaks are quite different, because of
differences in the sieving ranges of the polymeric additives.

2.2.3
Optimization of Sieving Polymer Selection

In DNA separations the molecular mass calibration curve of a CGE system is
usually described by double-logarithmic plotting of the reduced mobility �*
vs. molecular mass. The reduced mobility is calculated from the mobility �
of the analyte in the sieving medium and that in free solution �0 (�*=�/�0).
The latter, however, is also influenced by other variables, e.g. the viscosity of
the buffer solution. On the other hand, it has been shown that the viscosity
has no direct relationship to the sieving potential of the polymeric additive.
In characterizing the potential of a sieving medium one is more interested
in mobility differences than in their absolute values. The addition of the
sieving polymer already influences the migration velocity of small (mono-
molecular) molecules. The migration time of a small molecule increases with
increasing polymer concentration as shown in Fig. 7 for the standard (4-
aminopyridine) with different polymeric additives.

Whereas mobility differences stay constant differences between migration
times increase with increasing separation time. This results in better resolu-
tion due to longer analysis times (corresponding to the use of a longer capil-
lary), when increasing the concentration of the sieving polymer. Therefore,

Fig. 6 Electropherograms of the standard test (p(2-VPy)). The numerical values repres-
ent the molecular mass MP of the poly(2-vinylpyridine) standards (c=0.5 g L�1). Separa-
tion conditions: marker: 4-aminopyridine; capillary: PVA 50/60 cm, i.d. 75 �m; BGE:
0.05 mol L�1 phosphate pH 2.5+1% w/w poly(vinylpyrrolidone) K90; U=+20 kV; injec-
tion for 15 s at 0.5 psi; T=25 �C; detection at 254 nm
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the mobilities are better related to an internal standard, which should be a
small molecule, not interacting with the sieving polymer, with similar ionic
groups as the polyelectrolyte, and a higher mobility than the polyelectrolyte
molecules. This relative mobility �r is calculated from the mobility of the
polymer and that of the standard: �r=�(polymer)/�s. The absolute values of �r
are always smaller than unity and depend only on the mobility differences
between the standard and the polymer in free solution. It is easy to recalcu-
late these relative mobilities when systems with different standards are to be
compared.

The calibration curve for p(2-VPy) can be constructed in the usual way
by plotting the logarithm of the relative mobilities vs. the logarithm of mo-
lecular mass in the reptation range. The slopes of these calibration curves
can be used as a measure for the size selectivity of the applied polymer addi-
tive. As sigmoidal curves are usually obtained, the slope demonstrates the
efficiency of the separation system. Because the relative mobilities are ran-
ged between zero and unity, negative values of the logarithm are always ob-
tained, as demonstrated in Fig. 8. To characterize the efficiency of a separa-
tion system the slope at the inflection point of the calibration curve–the
maximum sieving selectivity, m–can be used, as proposed by Dolnik [23,
24].

The range of the reptation region with the highest selectivity for a separa-
tion according to molecular mass is influenced by the type of the sieving
medium, its molecular mass and distribution, and the concentration of the
sieving polymer in the separating buffer. An additional but principal
requirement for the selection of a sieving medium is its transparency in
the UV region. Consequently dextrans and poly(ethylene glycols) are
the first choice. As some polyelectrolytes can be detected at 254 nm

Fig. 7 Dependence on sieving polymer concentration of the migration time of the inter-
nal standard 4-aminopyridine in the p(2-VPy) standard mixture
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poly(vinylpyrrolidone) was also included in our studies. The polymers used
are summarized in Table 1.

With all the sieving polymers used curves of very similar shape were ob-
tained. As examples three different calibration curves are depicted in Figs. 9,
10, and 11. The curves themselves, and the inflection points, depend on the
type of sieving polymer and its concentration. With increasing concentra-
tion the relative mobilities decrease. The highest decrease is observed in the
region with the lowest molecular mass selectivity. This region extends to
lower molecular masses, indicating a decrease in separation selectivity at
higher concentrations of the buffer additives. The absolute value of the slope
at the inflection point also increases with increasing concentration of the
sieving polymer.

Fig. 8 Determination of the size selectivity, m, from the calibration curve of a polyelec-
trolyte with different peak masses MP. m corresponds to the slope of the tangent at the
inflection point

Table 1 Polymers investigated as sieving matrices

Polymer Molecular mass (g mol	1) a Intrinsic viscosity, h (mL g	1)

Dextran T10 10,000 10.220
Dextran T70 70,000 25.885
Dextran T500 500,000 45.890
Dextran T2000 2,000,000 60.290
PEG 20 20,000 31.470
PEG 200 200,000 181.580
PEG 1000 1,000,000 558.000
PEG 8000 8,000,000 2,400.930
PVP K30 40,000 17.987
PVP K90 270,000 134.774

a data according to manufacturer
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In classic electrophoresis Ferguson demonstrated the linear dependence
of analyte mobility on sieving polymer concentration in the region above
the threshold concentration [25]. For constant concentration steps the de-
crease in mobility increases with increasing molecular mass. Similar to the
so-called Ferguson plot the maximum sieving selectivity, m, can be plotted
vs. the concentration of the sieving polymer in the buffer. An exemplary
curve for poly(ethylene glycols) as sieving polymers for p(2-VPy) standards
is depicted in Fig. 12. With increasing concentration of the buffer additive
the sieving efficiency increases. The higher its molecular mass the more pro-

Fig. 10 Calibration curves for p(2-VPy) standards at different weight concentrations of
PEG20. Separation conditions were as for Fig. 9

Fig. 9 Calibration curves for p(2-VPy) standards for different weight concentrations of
dextran T500. Separation conditions: capillary: PVA 50/60 cm, i.d. 75 �m; BGE:
0.05 mol L�1 phosphate pH 2.5; injection for 15 s at 0.5 psi; T=25 �C; detection at
254 nm

Characterization of Synthetic Polyelectrolytes by Capillary Electrophoretic Methods 223



www.manaraa.com

nounced this increase becomes. This means that the concentration of a
high-molecular-mass sieving polymer can be much lower than that of a low
molecular mass polymer to achieve identical selectivity. For the poly(ethyl-
ene glycol) system shown in Fig. 12 identical sieving selectivity (value of m)
is achieved either with 0.1% PEG 1000 (MM 1,000,000 g mol	1) or with a 3%
solution of PEG 20 (MM 20,000 g mol	1). The system resulting in the lowest
viscosity should be optimal for CGE.

Different sieving polymers of identical molecular masses show, however,
significant differences in their selectivity. This becomes obvious from
Fig. 13, where the influence on selectivity for all concentrations and molecu-
lar masses for all the studied sieving media is summarized. It can be seen

Fig. 12 Dependence of the size selectivity, m, on the concentration and molecular mass
of the sieving polymer poly(ethylene glycol)

Fig. 11 Calibration curves for p(2-VPy) standards at different weight concentrations of
poly(vinylpyrrolidone) K90. Separation conditions were as for Fig. 9
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that the sieving selectivity of PEG and poly(vinylpyrrolidone) are superior
to that of dextran of identical molecular mass. At a concentration of 0% no
size selectivity is to be expected. As can be seen all curves approach a value
of m close to zero. The small negative slope at a concentration of 0% can be
explained by very small differences between the mobility of the standards in
free solution (zone electrophoresis). Differences between the relative mobili-
ties of the smallest standard (MM 1500 g mol	1) and the largest (MM
1,730,000 g mol	1) have been measured and are approximately 0.1.

2.2.4
Universal Calibration in CGE

The intrinsic viscosity [h] is able to describe a relationship between the mo-
lecular mass and the size and shape of a polymer in solution. The logarithm
of the radius of gyration shows a linear relationship to the logarithm of the
product of molecular mass and intrinsic viscosity. This is applied in SEC to
achieve the universal calibration according to Benoit [26]. This approach is
also possible in CGE. By reducing the maximum sieving selectivity, m, for
the intrinsic viscosity [h] a linear relationship for all studied sieving poly-
mers with their concentration in the buffer solution can be obtained, as
shown in Fig. 14. It can be seen that all measured values are correlated in a
linear graph. It can therefore be assumed that the sieving selectivity, m , of a
polymer is directly proportional to its intrinsic viscosity. The sieving prop-
erties of a CGE system can thus be improved by increasing the molecular
mass of the polymer. Improvements are also possible when a sieving poly-
mer with a larger intrinsic viscosity is applied.

It has been reported in the literature that the sieving selectivity is highest
when analyte and sieving molecules are of similar size (contour length) [27–
29]. This could be proved by the following approach. The slopes of the cali-

Fig. 13 Superimposition of all investigated sieving media in one Dolnik plot. Corre-
sponding sieving polymers carry identical symbols and line styles
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bration curves vary with molecular mass. When plotting the first derivative
of the sieving selectivity, m, vs. molecular mass, curves are obtained where
the minimum shows the region of highest separation selectivity with this
system. This is shown in Fig. 15 for dextrans as sieving media. With dextran
T10 the optimum is below an analyte molecular mass of 1000 g mol	1 where-
as for dextran T500 it is around 30,000 g mol	1. The optimum sieving range
increases with increasing molecular mass of the sieving polymer. With PEG
200 the optimal sieving selectivity is around 270,000 g mol	1 whereas for
poly(vinylpyrrolidone) K90 an optimum around 150,000 g mol	1 is achieved.
The valid general observation is that the sieving selectivity is highest where

Fig. 14 Correlation between the concentration-dependent size selectivity, m, and the
amount of buffer additive, c

Fig. 15 Trend in the size selectivity, m, (1st derivative of the calibration curve) for differ-
ent dextrans. The numerical values represent the molecular mass with the highest size
selectivity
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the radii of gyration of analyte and sieving molecules are identical. For dex-
trans—where the largest number of data is available—a linear relationship
between the logarithm of intrinsic viscosity of the sieving polymer and the
logarithm of the molecular mass of the analyte polymer could be obtained.
The slope of this curve is 0.37. With the other sieving polymer studied values
around 0.4 could be calculated for the relationship between both logarithmic
values. From these observations it can be deduced that increasing the intrin-
sic viscosity of the sieving polymer leads to a shift of the maximum sieving
selectivity to higher molecular masses. This is important in the selection of
the proper sieving media. It may be added that in DNA separations the siev-
ing selectivity of linear polyacrylamide used could be improved significantly
by synthesizing polyacrylamide with extremely large molecular mass up to
9,000,000 g mol	1 [30].

2.2.5
Extension of Sieving Range

In SEC the sieving range can be extended by coupling SEC columns packed
with stationary phases differing in pore-size distribution. Optimal extended
linear calibration curves are obtained when the average pore diameters of
the coupled columns differ by a factor of 10 [31]. Mixing sieving polymers
of different molecular masses should have the same effect in extending the
range of separation efficiency in CGE. This is demonstrated in Fig. 16. A 3%
solution of PEG 20 has the identical size selectivity, m, as a 0.1% solution of
PEG1000, however, for different molecular masses. Mixing of the two solu-
tions is not possible, because the individual concentrations would be re-
duced. However, by preparing the separation buffer with the two PEG siev-

Fig. 16 Calibration curves of the p(2-VPy) standards for two different PEG types and
the mixture of PEGs with different contour lengths. The plus symbol represents the
theoretical curve for the mixture of sieving PEGs calculated from measurements on the
single-PEG systems
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ing polymers an extended calibration curve could be obtained. As can be
seen in the figure the resulting calibration curve is an addition of the sieving
properties of the two individual systems. If the calibration curves of the two
systems are known, the resulting curve of the mixed system can be calculat-
ed from the relative mobilities of the analytes in both individual systems.

2.2.6
Conclusions

Optimization of polymer characterization and separation according to mo-
lecular mass can best be achieved by selection of the proper sieving polymer
with an appropriate intrinsic viscosity. The average mass–or, better, contour
length–has to be adjusted to that of the polymeric analyte. The maximum
sieving selectivity increases with increasing intrinsic viscosity. The higher
this increase with molecular mass, the stronger is its influence on the exten-
sion of the sieving selectivity to higher molecular masses. This means that
the reptation range can be extended to higher masses by increasing the mo-
lecular mass and concentration of the sieving polymer. The concentration of
the sieving polymer cannot, however, exceed a certain limit, because the vis-
cosity of the buffer solution limits the replenishment time of the capillary
and influences analysis time, which also should not exceed a certain limit.
The UV transparency and the solubility in the buffer are also prerequisites
in the selection of a sieving polymer.

The field strength should be as low as possible to improve the size selec-
tivity, but not too low to limit analysis time. High field strength also gives
rise to temperature problems. The influence of temperature on size selectivi-
ty is not so straightforward. With DNA and linear polyacrylamide increasing
the temperature leads to an improvement in size selectivity [16]; with PSS
and dextran the opposite has been reported [32].

2.3
Inverse CGE

So far UV-absorbing polyelectrolytes have been separated in UV-transparent
sieving polymer solutions, i.e. the sieving polymer stays stagnant within the
capillary and the analyte squeezes reptile-like through the “pseudo station-
ary phase” forced by the applied electric field. The fact that the maximum
sieving selectivity is approached when both analyte and sieving polymer are
closely related in size can be explained by interactions on a molecular basis,
e.g. dispersion forces, hydrogen bonding, etc. The stronger these interac-
tions over the whole contour length, the more the mobility of the complex
will decrease. This is the principle of an inverse separation system, consist-
ing of a migrating polyelectrolytic sieving matrix like poly(vinylsulfate) (sul-
furic acid ester of poly(vinyl alcohol)) which carries the uncharged non-mi-
grating polymer along the capillary. The separation depends on the degree
of interaction between the analyte (uncharged) and matrix (charged). Of
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course, this is only possible at matrix polymer concentrations beyond the
threshold concentration (for poly(vinylsulfate) an overlap threshold concen-
tration of 0.17% w/w was determined after removal of surplus sulfuric acid
by dialysis) [33].

Dextrans have been used as analyte molecules. For their detection
they had to be derivatized with 7-aminonaphthalene-1,3-disulfonic acid
(ANDSA). The contribution of the sulfonic acid groups to overall polymeric
analyte migration can be neglected because the reagent is only reacting with
the reducing sugar end-groups of the polymer. Only with this fluorescent la-
bel it was possible to detect even the large polymer molecules carrying only
one label molecule. Due to the contribution of the introduced charges on the
derivatized dextrans, especially the small oligomers, discussion of the ob-
served separation is complex.

Dextran oligomers with a rather small molecular mass exhibit an intrinsic
mobility due to the label. On the other hand, they are too small to interact
with the sieving matrix and migrate therefore in a counterelectroosmotic
way, as in free CZE; the smallest oligomer with the highest mobility is last to
be transported by the EOF to the detector. This is shown as case A in Fig. 17.

Dextrans of medium molecular mass (e.g. around 21,000 g mol	1) do not
have any intrinsic mobility, the charge introduced by the label does not have
any influence with an analyte of this molecular mass. Interaction with the
sieving matrix does still not exist, consequently this molecule is transported
by the EOF like an uncharged molecule in CZE (case B in Fig. 17).

Dextrans of high molecular mass also do not have an intrinsic mobility,
but are large enough to interact with the migrating sieving medium. The
longer the analyte chain, the more intensive the contact with the matrix, and
the slower its transport to the detector in this counterelectroosmotic tech-
nique (case C in Fig. 17).

All these three cases can be found in the separation of dextrans and pullu-
lans. The migration of the large polymer is, of course, overlaid by the small
oligomers noticeable as “spikes” on the broad peak. The net mobilities of
the derivatized pullulans and dextrans as a function of their molecular mass
is shown in Fig. 18. In the oligomeric region the net mobility first decreases
with increasing molecular mass, leading to a minimum at the velocity of the
EOF (net mobility zero), and increases again when interaction with the mi-
grating sieving medium (pseudo stationary phase) is possible and transport
against the EOF takes place. The slope of the mobility curve increases with
increasing matrix concentration due to the higher probability of analyte–
matrix interactions. The pullulans as strictly linear polymers have a larger
net mobility than the dextrans of identical molecular mass, due to the larger
radius of gyration and better and stronger complex formation with the mi-
grating sieving polyelectrolyte.

The interaction of the polymeric analyte molecules (charged or un-
charged) with the polymeric sieving media (uncharged or charged) is a gen-
eral and principal method for analytical separation of water-soluble poly-
mers. Transfer of this technique to water-insoluble polymers by applying the
technique of non-aqueous capillary electrophoresis (NACE) seems feasible.
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Fig. 17 Electropherograms obtained from different ANDS-dextran derivatives in the
described separation system. Samples: case A: dextran 1,080 (c=1 g L�1), the numbers
represent the degree of oligomerization; case B: dextran 21,400 (c=10 g L�1); case C:
dextran 401,000 (c=20 g L�1). Separation conditions: fused-silica capillary 88/100 cm,
i.d. 50 �m; BGE: 0.05 mol L�1 phosphate pH 6.0+2% w/w poly(vinylsulfate); U=+25 kV;
injection for 24 s at 200 mbar; detection: EX: 259 nm, EM: 442 nm

Fig. 18 Dependence of the net mobility of ANDS-derivatized polysaccharides on their
molecular mass. Separation conditions were as for Fig. 17
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2.4
Application of CGE in Analysis of Polyelectrolytes

2.4.1
Comparison of the Mass Selectivity of Poly(2- and Poly(4-Vinylpyridines)

The optimization of the CGE systems has been accomplished with poly(2-
vinylpyridine) (p(2-VPy)) standards [34]. The synthesis of standards of
poly(4-vinylpyridines) (p(4-VPy)) is more problematic. Although the chemi-
cal structure is very similar, physical and chemical properties are different.
It is of practical interest whether the calibration curves for p(2-VPy) can be
used to characterize p(4-VPy). For the analysis identical separation systems
could be used. Figure 19 compares the calibration curves for p(2-VPy) and
p(4-VPy). The curves do not correlate. At low sieving polymer concentration
the relatively small standards still migrate in the Ogston range. With increas-
ing polymer concentration the curves move in the reptation range. The in-
tercepts of both calibration curves also move to higher molecular masses.
Nevertheless good mass selectivity could be achieved for p(4-VPy). The
slope in the reptation region is even higher than with p(2-VPy). An explana-
tion could be differences between the ternary structures of the molecules in
solution.

2.4.2
Polyelectrolytes Based on Poly(Vinylbenzyl Chloride) (PVBC)

Polyelectrolytes are obtained from PVBC by reaction with ternary amines.
Usually the polymers are characterized before quaternization, and the de-
gree of substitution is determined via titration or NMR measurements. From

Fig. 19 Superimposition of the calibration curves of the p(VPy) for different concentra-
tions of PEG200 as sieving medium
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the reaction products of PVBC with butyldimethylamine a variety of stan-
dards were available [34]. With these strongly basic analytes their adsorp-
tion at the capillary surface (despite coating with PVA) could not be totally
excluded with the systems used for p-2VPy characterization. To minimize
analyte adsorption flushing of the capillaries with a solution of 0.4% hexadi-
methrine bromide (HDB) in the buffer between the runs is essential. (Direct
addition of HDB to the buffer is advisable when it is possible to work at
higher detection wavelengths). An overlay of the electropherograms of the
available standards with PEG as sieving matrix is shown in Fig. 20. From
these runs calibration curves could be constructed [34]. With the low molec-
ular mass samples only at higher PEG concentrations is the reptation regime
approached. Comparing the calculated molecular mass averages and poly-
dispersities from the precursor and those from the modified polyelectrolytes
obtained by CGE a high correlation between SEC and CGE data could be de-
termined for medium-sized samples [34].

2.4.3
CGE with Indirect UV Detection

Indirect detection techniques with UV-absorbing buffer components and
non-absorbing analytes are widely applied in CZE of small molecules. To di-
minish electrodispersion, i.e. to achieve symmetrical peaks, the mobilities of
analyte ions and background electrolyte should match closely [2]. In this
case the sieving effect will dominate and peak broadening is only due to
polydispersity. When mobility differences are large, electrodispersion rules

Fig. 20 Superimposed electropherograms of the singly-injected BM-PVBC in 0.75% w/w
PEG200. Separation conditions: samples dissolved in 0.01 mol L�1 HCl; capillary: PVA
50/60 cm, i.d. 75 �m; BGE: 0.05 mol L�1 phosphate pH 2.5+0.75% w/w PEG200;
U=+19 kV; injection for 15 s at 0.5 psi; T=25 �C; detection at 214 nm
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over the sieving effect and leading (� analyte >� buffer) or tailing (� analyte <� buffer)
peaks are obtained. In these cases another background electrolyte has to be
chosen.

Poly(diallyldimethylammonium chloride) (pDADMAC) [35, 36] has low
UV absorption. Using pyridine as background and PEG200 as sieving medi-
um analysis of standards in the molecular mass range from 56,000 to
580,000 g mol	1 was possible, as shown in Fig. 21. As marker (standard for
�r) the sodium ion was used. The mobilities of both background electrolyte
and polyelectrolyte had been adjusted by CZE without any polymeric addi-
tive. As the sieving effect induces mobility differences, especially with the
high-molecular-mass analyte, the asymmetric peak shape of this analyte (g)
is certainly caused by an electrodispersion effect. Also the peak of the lowest
molecular mass analyte (a) shows tailing. This is not caused by mismatch of
mobilities (here a leading peak should appear) but can originate from in-
creasing interaction with the sieving matrix with increasing molecular mass.
From the relative mobilities (Na+ as standard) the usual calibration curves
can be constructed. As can be deduced from the figure, with the given siev-
ing polymer (PEG200) and its concentration at molecular masses above
250,000 g mol	1 (e–g) no sieving effect is present. Other sieving polymers
with higher molecular mass should be applied in this case. For the analytes
with lower molecular mass (a–c) good correlation between SEC and CGE
data could be observed [34].

Fig. 21 Size-selective separation of p-DADMAC standards in 0.75% w/w PEG200. Sepa-
ration conditions: capillary: PVA 20/30 cm, i.d. 75 �m; BGE: 0.009 mol L�1 pyridine
pH 2.5 (adjusted with HCl)+0.75% w/w PEG200; U=+7 kV; injection for 20 s at 0.5 psi;
T=25 �C; detection at 214 nm
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2.4.4
Conclusion

CGE is suitable for the analysis of synthetic polyelectrolytes. Fast separa-
tions of high repeatability–when analyte interactions with the capillary wall
are excluded–help to decrease separation time and solvent consumption
compared with SEC. The only restriction is that CGE is only an analytical
technique for small sample sizes. Selection of the optimal separation system
with respect to molecular mass of the sieving polymer and its concentration
is possible by applying simple rules and available data like intrinsic viscosity
of potential sieving polymers. Non-UV-absorbing polyelectrolytes can be
analyzed by applying indirect detection techniques. In various applications
it has been shown that determination of molecular mass averages and mo-
lecular mass distribution is possible with CGE.

3
Capillary Free-Zone Electrophoresis of Synthetic Polyelectrolytes

The intrinsic electrophoretic mobility of polyelectrolytes is directly linked to
the charge-to-surface ratio of the solvated molecule. Therefore CZE can
quickly deliver valuable results on charge distribution. By using many chem-
ically different types of polyelectrolytes, the influence of polyelectrolyte
structure and of the type, pH, ionic strength and temperature of the back-
ground electrolyte can be investigated systematically.

One problem arises–interaction of positively charged polyelectrolytes
with silanol groups on the capillary surface. Cationic polyelectrolytes are
widely used in analytical CE separations for control and reversal of the elec-
troosmotic flow in uncoated fused-silica capillaries. This becomes very dis-
advantageous in the measurement of polyelectrolyte mobilities themselves.
As already discussed, unwanted electrostatic interactions between polyelec-
trolytes and the silanol groups of unmodified fused-silica capillaries can be
suppressed by using capillaries coated with a hydrophilic polymer (e.g.
poly(vinyl alcohol), PVA), but here hydrophobic interactions and hydrogen
bonds can also lead to sample adsorption on the capillary wall. Very broad,
tailing peaks will be the result in all cases, resulting in very poor determina-
tion of polyelectrolyte mobility. To tackle this problem, special coatings can
be used. Alternatively–and sufficient in most cases–a selected choice of pre-
conditioning rinsing steps between each separation, e.g. with highly concen-
trated polymer solutions (1% w/w linear poly(vinyl alcohol), 0.4% w/w hex-
adimethrine bromide) removing adsorbed sample residues and modifying
the capillary surface by physisorption, will give much more stable results.
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3.1
Influence of Structure on Mobility

The standard detection method (UV absorbance) requires UV-active chro-
mophores in the analyte structures. A simple approach to the introduction
of UV labels is realized with copolymers which combine UV-inactive and
UV-absorbing structures. Hence, Clos [32] investigated poly(vinylamine)–
polystyrene copolymers with significant UV absorption in the l=254 nm re-
gion, due to the aromatic rings of the styrene blocks. These industrial block
copolymers are synthesized by grafting of vinylformamide and styrene and
are available in a broad variety of molecular masses and degrees of hydroly-
sis. Although these kinds of samples often tend to form micelles, because of
alternation of the hydrophilic and hydrophobic parts in the polymer chain,
the analytes performed well in CE systems. It could be demonstrated that
samples with large and narrowly distributed degrees of hydrolysis gave very
sharp peaks whereas the low-derivatized samples only result in flat, broad
peaks. Hence, characterization and separation of different types of copoly-
mer is possible.

Grosche and Martin investigated the influence of molecular structure on
mobility for several polycationic and zwitterionic systems. In the case of
poly(2-vinylpyridines) and poly(4-vinylpyridines) dependence of mobility
on size was observed in the range 5300–257,000 g mol	1; the dependence
was smaller for the ortho compounds (Fig. 22) than for the para molecules
(Fig. 23) [34]. However, these compounds can only be separated by CGE ac-
cording to molecular size, as discussed above.

Fig. 22 Superimposed electropherograms of p(2-VPy) a (MN=6,100 g mol�1) and e
(MN=257,000 g mol�1) in free solution. Separation conditions: sample (c =0.5 g L�1) dis-
solved in 0.01 mol L�1 HCl, marker 4-aminopyridine; capillary: PVA 50/60 cm; BGE:
0.05 mol L�1 phosphate pH 2.5; U=+19 kV; injection for 5 s at 0.5 psi; T=25 �C; detection
at 214 nm
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The analysis of permanently cationic polyelectrolytes based on quater-
nized poly(vinylbenzylchlorides) is hindered by the strong wall-interactions
between the sample and the capillary surface. The positive charge of the an-
alytes requires PVA-coated capillaries to prevent electrostatic interactions
with the silanol groups, but even then adsorption occurs with increasing ba-
sicity of the molecules [37]. This problem could be solved only by the addi-
tion of 0.4% (w/w) HDB to the background electrolyte, as already discussed.
By comparing the mobilities of different compounds, no explicit correlation
between the structure and the migration behavior could be observed
(Fig. 24). However, homologues of one chemical species show a systematic
decrease in mobility with increasing length of side chains. This is not evi-
dent as the increase in hydrophobicity should result in a stronger collapse of
the polymer coil and thus give smaller radii of gyration and higher mobili-
ties. Most probably it is a diminished surface charge, due to a stronger
shielding effect of the quaternized nitrogen atom, or formation of aggregates
which is responsible for that effect. As with the poly(2-/4-vinylpyridines),
size selectivity exists but is very small. In the molecular mass range from
6500 to 100,600 g mol	1 a non-linear decrease of mobility could be observed;
it was insufficient to separate mixtures of these polyelectrolytes without
size-discriminating mechanisms.

A more promising access to monitor structural influences is given with
zwitterionic compounds like the polycarboxybetaines shown in Fig. 25.
They are based on N-alkylcarboxylated poly(4-vinylpyridines) and
poly(vinylbenzylchlorides) which carry one permanent cationic charge on
the quaternized nitrogen atom and a pH-dependent anionic charge on the
carboxyl group. All compounds form inner salts in bulk so that no effects
due to counter-ion dissociation are to be expected. In all cases the separa-
tion system already developed for the cationic poly(vinylbenzylchlo-

Fig. 23 Superimposed electropherograms of p(4-VPy) a–e in free solution. Separation
conditions were as for Fig. 22
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rides) [34] was applied, including capillary dimensions, preconditioning
steps, and field strengths. To speed up analysis the so-called “short-end in-
jection” was used; in this the sample plug is introduced at the shorter outlet
end of the capillary. Thus, the effective migration path length reduces from
20 cm to 10.2 cm which allows shorter analysis times and less contact with
potential adsorption sites on the capillary surface. As background electro-
lyte, an HDB-free solution of 0.05 mol L	1 phosphate/0.05 mol L	1 acetate
buffer at pH 2.0 was selected. The polybetainic substances generally show a
much lower adsorption tendency at the capillary surface. A mixed buffer
had to be used to achieve better reproducibilities than the pure phosphate
buffer. The polycarboxybetaine mobilities at low pH showed significant dif-
ferences in the mobility which cannot be explained only by differences in
hydrophobicity. Injecting compounds of the same structure but varying
molecular mass showed that the structure has a much larger impact on the
migration than the molecular mass. It could be demonstrated that both the

Fig. 24 Peak shapes and mobilities in phosphate/hexadimethrine bromide (HDB). Sepa-
ration conditions: samples M-PVBC (1), P-PVBC (3), and BM-PVBC (2) dissolved in
0.01 mol L�1 HCl (c=0.5 g L�1); BGE: 0.05 mol L�1 phosphate pH 2.5+0.4% w/w HDB;
capillary: PVA 50/60 cm; U=+19 kV; injection for 5 s at 0.5 psi; T=25 �C; detection at
220 nm
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surrounding substituents and the flexibility and length of spacer groups
between the cationic and anionic charges dominate the mobility. The
main reason for changes in the mobility of polybetainic compounds is the
degree of charge compensation which takes place between the cationic
and anionic charges of the molecule. The more the carboxylic groups are
able to form inner salts by association with the cationic nitrogen groups,
the lower the overall mobility will be. This formation of associates is
strongly affected by the shielding of the quaternary nitrogen atom or the
flexibility of the spacer group to which the carboxylic group is attached.
The stronger the spatial shielding effect of the nitrogen group or the more
rigid the spacer chain, the less formation of associates takes place. Thus,
the acidic groups can be protonated more easily and therefore are less able
to compensate the positive charges, the driving force for electromigration
in this system.

The nature of the association process (inter- or intramolecular) can be re-
vealed by mixing compounds of the same structure but different molecular
mass [34, 37]. Because the mobility of the investigated compounds is mass-
dependent, with intramolecular association the electropherogram of the
mixture should indicate superimposition of the two single injection peaks. If
intermolecular associates are predominantly formed, one single, sharp peak
should appear for the mixture. Both cases could be realized in practice:

Fig. 25 Structures of selected polyelectrolytic compounds investigated by CZE
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Fig. 26 shows the electropherograms of PC3 with MW=51,100 and
53,300 g mol	1, and the mixture of both. The mixture correlates with the su-
perimposition of the two different compounds so that intramolecular associ-
ation can be assumed. In contrast, mixing two different types of PC2 leads
to a sharp peak whose migration time lies between the migration times of
the singly injected compounds; this is indicative of an intermolecular associ-
ation mechanism (Fig. 27).

Fig. 26 Superimposition of the electropherograms of single injections and the mixture
of compounds PC3a (MW=20,000 g mol�1) and PC3d (MW=66,000 g mol�1). Separation
conditions: samples dissolved in 0.1 mol L�1 HCl; capillary: PVA 10/30 cm; BGE:
0.05 mol L�1 phosphate/0.05 mol L�1 acetic acid pH 2.0; U=+12 kV; injection for 5 s at
0.5 psi; T=25 �C; detection at 220 nm

Fig. 27 Superimposition of the electropherograms of single injections and the mixture
of compounds PC2a (MW=53,000 g mol�1) and PC2b (MW=91,000 g mol�1). Separation
conditions: samples dissolved in 0.1 mol L�1 HCl; capillary: PVA 10/30 cm; BGE:
0.05 mol L�1 phosphate/0.05 mol L�1 acetic acid pH 2.0; U=+12 kV; injection for 5 s at
0.5 psi; T=25 �C; detection at 214 nm
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3.2
Influence of pH on Mobility

In investigations of the pH-dependency of the mobility of samples PC1–PC6,
the observations made so far could be confirmed. The series PC3–PC6 repre-
sents homologues with an increasing alkyl chain on the a-carbon atom
which dominates the pKa of the acidic group in accordance with the behav-
ior of the related monomeric acids from acetic to valeric acid. As the mobili-
ty of the samples still varies at very low pH (pH<1.8), the background elec-
trolyte had to be changed from phosphoric acid to a 0.05 mol L	1 hydrochlo-
ric acid/0.05 mol L	1 acetic acid solution. Furthermore, the field strength
was reduced by a factor of 2 to diminish excessive Joule heating, due to bet-
ter buffer conductivity. In addition, the ionic strength of the monovalent
chloride buffer is less affected by pH variations than that of phosphate
buffers.

A measured � vs. pH diagram for the compounds PC3–PC6, PC1 and PC2
is depicted in Fig. 28. Three different regions can be distinguished. In the
highly acidic pH range the mobility of all compounds can be considered as
pH-independent, as expected for the case of full protonation of all carboxylic
groups. As the influence of the acidity is eliminated, the observed mobility
differences can only be attributed to different coil sizes of the polyelec-
trolytes. A systematic influence of the alkyl chain length appears with homo-
logues PC3–PC6–the longer the chain, the higher the mobility. This can be
explained by an increase in hydrophobicity which leads to a stronger col-
lapse of the polymer and thus to larger charge-to-surface ratios. The influ-
ence of the chain length decreases with increasing numbers of methylene

Fig. 28 � vs. pH plot of compounds PC1–6. Separation conditions: samples dissolved in
0.1 mol L�1 HCl; capillary: PVA 10/30 cm; BGE: 0.05 mol L�1 hydrochloric acid/
0.05 mol L�1 acetic acid; U=�2.5 k; injection for 5 s at 0.5 psi; T=25 �C; detection at
214 nm
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groups. It is remarkable that the mobility remains constant at a pH<1.8.
With increasing pH, dissociation of the acidic groups takes place and deter-
mines the hydrophobic effects. Weaker acids are deprotonated at higher pH
values than stronger ones. This is expressed in the different slopes of the
curves which also decrease with diminishing acidity. The linear trend per-
mits the determination of that pH where the net charge of the polyelectro-
lyte approaches zero, by linear extrapolation of the curve to �=0. For that
purpose two major conditions have to be fulfilled–the pH dependence has to
be constant in the whole pH range, and the number of anionic and cationic
groups in the molecule has to be nearly identical. If there is a substantial ex-
cess of one charge type, the mobility approaches a constant level different
from zero. Figure 28 shows the described results. The mobility of com-
pounds PC1–PC3 decreases steadily with increasing pH. Extrapolation to
�=0 is possible, resulting in a zero net charge between pH 2.5 and 3.6. In
contrast, the mobility graph shows a discontinuity around pH 4 for PC4–
PC6. By extrapolating from the results in the range from pH 2–3.5, neutral
points at pH>10 would be obtained, not explainable because the polycar-
boxybetaines do not have any basic functional groups. Responsible for this
break is the pKa value and the resulting buffer capacity of the analytes. With
increasing pH the buffering effect of the weaker acids leads to a reduced de-
crease of mobility. When the buffer capacity is exhausted, mobility decreases
rapidly. In principle, therefore, such measurements can be used for pKa de-
termination of unknown betaines.

3.3
Influence of Temperature on Mobility

In CE, an increase in temperature reduces buffer viscosity leading to higher
mobilities and shorter analysis times. Unfortunately the buffer conductivity
increases at the same time, resulting in higher currents and extended Joule
heating. With increasing temperature the risk of poor reproducibility and/or
the total collapse of migration due to bubble formation also increases. It is
not, therefore, commonly used for CE optimization.

On the other hand, temperature also affects the coil size of polymers and
polyelectrolytes. In general, the radii of gyration increase with increasing
temperature, and the polymer coil will be enlarged. Assuming a constant
charge of the polyelectrolyte, the consequence should be a reduction in mo-
bility due to a smaller charge-to-surface ratio. This has been tested with two
partially quaternized poly(2-vinylpyridines) MePVPy and BuPVPy (Fig. 25)
in the temperature range from 15 to 50 
C. As only 70% of the pyridine
groups are derivatized, a buffer of pH 7.0 was selected to exclude additional
charges due to protonation of the aromatic nitrogen. With the standard sep-
aration system (PVA-coated capillary, phosphate buffer) reproducible sepa-
rations could not be achieved. However, on using a mixture of 0.025 mol L	1

phosphate and 0.025 mol L	1 acetate buffers the expected increase of mobili-
ty could be observed for the 4-aminopyridine standard (Fig. 29). The mobil-
ity of the polyelectrolytes, however, increases also. With temperature-depen-
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dent light-scattering experiments it has been found that Rg and Rh increase,
which should result in reduced mobility [38]. This might be because the de-
gree of dissociation increases with increasing temperature. This effect over-
compensates the volume extension of the polymer chain and thus leads to
an effective amplification of the charge-to-surface ratio. In this context it
should be mentioned that the type of buffer also leads to theoretical unpre-
dictable mobility changes. In particular the mobility of MePVPy increases
substantially on changing from chloride to acetate buffer; this can be related
to greater collapse of the polymer in the more hydrophobic surroundings.

4
Capillary Isoelectric Focussing

Capillary Isoelectric Focussing (cIEF) is a method which separates samples
according to their different isoelectric points (pI). This is an orthogonal
principle to classical CZE which discriminates molecules according to their
charge-to-surface ratio. cIEF has a very high separation efficiency, mainly
because the usual band-broadening of the sample zones due to diffusion
processes is strongly reduced by the separation mechanism itself. By the
time a focussed sample molecule is leaving the sample zone due to diffusion,
it drifts into the formed pH gradient and hence will carry again a net charge
different from zero leading to a migration back into the focussed sample
plug. Separation efficiency is very high while the limits of detection are im-
proved because the whole capillary volume is filled with analytes prior to
analysis which leads to high peak concentrations. In the case of polyelectro-
lyte analysis, two main restrictions have to be considered. Of course, only
true ampholytic molecules can be investigated by cIEF. In addition, only

Fig. 29 Dependence of mobility on temperature for 70% Me-p(2-VPy) and 70%Bu-p(2-
VPy). Separation conditions: samples: 1 g L�1 dissolved in water; capillary: PVA 10.2/
31.2 cm, i.d. 75 �m; BGE: 0.025 mol L�1 phosphate, 0.025 mol L�1 acetate pH 7.0;
U=�5 kV; Injection for 3 s at 0.3 psi; detection at 214 nm
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compounds with significant UV absorption in the higher UV wavelength re-
gions (l>260 nm) can be investigated. To form a linear, stable pH gradient
within the capillary a carrier ampholyte is added to the sample solution.
These carrier ampholytes consist of a broad variety of isoelectric substances
(commonly amino acids) which have strong UV absorption below 260 nm.
In order to detect selectively sample molecules only, it is essential to mea-
sure UV absorption at 280 nm. For further details, monographs on cIEF
should be consulted.

4.1
cIEF of Synthetic Polyampholytes

For investigation of the pH dependence of the mobility, four different sam-
ples PA1–PA4 could be used (Fig. 25). Focussing was performed in a PVA-
coated fused-silica capillary. All samples were dissolved at 0.3 g L	1 in MilliQ
water which contained 2% (v/v) Servalyte carrier ampholyte. After 12 min
of focussing, the samples were transported towards the detector (l=280 nm)
by hydrodynamic mobilization. As shown in Fig. 30, all four samples could
be separated in this system. By using two marker proteins, ovalbumin
(pI=4.7) and b-lactoglobulin (pI=5.1), the isoelectric points of all com-
pounds could be calculated in a pI range between 4.6 and 4.9. Additionally,
the pH-dependence of the mobility was monitored in the same way as de-
scribed for the polycarboxybetainic compounds (above). In the acidic range
linearity was good for all compounds. By linear extrapolation to the point of
net mobility zero, pI values were calculated. Both methods give a good cor-
relation of the results (Table 2).

Fig. 30 Capillary isoelectric focussing of polyampholytes PA1–PA4. Separation condi-
tions: capillary: PVA 40/50 cm, i.d. 75 �m; BGE: 300 ppm sample in MilliQ+2% Servalyt;
anolyte: H3PO4, catholyte: NaOH; U=+30.0 kV; focussing time: 12 min; mobilization:
30 kV+0.1 psi; T=25 �C; detection at 280 nm
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In practice, both electrophoretic methods have their advantages. Capillary
isoelectric focusing enables rapid and precise determination of isoelectric
points but provides no information on the general pH-dependence of mobil-
ity or pKa values. In addition, because of its high efficiency cIEF can reveal
impurities which are not detectable under the broader peaks of CZE
(Fig. 31). Capillary zone electrophoresis, however, determines pI values only
indirectly; pKa characteristics can also be determined but this takes longer.

5
Investigations of Counter-ion Dissociation
of Sodium Poly(styrenesulfonates)

CE is a predestinate for study of polyelectrolyte counter-ion dissociation in
free solution and study of the speed of this dissociation process. Counter-
ion dissociation was studied with sodium poly(styrenesulfonates) of differ-
ent molecular mass using indirect UV detection for quantification of sodium
ions in the sample solution. The separation [39] was performed in an un-
modified fused-silica capillary using a 0.005 mol L	1 imidazole buffer at
pH 4.5 with potassium chloride as internal standard. In the electrophero-

Table 2 Comparison of pI values obtained by CZE and cIEF for PA1–PA4

Compound pI (CZE) pI(cIEF)

PA1 4.8 4.6
PA2 4.9 4.9
PA3 5.0 4.6
PA4 4.7 4.7

Fig. 31 Comparison of CZE and cIEF separation of different polyampholytes. Separation
conditions were as for Fig. 28 and Fig. 30, respectively
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grams obtained the sodium cations give a sharp peak which indicates very
rapid counter-ion dissociation and ion exchange with the buffer. Assuming
slow exchange kinetics, a broad, tailing peak would be expected. With exter-
nal calibration, the amount of sodium ions and the recovery rates for differ-
ent PSS could be determined (Fig. 32). In all cases recovery rates were less
than 100% of the theoretical values. However, an explicit trend with respect
to the molecular masses of the samples obviously does not exist. Variations
in the sodium content were most probably a result of contamination of the
standards with sodium sulfate. To prove this a PSS sample (technical grade,
MM 70,000 g mol	1) was dialyzed with a cellulose membrane against pure
water. The sodium content was determined both before and after dialysis us-
ing the CE method and compared with results obtained by atomic absorp-
tion spectroscopy (AAS) of the polyelectrolyte solutions (Table 3).

It can be seen that the CE and AAS results before dialysis differ strongly
but reach a very similar level after purification by dialysis. One reason for
these differences lies in the principle of CE itself. The demand for elec-
troneutrality in the buffer system requires the replacement of the released
sodium cations in the buffer and the polyelectrolyte environment by buffer
cations, i.e. imidazolium ions. This replacement is an equilibrium reaction
whose kinetics can lead to insufficient ion exchange during analysis, result-
ing in the observed variations. However, in all cases the recovery rate is no-

Fig. 32 Recovery rates for different sodium poly(styrenesulfonate) standards. Separation
conditions: capillary: fused-silica 50/60 cm, 75 �m i.d.; BGE: 0.005 mol L�1 imidazole
pH 4.5; U=+15 kV; Injection for 6 s at 0.5 psi; T=25 �C; detection at 210 nm

Table 3 Recovery rates of the sodium cations with different analytical methods before and
after dialysis purification

Method Prior to dialysis After dialysis

CZE 66.6% 55.2%
AAS 85.0% 51.8%
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ticeably distinct from 100%. Several reasons can be responsible. Either the
PSS are not fully sulfonated (which is probable for technical grade material)
or not all of the sulfonic acid groups contribute to the release of sodium
ions. In addition, counter-ion replacement by protons formed by autoprotol-
ysis or buffer electrolysis during the CE separation could also occur.

As discussed, quantification of counter-ion dissociation by means of CE
is not trivial because reliable results are only obtainable under the following
conditions:

– the rate of derivatization of the polyelectrolyte has to be known exactly
(the best is 100%);

– the counter-ion content must be stoichiometric;
– during polyelectrolyte purification only excess salt ions should be removed;

and
– cation replacement by protons should be excluded.

CE is, nevertheless, able to reveal valuable information about dissociation
problems. The released counter-ions are replaced very rapidly by back-
ground electrolyte cations. Severe differences between the theoretically ex-
pected and experimentally determined counter-ion content are mostly
caused by salt impurities from the synthetic process. In the example of PSS
investigated the sodium content, which is substantially reduced by dialysis,
can be attributed both to salt impurities and to ion exchange with protons
of the buffer solution.
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