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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 Molekiil-
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. E-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. Méller, Univ. Ulm, Dr. Winkler,
BASF Ludwigshafen, Prof. Wulf, Univ. Diisseldorf, for their invaluable judgment
and advice.

Mainz, February 2003 Manfred Schmidt
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Stiff-Chain Polyelectrolytes

C. Holm! - M. Rehahn? - W. Oppermann® - M. Ballauff*

I Max-Planck-Institute for Polymer Research, Ackermannweg 10, 55128 Mainz, Germany
2 Ernst-Berl-Institut fiir Technische und Makromolekulare Chemie,
Technische Universitit Darmstadt, Petersenstrasse 22, 64287 Darmstadt, Germany
3 Institut fiir Physikalische Chemie, Technische Universitdt Clausthal,
Arnold-Sommerfeld-Str. 4, 38678 Clausthal-Zellerfeld, Germany
4 Universitit Bayreuth, Fakultit 2 Biologie/Chemie und Geowissenschaften, LS,
Physikalische Chemie I, Universitdtsstrafle 30, 95447 Bayreuth, Germany
E-mail: matthias.ballauff@uni-bayreuth.de

Abstract Rod-like polyelectrolytes represent ideal model systems for a comprehensive com-
parison of theory and experiment because their conformation is independent of the ionic
strength in the system. Hence, the correlation of the counterions to the highly charged
macroion can be studied without the interference of conformational effects. In this chapter
the synthesis and the solution behavior of rigid, rod-like cationic polyelectrolytes having
poly(p-phenylene) (PPP) backbones is reviewed. These polymers can be characterized pre-
cisely and possess degrees of polymerization of up to P, ~ 70. The analysis of the un-
charged precursor polymer demonstrated that the PPP backbone has a high persistence
length (ca. 22 nm) and hence may be regarded in an excellent approximation as rod-like
macromolecules. The solution properties of the PPP-polyelectrolytes were analyzed using
electric birefringence, small-angle X-ray scattering (SAXS) and osmometry. Measurements
of the electric birefringence demonstrate that these systems form molecularly disperse sys-
tems in aqueous solution. The dependence of electric birefringence on the concentration of
added salt indicates that an increase of ionic strength leads to stronger binding of counteri-
ons to the polyion. Data obtained from osmometry and small-angle X-ray scattering can di-
rectly be compared to the prediction of the Poisson-Boltzmann theory and simulations of
the restricted primitive model. Semi-quantitative agreement is achieved.

Keywords Rod-like polyelectrolytes - Poisson-Boltzmann theory - Osmotic coefficient -
Electric birefringence - SAXS
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Abbreviations and Symbols

Latin characters:

a radius of macroion

f scattering factor (SAXS)

£ real part of scattering factor f

' imaginary part of scattering factor f

I(q) scattering intensity of solution

I(q) scattering intensity of isolated molecule

L length of rod-like molecule

n(r) radial distribution of counterions around rod
q magnitude of scattering vector

Ry Manning radius (Eq. (5))

Ry cell radius

RPM restricted primitive model

S(q) structure factor describing interaction between solute molecules

Greek characters:

o cosin of angle between long axis of rod-like molecule
and scattering vector q

B integration constant of cell model (Eq. (4))

0] osmotic coefficient

oo osmotic coefficient in Manning limit

K screening constant

AB Bjerrum length (Eq. (2))

I1 osmotic pressure

& charge parameter (Eq. (1))

1
Introduction

The understanding of flexible polyelectrolytes in dilute solutions of low ion-
ic strength still presents a considerable challenge in macromolecular science
despite of many decades of research [1-5]. This is due to the long-range na-
ture of the Coulombic forces between the charged macromolecules. In the
case of flexible polyelectrolytes, a decrease of the ionic strength may lead to
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an expansion of the coils due to strong intramolecular forces as well as to
stronger intermolecular electrostatic interactions. Conformationally rigid,
rod-like polyelectrolytes, on the other hand, remain in their extended chain
conformation regardless of the ionic strength of the system. Because confor-
mative effects are ruled out here, only the Coulombic interactions determine
the solution properties of these polymers.

Based on these considerations, a number of studies have been performed
using naturally occurring rod-like helical polyelectrolyte systems such as
DNA or xanthane [6, 7]. However, at very low ionic strengths and at elevated
temperatures, the helical conformation and thus the rod-like shape is lost.
Moreover, systematic variation of the charge density, i.e., the number of ion-
ic groups per unit length, is not possible using these biopolymers. Therefore,
the development of well-defined synthetic rod-like polyelectrolytes is neces-
sary to analyze quantitatively intermolecular interactions, the correlation of
the counterions with the macroion, and structure formation in solution de-
pending on ionic strength, temperature, and polyelectrolyte concentration.

The first syntheses of rod-like polyelectrolytes were published in the early
eighties [8, 9]. They were based on poly(1,4-phenylenebenzobisoxazoles)
and poly(1,4-phenylenebenzobisthiazoles). In the recent decade, we [10-14]
and others [15,16] developed various efficient precursor routes to synthetic
rod-like poly(p-phenylene) (PPP) polyelectrolytes which take advantage of
both the concept of solubilizing side chains [17,18] and the efficient Pd-cat-
alyzed aryl-aryl coupling reaction [19-21]. This progress was rendered pos-
sible mainly by (i) the high tolerance of the Pd-catalyzed polycondensation
reactions toward functional groups in the starting materials and (ii) the out-
standing thermal and chemical stability of the PPP backbone which allows
transformation of the uncharged precursor PPPs into polyelectrolytes by a
variety of organic reactions. By these precursor routes, high-molecular-
weight carboxylated and sulfonated PPP polyelectrolytes with homogeneous
constitution and known degrees of polymerization (P,) have been prepared
first. The polymers thus available combine exceptional hydrolytic, thermal
and chemical stability with a high charge density of up to four ionic groups
per p-phenylene repeating unit. Hence, these systems present nearly ideal
model polyelectrolytes to be studied in solution.

r|\|Et3@ 1©
(CHo)e

(CHz)s

NEt® 1©

Scheme 1 Chemical structure of polyelectrolyte PPP-1
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Recently, the stiff-chain polyelectrolytes termed PPP-1 (Schemel) and
PPP-2 (Scheme2) have been the subject of a number of investigations that
are reviewed in this chapter. The central question to be discussed here is the
correlation of the counterions with the highly charged macroion. These cor-
relations can be detected directly by experiments that probe the activity of
the counterions and their spatial distribution around the macroion. Due to
the cylindrical symmetry and the well-defined conformation these polyelec-
trolytes present the most simple system for which the correlation of the
counterions to the macroion can be treated by analytical approaches. As a
consequence, a comparison of theoretical predictions with experimental re-
sults obtained in solution will provide a stringent test of our current model
of polyelectrolytes. Moreover, the results obtained on PPP-1 and PPP-2 allow
a refined discussion of the concept of “counterion condensation” introduced
more than thirty years ago by Manning and Oosawa [22, 23]. In particular,
we can compare the predictions of the Poisson-Boltzmann mean-field theory
applied to the cylindrical cell model and the results of Molecular dynamics
(MD) simulations of the cell model obtained within the restricted primitive
model (RPM) of electrolytes very accurately with experimental data. This al-
lows an estimate when and in which frame this simple theory is applicable,
and in which directions the theory needs to be improved.

CH; 1°®  CHs I°
Ire) | ®
HiG—N>CHy~CHy~N—CH,~CHy
(CH2)s CHs

n
(CHa)s CH; |®
l® l®
HyC—N=CH,~CHp-N=CHy-CHy
CHy (0 CHs

Scheme 2 Chemical structure of polyelectrolyte PPP-2

The review is organized as follows: While Sect. 2 gives an overview over
the relevant polyelectrolyte theory, Sect. 3 describes the synthetic routes that
lead to the polyelectrolytes PPP-1 and PPP-2. Then, in Sect. 4, the solution
properties of PPP-1 and PPP-2 are discussed. Here the electric birefringence
showed for the first time that the polyelectrolyte PPP-1 forms molecularly
disperse solutions. Moreover, transport properties in general can be com-
pared to the results obtained by birefringence. The osmotic coefficient as well
as small-angle X-ray scattering have been chosen as further experimental ob-
servables to be discussed because they give the most conclusive insight into
the distribution of the counterions around the cylindrical macroion. Our
conclusion will summarize the results obtained so far on stiff-chain polyelec-
trolytes and we briefly mention the direction of further research in Sect. 5.
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2
Theory

In general, one of the characteristics of rod-like polyelectrolytes is the
charge (Manning) parameter ¢ which for monovalent counterions is defined
through the ratio of the Bjerrum length A5 to the contour distance per unit
charge b [22-24]:

AB
g2 0

with Ap being defined through

e2

Ap=—"7—
B 4neoekyT

(2)

where e is the unit charge, ¢ the dielectric constant of the medium and &, kg
and T have their usual meanings. In the following we only consider strongly
charged polyelectrolytes with £>1. To keep the treatment as simple as possi-
ble, we mostly consider salt-free solutions. Moreover, we consider the
macroion to be infinitely stiff, i.e., all effects due to flexibility or curvature of
the macroion are not taken into account.

2.1
Poisson-Boltzmann Theory for the Cylindrical Cell Model

The cell model is a commonly used way of reducing the complicated many-
body problem of a polyelectrolyte solution to an effective one-particle theo-
ry [24-30]. The idea depicted in Fig. 1 is to partition the solution into sub-
volumes, each containing only a single macroion together with its counteri-
ons. Since each sub-volume is electrically neutral, the electric field will on
average vanish on the cell surface. By virtue of this construction different
sub-volumes are electrostatically decoupled to a first approximation. Hence,
the partition function is factorized and the problem is reduced to a single-
particle problem, namely the treatment of one sub-volume, called “cell”. Its
shape should reflect the symmetry of the polyelectrolyte. Reviews of the ba-
sic concepts can be found in [24-26].

For a solution of N rod-like polyelectrolytes with density #=N/V and rod
length L this gives a cylindrical cell with the cell radius R, being fixed by the
condition 7R,*LN/V=1 (for the definition of these quantities, see Fig. 1). The
theoretical treatment is much simpler after neglecting end effects at the cyl-
inder caps. This is equivalent to a treatment of rods of infinite length after
mapping to the correct density. The analytical description of this model pro-
ceeds within the Poisson-Boltzmann (PB) approximation: the ionic degrees
of freedom are replaced by a cylindrical density n(r) that describes the radial
distribution of counterions around the macroion. The distribution n(7) is lo-
cally proportional to the Boltzmann factor [24-30]. In doing so all correla-
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Fig. 1 Scheme of the PB cell model: The rod-like macroion with radius a is confined in a
cell of radius R, together with its counterions. The charge density of the macroion is
characterized by the charge parameter & (see Eq. (1)). See Sect. 2.1 for further explana-
tion

tions among the counterions are neglected and the counterions behave as
pointlike objects.

The PB-differential equation may be solved analytically for salt-free solu-
tion [27, 28], and n(r) is given by [28]

&)) B Z{mcos[ﬁﬁmr/RM)] }

From the known parameters &, R,, and the radius of the macroion g, the
first integration constant 3 has to be obtained through a numerical solution
of the transcendental equation

£-1 1 R,\
arctan <T> + arctan (E) —fln <7> =0 (4)

(3)
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The second integration constant Ry may be regarded as the radial dis-
tance within the counterions are condensed [28, 29]. It follows as

Ry =aexp [;arctan (é;l)] (5)

The screening constant x and the number density n(R,) of counterions at
the cell boundary are related through xk=8zAgn(R,)=4(1+/%)/R,>.
The osmotic coefficient ¢ is defined as

IT

0=1i ©)

where I1;; is the ideal osmotic pressure of the counterions, and the value of
the osmotic pressure IT can be conveniently calculated from the counterion
density at the cell boundary, [1=n(R,) kT, since the electric field value van-
ishes there due to electroneutrality [30]. The osmotic coefficient for systems
with £>1 and monovalent counterions follows directly as

1+p?
2¢

In the limit of infinite dilution, Ry— o0, one finds f—0, and PB theory re-
covers the well known Manning [22] limiting law ¢ = % At finite densities,

however, ¢ is always larger. Experimental measurements of the osmotic pres-
sure in salt-free solutions can hence directly be compared to the predictions
of Eq. (7). In addition, the distribution function n(r) given by Eq. (3) can be
used to calculate the scattering intensity in small-angle X-ray and neutron
scattering (cf. Sect. 4.3). A comparison of theory and experiment therefore
provides a stringent test of the underlying assumptions of the PB-theory
within the cell model. In addition simulations of the cell model can go be-
yond the mean-field solution and solve the cell model within the restricted
primitive model (RPM) of electrolytes. In this model the ions have a finite
diameter o and the full Coulomb interactions are taken into account. Devia-
tions will therefore give important hints at which points the theoretical treat-
ment needs to be improved.

¢= (7)

2.2
Beyond PB and the Cell Model

As already stated in the preceding section, the PB equation neglects ion size
effects and interparticle correlations. One route to improve the theory can
be done on a density functional level. The PB equation can be derived via a
variational principle out of a local density functional [25, 31]. This is also a
convenient formulation to overcome its major deficiencies, namely the ne-
glect of ion size effects and interparticle correlations. The Hohenberg-Kohn
theorem gives an existence proof of a density functional that will produce
the correct density profile upon variation. However, it does not specify its
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form. Various ways of incorporating ion size effects [32, 33] and correlation
effects [31, 34, 35] have been suggested, local and non-local ones. Recently,
we were able to derive a stable local ion correlation correction term on the
basis of the Debye-Hiickel-Hole-Cavity (DHHC) theory [31] which compares
very favorable to simulations performed on the rod-like cell model, includ-
ing multivalent counterions. The correlations generally produce a larger
density of the ions near the rod, and lead thus to a lower osmotic coefficient
than the PB theory predicts.

Integral equations theories are another approach to incorporate higher
order correlations, and consequently also lead to lowered osmotic coeffi-
cients. There are numerous variants of these theories around which differ in
their used closure relations and accuracy of the treatment of correlations
[36]. They work normally very well at high electrostatic coupling and high
densities, and are able to account for overcharging, which was first predicted
by Lozada-Cassou et al. [36] and also describe excluded volume effects very
well, see Refs. [37] for recent comparisons to MD simulations.

Another attempt to go beyond the cell model proceeds with the Debye-
Hiickel-Bjerrum theory [38]. The linearized PB equation is used as a starting
point, however ion association is inserted by hand to correct for the non-lin-
ear couplings. This approach incorporates rod-rod interactions and should
thus account for full solution properties. For the case of added salt the theo-
ry predicts an osmotic coefficient below the Manning limiting value, which
is much too low. The same is true for a simplified version of the salt free
case.

Recently, Nyquist et al. [39] tried to develop a theory for rods of finite
size. These authors used a two-state model for the counterions and em-
ployed a random phase approximation in order to calculate the osmotic co-
efficient ¢ of rod-like polyelectrolytes [39]. An important goal of this work
was to reproduce in the zero density limit the correct osmotic coefficient of
1 instead of the Manning limiting value which is due to the unphysical infi-
nite rod assumption employed. The model presented in ref. [39], however,
seems to overestimate considerably the osmotic coefficient when compared
to experimental data (see below Sect. 4.2).

Another viable method to compare experiments and theories are simula-
tions of either the cell model with one or more infinite rods present or to
take a solution of finite semi-flexible polyelectrolytes. These will of course
capture all correlations and ionic finite size effects on the basis of the RPM,
and are therefore a good method to check how far simple potentials will suf-
fice to reproduce experimental results. In Sect. 4.2, we shall in particular
compare simulations and results obtained with the DHHC local density
functional theory to osmotic pressure data. This comparison will demon-
strate to what extent the PB cell model, and furthermore the whole coarse
grained RPM approach can be expected to hold, and on which level one
starts to see solvation effects and other molecular details present under ex-
perimental conditions.
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3
Synthesis

A comprehensive overview on the different synthetic strategies leading to
PPP polyelectrolytes is given in Chapter 3, p. 67 ff. Therefore a short de-
scription will be suffice here in order to demonstrate how the polymers
PPP-1 and PPP-2 have been prepared which are under particular considera-
tion here. Prior to this, however, a short comment may be indicated why we
selected PPP as the parent system for our stiff-chain polyelectrolytes.

The PPP is an intrinsically rod-like molecule, i.e. it does not need a po-
tentially labile helical superstructure to assume its rod-like shape. Moreover,
well-defined PPPs are readily available by combining the Pd-catalyzed
Suzuki coupling with the concept of solubilizing side chains. The PPPs
are perfectly inert against hydrolysis and other processes possible in aque-
ous media. Finally, the PPPs are also inert against many other chemical reac-
tions that might be useful to generate functional groups in its lateral side
groups.

o ll\lEtse ®
(CHz)e (CHz)s (CHz)s (CHo)s
Br B(OH), i
SI(CH3)3| tnethyl
N amine n
Hz)s Hz)s (CHz 2)6
@ NEt3 ©
3 PPP-1
TMEDAl
chy ° CHy ° cHy ®  CH,
H3C—N—CHZ CH2—N—CH2 CH, H3C—N—CH2—CH2
(CHz)e (CHz)e Hs
;:f ethyi iodide ;: f
n
(CHale CHs °© (CHz)s
HyC— rlw CHyp- CHZI;I CHy-CH; H3C—I|\I—CH2—CH2—I|\I
CH; 1@ CHs CH; @ CH,
PPP-2 4

Scheme 3 Synthesis of the PPP polyelectrolytes PPP-1 and PPP-2 [10-12]

This latter aspect is of special importance here because it is difficult and
less secure to determine molar masses or molar mass distributions of poly-
electrolytes. The molecular weight and the contour length of the PPP are
needed, however, for a profound interpretation of the observed solution
properties. The PPP-based systems open up the opportunity to realize a pre-
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cursor strategy: the Pd-catalyzed polycondensation process can produce a
non-ionic PPP derivative first. This intermediate can readily be character-
ized using all methods usually applied for polymer analysis. Due to the in-
ertness of the PPP backbone these precursor polymers can be converted via
efficient and selective macromolecular substitution processes into well-de-
fined polyelectrolytes. This step can be done without loosing the informa-
tion on molar mass. For PPP-1 and PPP-2, this concept was realized as
shown in Scheme 3 [11-13].

2,5-Bis(w-phenoxyhexyl)-4-bromobenzene boronic acid 1 was the re-
quired AB type monomer to prepare PPP-1 and PPP-2 via a precursor route.
When carefully purified, its Pd-catalyzed polycondensation in the heteroge-
neous system toluene (or THF) / 1 M aqueous Na,CO;, using approx. 0.5
mol-% of [Pd(PPh;)4] as the precursor complex of the catalytically active
species, leads to a readily soluble, constitutionally homogeneous precursor
polymer 2 having values of P, of up to 70 (as measured by membrane os-
mometry [11]). The subsequent ether cleavage 2 — 3 using (H;C);Si-I in
CCly proceeds completely, provided strictly water-free conditions are ad-
hered to. Using the “activated” precursor polymer 3, PPP-1 is easily available
via conversion with triethyl amine [12]. To obtain PPP-2, precursor polymer
3 has first to be treated with a large excess of tetramethylethylene diamine
(TMEDA) to prevent cross-linking during quaternization. In a final step the
second amino group of the TMEDA moieties can be transformed into an
ammonium group as well. This step can be done using for example ethyl io-
dide as the reagent [13]. For all intermediates as well as for the final PPP
polyelectrolytes, a full constitutional analysis could be performed using 'H
and >C NMR spectroscopy. Moreover, due to the careful work-up proce-
dures applied, one can be sure that the molecular information acquired by
means of the precursor 2 remains valid also for polyelectrolytes PPP-1 and
PPP-2.

4
Solution Properties

4.1
Electric Birefringence

The investigation of the electric birefringence is an excellent tool for the
study of the PPP polyelectrolytes because this method is highly sensitive
and therefore particularly suited for very dilute solutions [40-42]. At low
field strength, the birefringence observed in solutions or suspensions of
non-interacting molecules or particles rises with the square of field strength
(Kerr’s law) and in proportion with concentration [43]:

An = K,ycE’ (8)

The proportionality constant Ky, (specific Kerr constant) depends on the
optical anisotropy of the molecules and on the anisotropy of their electric



Stiff-Chain Polyelectrolytes 11
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Fig. 2 Dependence of the electric birefringence on field strength for solutions of PPP-1
having c=1.1510"* bmol/L, squares; P,=65; circles: P,=40; triangles P,=20. All data have
been taken from ref. [49]

polarizability. The optical anisotropy of conformationally rigid polymers, in
particular PPP polyelectrolytes, is a function of chain length only and not
perceptibly affected by external conditions, contrary to flexible polyelec-
trolytes. The electric polarizability of polyelectrolytes as well as its anisotro-
py is extremely large, which results in high degrees of orientation in an elec-
tric field. This fact can be traced back to an easy displacement of counteri-
ons relative to the polyion [44-47]. It therefore comprises the interaction be-
tween counterions and the polyion which is a point of considerable interest
for a basic understanding of polyelectrolytes in solution.

Three samples of PPP-1 having number-average degrees of polymeriza-
tion P, of 20, 40, and 65 were studied [48, 49]. The P, had been obtained by
membrane osmometry on the uncharged precursors (cf. Sect. 3). Since the
polymers were made via palladium-catalyzed polycondensation described in
Sect. 3, a Schulz-Flory distribution of molecular weights can be anticipated.
The sample having P,=65, however, was obtained by fractionating a sample
of lower degree of polymerization and using the high molecular weight frac-
tion. The polydispersity of this particular sample is probably narrower than
that of the other two specimens having P, 20 and 40, respectively.

The dependence of the electric birefringence on field strength is shown in
Fig. 2. The monomolar concentration is 1.15-10™ mol/L (80 mg/L). The data
fall on straight lines having slopes close to 2. This means that Kerr’s law is
valid. An estimate of the saturation value of the birefringence gave a number
of more than 2-107%. This is by at least a factor of 10 larger than the highest
values actually observed. At a given field strength, the electric birefringence
of the sample with P,=65 is more than an order of magnitude larger than of
the one having P,=20. Since the mass concentrations are the same, this must
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Aan/c *10* [L/bmol]

¢ *10* [bmol/L]

Fig. 3 Concentration dependence of the specific electric birefringence at E=2:10° V/m,
squares: P,=65; circles: P,=40; triangles: P,=20. All data have been taken from ref. [49]

be caused by a much larger orientation of the PPP with higher molar mass,
indication of the well-known fact that the ionic polarizability of polyelec-
trolytes rises markedly with increasing chain length.

The concentration dependence of the electric birefringence was studied at
several fixed field strengths. The data obtained at E=2:10° V/m are shown in
Fig. 3, where the specific birefringence, An/c, is plotted versus concentration
[49]. At low concentrations, ¢ < (2-5)'10~* bmol/l or 0.15-0.35 g/l, depending
on the degree of polymerization, An/c is constant; this means that the bire-
fringence is additive with regard to concentration. For the high molecular
weight samples, some drop is observed at concentrations exceeding this
range.

The proportionality of electric birefringence with concentration (Fig. 3)
as well as the clear molar mass dependence (Fig. 3) are important observa-
tions since they strongly suggest that the PPP polyelectrolytes studied form
molecular solutions without associations or aggregates, and that intermolec-
ular interactions are not of significance under the experimental conditions
applied (concentrations below 0.15-0.35 g/1).

For another poly-p-phenylene system it is reported that aggregation to
defined cylindrical micelles occurs in aqueous solution [15, 16]. In these sys-
tems the ionic groups (sulfonate groups) are directly attached to the phenyl-
ene units. Moreover, long n-alkyl side chains are attached to the PPP back-
bone. The polyelectrolytes PPP-1 considered here have the trialkyl ammoni-
um groups linked to the backbone via a hexamethylene spacer. It is obvious
that the spatial requirement of these substituents prevents the macro-
molecules from forming such aggregates.

In the following, we shall discuss the influence of low molecular weight
electrolytes (salt) on the properties of solutions of the PPP polyelectrolytes.
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The quantities considered are the electric birefringence as well as the electric
conductivity of the solutions, both being indicative of the mobility of coun-
terions in the system. As pointed out in the theoretical part, the counterions
can either be subdivided in condensed or free ions (in the Manning picture),
or their binding to the polyion is treated within the Poisson Boltzmann or
similar approaches (see Sect. 2). With regard to electric birefringence or,
specifically, the polarization mechanism, different opinions exist on whether
the displacement of condensed (tightly bound) counterions or the displace-
ment or deformation of the ion cloud (loosely bound ions) are the essential
cause of the high anisotropy of polarizability. Early treatments focussed
mainly on the condensed ions, considering them moving in a potential
trough along the polyion [45-47, 50]. Some refinement was made by allow-
ing for an exchange between bound and unbound counterions [51]. Other
theories were based on the polarization of the ion atmosphere [52-54].
Monte Carlo simulations also indicated that the major part of the induced
dipole moment results from the displacement of the ion cloud [55].

Electric conductivity gives another measure of ionic mobility, and it is
thus worthwhile to compare the changes of electric birefringence and elec-
tric conductivity occurring when salts are added to solutions of the PPP
polyelectrolytes [49]. In Fig. 4 a, An/c is plotted versus the concentration of
added NaCl, Nal, N(C,Hs)4l, or Na,SO4. The solution contains the PPP poly-
electrolyte with DP,=40 at a concentration of 8.6-107° bmol/L. There is a dis-
tinct decrease of An/c with rising salt concentration when a certain threshold
concentration is exceeded. The data for the three different salts consisting of
monovalent ions coincide closely. This rules out any ionspecific effect. How-
ever, the decrease occurs at a perceptibly lower salt concentration when
Na,S0, is employed. Hence the valency of the counterions is obviously cru-
cial.

Figure 4b shows the influence of added salt on the conductivity contribu-
tion of the polyelectrolyte, Ax. This quantity is obtained by subtracting the
conductivity of the pure salt solution (concentration cy,;) from that of the
solution containing polyelectrolyte and added salt (concentrations ¢ and
Csal): Ax=K(PE + salt) — x(salt). Ax exhibits a similar course as An/c. Again,
the curves for NaCl, Nal, and N(C,H;),I coincide, while that of Na,SO,
shows the decrease at a lower salt concentration. It is particularly notewor-
thy, that the observed changes of An/c and Ax occur in the same concentra-
tion range. To elaborate further the similarity of Ax and An upon addition
of the electrolyte, these two quantities were plotted against each other in
Fig. 5. The graph contains the same data as those used in Figs. 4a and 4b. A
reasonably good correlation is obtained showing that, irrespective of the va-
lency of the counterions, concomitant changes of Ax and An are observed.

A decrease of An or Ak upon addition of salt is quite common for flexible
polyelectrolytes (see e.g. [56, 57]). It is generally interpreted as being a con-
sequence of the conformational change brought about by the rise of ionic
strength. When the coil size is reduced, the optical and electrical polarizabil-
ity of the polyions is diminished. This leads to the observed drop of electric
birefringence. Coiling of the polyion can also lead to an increase of counteri-
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Fig. 4a,b Specific electric birefringence measured at E=2:10° V/m (top) and conductivity
contribution of the polyelectrolyte Ax (bottom) versus concentration of added salt,
squares: NaCl; triangles up:Nal; triangles down: N(C,H;),I; circles: Na,SO,. All data have
been taken from ref. [49]

on condensation, which would explain the corresponding effect on conduc-
tivity. However, this interpretation cannot hold for the systems under con-
sideration here, which are conformationally rigid. Since a change of polyion
size and shape is excluded, the phenomena observed must be solely due to
changes of polyion-counterion interactions, and the use of stiff-chain poly-
electrolytes is particularly advantageous to study these phenomena.

To interpret the decrease of Ax it is assumed that a larger fraction of
counterions will condense on the polyion, when the ionic strength is in-
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Fig. 5 Correlation between An/c and Ak, squares: NaCl; triangles up: Nal; triangles

down: N(C,H;)4I; circles: Na,SO,4; diamonds: salt free. All data have been taken from ref.
[49]

creased [49]. This reduces the conductivity contribution of the polyelectro-
lyte. As an equivalent explanation one can conclude that the mobility of ions
within the ion cloud must be substantially lower because they are bound
more strongly to the polyion. Both interpretations have in common that the
conductivity contribution of the ion cloud as a whole is reduced. The fact
that An decreases in the same manner as Ax indicates that the electric polar-
izability anisotropy is largely determined by the ions in the ion cloud and
not by the layer of condensed ions. When divalent counterions are present,
as it is the case upon addition of Na,SOy, the observed drops of Ax and An
are more pronounced and occur at a lower concentration of the added salt.
This is what one would expect from the basic ideas of counterion condensa-
tion theory (see Sect. 2).

The experimental results discussed above show that some important in-
formation on the origin of the high anisotropy of the ionic polarizability of
polyelectrolytes could be deduced from a comparison of the changes of elec-
tric birefringence and electric conductivity. As the PPP polyelectrolytes
studied have a conformationally rigid backbone, it was possible to perform
measurements at different salt concentrations without inducing conforma-
tional changes. This is an essential advantage over studying flexible polyelec-
trolytes, and it is an important prerequisite to arrive at a clear-cut interpre-
tation.
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4.2
Osmotic Coefficient

As already indicated in Sect. 2, the osmotic coefficient ¢ provides a sensitive
test for the various models describing the electrostatic interaction of the
counterions with the rod-like macroion. It is therefore interesting to first
compare the PB theory to simulations of the RPM cell model [26, 29] in order
to gain a qualitative understanding of the possible failures of the PB theory.
In a second step we compare the first experimental values ¢ obtained on
polyelectrolyte PPP-1 [58] quantitatively to PB theory and simulations [59].

4.2.1
Theory and Simulation

Figure 6 gives the comparison of the osmotic coefficient predicted by the
PB-theory to simulated data [26, 60]. The simulation system is not strictly a
cell system, rather we considered an infinite array of parallel aligned rods
which sit on a hexagonal lattice. The rod diameter a was of the same size as
the counterions o, the line charge density A had the value 2=0.9593 ey/c, and
the density and the Bjerrum length was varied. For details of the simulations
we refer to Ref. [26, 60].

The first set of simulation has been done for monovalent counterions of
size 0 and three values of the reduced Bjerrum length Ag/c=1, 2, 3. Several
findings may be noted: The osmotic coefficient from the simulations is al-
ways smaller than the PB prediction but for low density both values con-
verge. This also illustrates that the Manning limiting law becomes asymptot-

osmotic coefficient ¢

1078 104 1073 102 107!

nod®

Fig. 6 Osmotic coefficient ¢ versus reduced density n/o® for monovalent counterions.
Heavy dots mark the measurements, while the solid lines are fits which merely serve to
guide the eye. The dotted lines are the prediction of PB theory. From top to bottom the
Bjerrum length Ap/c varies as 1,2,3. The errors in the measurement are roughly as big as
the dot size [29]
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ically correct for dilute systems. Upon increasing the density, the osmotic
coefficient rises weaker than the PB prediction. This is more pronounced for
systems with higher Bjerrum length, and consequently with a higher Man-
ning parameter. It is due to enhanced counterion condensation which has
been reported in [26, 29, 60].

Notice that this has a very remarkable side-effect. Over a considerable
range of densities the measured osmotic coefficient is much closer to the
limiting law than to the actual PB prediction. This makes the Manning limit
look much more accurate than it really is. However, the surprising effect
should not be over-interpreted, since the underlying reason is nothing but a
fortunate cancellation of two contributions of approximately the same size
but opposite sign, which are not contained in the limiting laws.

It is also interesting to investigate complementary systems in which the
values of A/0 and valence v have been interchanged to keep the product &v
fixed. The integrated ion distribution function P(r) can be shown to depend
only on the product v in the PB theory [29]. However, at given density the
cell radius depends on the valence and so does f. Therefore the osmotic co-
efficient does no longer universally depend on this product. The Manning
limiting law for multivalent counterions, however, does again only depend
on this product, i.e.

1
¢o<: :ﬁ (a)

Figure 7 summarizes the results of simulations on the multivalent systems
with v=1, 2, 3, which yield the same values of {v as the monovalent ones in-
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Fig. 7 Osmotic coefficient as a function of reduced density n/o> for different valences.
Heavy dots mark the measurements, while the solid lines are fits which merely serve to
guide the eye. The dotted lines are the prediction of PB theory. From top to bottom the
counter ion valence v varies like 1,2,3, which gives the same value of {v as the curves in
Fig. 6. The errors in the measurement are roughly as big as the dot size [29]
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vestigated before in Fig. 6 [29]. The most striking feature is the appearance
of a negative osmotic coefficient in a certain density region of the trivalent
counterions. If the constraint of a fixed rod-separation were to be replaced,
the system would phase separate. This means that attractive interactions
must be present between the rods. Similar observations have been reported
in Refs. [26, 29, 60, 62-67].

Contrary to the simulations, the osmotic coefficient from the PB theory is
always positive. This is clear, because on the one hand we know that in PB
theory the pressure is proportional to the density of ions at the cell bound-
ary, which is bounded by zero from below [24], and on the other hand it is
the consequence of the rigorous proofs that such attractive interactions are
absent on the PB level [61-63]. Finally it should be noted that the above
measurements can not be used to infer that attractive forces between
charged rods require the counterions to be at least trivalent. The reason is
twofold: First, at given valence one can vary Bjerrum length and line charge
density. Increasing the Manning parameter will lead to negative pressure in
the divalent system. Second, keeping all interaction potentials fixed, the ra-
dius a of the charged rod is a relevant observable, as has been demonstrated
in Refs. [60, 66]. Hence, a general statement about presence or absence of at-
tractive interactions is difficult, since a five-dimensional parameter space is
involved: (%, A, a, v, n), where A denotes the line charge density of the rod.

4.2.2
Comparison to Experimental Data

Up to now, only two sets of data of the osmotic coefficient of rod-like poly-
electrolytes in salt-free solution are available: 1) Measurements by Auer and
Alexandrowicz [68] on aqueous DNA-solutions, and 2) Measurements of
polyelectrolyte PPP-1 in aqueous solution [58]. A critical comparison of
these data with the PB-cell model and the theories delineated in Sect. 2.2 has
been given recently [59]. Here it suffices to discuss the main results of this
analysis displayed in Fig. 8. It should be noted that the measurements by the
electric birefringence discussed in Sect. 4.1 are the most important prerequi-
site of this analysis. These data have shown that PPP-1 form a molecularly
disperse solution in water and the analysis can therefore assume single rods
dispersed in solution [49].

First of all, the comparison of the PB-theory and experiment shown in
Fig. 8 proceeds virtually without adjustable parameters. The osmotic coeffi-
cient ¢ is solely determined by the charge parameter £ which in turn is fixed
by chemistry, the rod radius a, which has been deducted from SAXS-mea-
surements (see below Sect. 4.3), and the polyelectrolyte concentration. The
latter parameter determines the cell radius R, (see the discussion in
Sect. 2.1) Figure 8 summarizes the results. It shows the osmotic coefficient
of an aqueous PPP-1 solution as a function of counterion concentration as
predicted by Poisson-Boltzmann theory, the DHHC correlation-corrected
treatment from Sect. 2.2, Molecular Dynamics simulations [29, 59] and ex-
periment [58].
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Fig. 8 Osmotic coefficient as a function of counterion concentration c. for the poly(p-
phenylene) systems described in the text. The solid line is the PB prediction of the cylin-
drical cell-model, the dashed curve is the prediction from the correlation corrected PB
theory from Ref. [58]. The full dots are experiments with iodine counterions and the
empty dots are results of MD simulations described in ref. [29,59]. The Manning limit-
ing value of 1/2£ is also indicated

In this comparison of theory and experiment it is important to note that
Fig. 8 displays the data in an enlarged fashion. Poisson-Boltzmann theory
predicts ¢ to be smaller than 1 and to vary roughly within the range 0.18-
0.22. The measured values are located around 0.18. Hence, the dominant
change in ¢, a reduction by a factor of 5, is correctly accounted for. However,
on the enlarged scale of Fig. 8 it is evident that the measured values are sys-
tematically lower than the prediction, although still higher than the Manning
limit 1/2¢ that refers to infinite dilution.

Both the correlation-corrected DHHC theory as well as the simulations
that capture in principle all kinds of ion correlations (see Sect. 2.2) show a
decrease in the osmotic coefficient when compared to the prediction of the
PB-theory. Since these two totally different approaches agree so well, it be-
comes clear that they indeed give a good description of the influence of the
correlations. However, they do not lower the osmotic coefficient sufficiently
to reach full agreement with the experimental data. Moreover, the deviation
from the Poisson-Boltzmann curve increases for higher densities, which is
true for the DHHC and the simulations as well as for the experiment. This
appears plausible if one recalls that correlations become more important at
higher densities.

The fact that Poisson-Boltzmann theory overestimates the osmotic coeffi-
cient is well-known in literature. Careful studies of typical flexible polyelec-
trolytes in solution ([2, 23] and further references given there) indicated that
agreement of the Poisson-Boltzmann cell model and experimental data could
only be achieved if the charge parameter ¢ was renormalized to a higher
value. To justify this procedure it was assumed that the flexible polyelec-
trolytes adopt a locally helical or wiggly main chain in solution. Hence,
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the counterions “see” more charges per unit length, i.e., a macroion hav-
ing a higher charge parameter. However, the results obtained for stiff-chain
macroions under consideration here [59] show that the osmotic coefficient
is lower than the Poisson-Boltzmann results even for systems where the local
conformation of the macroion is absolutely rod-like. Evidently, this expla-
nation that has been accepted in literature for a long time [23, 24] is not
valid.

Since Poisson-Boltzmann theory neglects all ion-ion correlations (see
Sect. 2.2) one is tempted to assume that their incorporation into the theoret-
ical treatment would resolve the discrepancy. However, the comparison dis-
played in Fig. 8 shows clearly that these correlational effects can only be
made responsible for a part of the deviations. Since the two different ap-
proaches, using a correlation-corrected density functional theory and Mo-
lecular Dynamics simulations, agree very well with each other, it becomes
obvious that the discrepancy between them and the experiment is not due to
the neglect of ionic correlations.

An important effect not taken into account by the various models dis-
cussed in Sect. 2 is the specific interactions of the counterions with the
macroion. It is well-known that counterions may even be complexated by
macroions and these effects have been discussed abundantly in the early lit-
erature in the field [24]. From the above discussion it now becomes clear
that these effects must be traced back to specific effects which are not relat-
ed to the electrostatic interaction of counterions and macroions. Hence, hy-
drophobic interactions related to subtle changes in the hydratation shell of
the counterions could be responsible for this small but significant discrepan-
cy of the electrostatic theory and experiment. Further studies using the PPP-
polyelectrolytes will serve for a quantitative understanding of these effects
which are outside of the scope of the present review.

4.2.3
Comparison to Data taken from Flexible Polyelectrolytes

Flexible polyelectrolytes that have been studied in solution for decades [23,
24] are out of the scope of the present review. It is interesting, however, to
briefly compare the osmotic coefficient obtained from these systems to the
data obtained recently from the stiff-chain polyelectrolytes [58]. The osmot-
ic coefficient of Na-polystyrene sulfonate was the subject of a thorough in-
vestigation [69]. The experimental procedure applied to measure the osmot-
ic coefficient differed somewhat from the common ones in that the sedimen-
tation equilibrium in an analytical ultracentrifuge was analyzed. In this par-
ticular study, polyelectrolytes having a narrow molecular weight distribu-
tion, M,,/M,<1.1, were used. The solutions studied had a monomolar con-
centration of the polyelectrolyte around some 10~ mol/L and contained
around 10™* mol/L of a low molecular weight salt. In sedimentation equilib-
rium, the concentration gradients of both components are coupled via a
Donnan-type equilibrium which is governed by the effective charge number
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of the polyion. Hence ¢ could be obtained from a determination of both
concentration gradients.

The data demonstrate that the osmotic coefficient decreases distinctively
with rising chain length [69]. The value expected from Manning’s limiting
law is 0.22, which was observed only for low molar masses up to 200.000 g/
mol. For higher molar masses, ¢ drops down to 0.1 at M,=10° g/mol [69].
The finding discussed in ref.[69] is supported by other experimental data
[70]. Its theoretical basis is still rather unclear, but one can speculate that
again the coiling of the polyion may be the underlying cause. A direct com-
parison to the results obtained on stiff-chain polyions discussed above is
not possible since the chain lengths differ tremendously. The contour length
of the PPP-1 samples is around 20 nm, while the shortest polystyrene sul-
fonates investigated had contour lengths of 100 nm and there are no stiff
macromolecules yet in that range. Further measurements done using PPP-
polyelectrolytes differing in molecular weight are necessary to come up with
a valid comparison with the data of ref. [69].

43
SAXS, ASAXS

In recent papers we have shown that small-angle X-ray scattering (SAXS) is
a highly suitable method to investigate stiff-chain polyelectrolytes [71]. In
particular, it has been demonstrated there that the effect of anomalous dis-
persion [72] can be applied to discern the contribution of the counterions to
the measured scattering intensity I(g). Here the main points of this analysis
that is based on earlier work by small-angle neutron scattering (SANS; [73-
76]) and by SAXS [77, 78] are presented and discussed.

The scattering intensity I(g) measured for a solution of N polyelectrolyte
molecules dispersed in a volume V may be rendered by

N
1(q) = L(@)S(9) )
where I)(q) denotes the scattering intensity of a single molecule and S(gq) is
the effective structure factor to be discussed further below. Since the PPP-
polyelectrolyte assume a rod-like shape, the measured scattering intensity
Ip(q) can be approximated for higher scattering angles as

Io(q) HLch,mp(r),q,a:o>F;<Ap<r>,q,a:o> (10)

Here Ap(r) is the radial excess electron density and L is the length of the
rod. The quantity F..(Ap(r),q) is the Hankel-transform of Ap(r) whereas a is
the cosin of the angle between the scattering vector g and the long axis of
the rod. The present analysis therefore rests on the fact that a long rod scat-
ters only radiation if the scattering vector is perpendicular to the long axis
of the rod. Hence, scattering experiments probe directly the distribution
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n(r) of counterions along the radial direction. The results thus obtained can
therefore be directly compared to the PB-cell model.

While SANS allows to vary the contrast between counterions and the
macroion [73-76] SAXS usually gives only a combination of the scattering
intensity emanating from all parts of the polyelectrolyte. Anomalous small-
angle X-ray scattering (ASAXS) provides a solution to this problem inas-
much the anomalous dispersion of the counterions allows to change their X-
ray contrast [71]: For many counterions the absorption edge may be reached
by synchrotron radiation [72]. The excess electron density of a dissolved ion
is given by

Apion = —Pm (11)

Vion
where Vj,, denotes the volume occupied by the ion in the solvent and p,, is
the electron density of the solvent. The scattering factor f may be rendered
as

f=h+f+if (12)

where fj is the scattering factor far below the adsorption edge and f and f”
are the resonant contributions [72]. In the immediate vicinity of the edge f
and f” are significantly different from zero. Hence, conducting SAXS experi-
ments far below the edge as well as in the neighborhood of the edge allows
to assess the contributions of the counterions separately from the contribu-
tion of the macroion [71]. First experiments done with polyelectrolyte PPP-2
demonstrate indeed that ASAXS is a viable method to study dissolved poly-
electrolytes up to the region of highest scattering angles [71].

The comparison of the PB-theory and experiment proceeds as follows
[71, 73-78]: The radial distribution n(r) of the counterions is calculated ac-
cording to Eq. (3) of Sect. 2.1. Subsequently the scattering intensity Ip(q) is
calculated according to Eq. (10) (see above) or by use of the exact expression
[71, 73, 77]. For higher scattering angles the influence of S(g) can safely be
dismissed [71] and measured and calculated intensities can directly be com-
pared.

The comparison of measured SAXS data to the predictions of the PB-cell
model demonstrate that theory provides a nearly quantitative description of
the experimental results. The PB-theory predicts that most counterions are
located in the immediate vicinity of the macroions [71]. Hence, the influence
of polyelectrolyte concentration is expected to be small because the number
of counterions at larger distance to the macroion is small. This is borne out
directly from experimental data displayed in Fig. 9. Here the SAXS-intensi-
ties of polyelectrolyte PPP-2 have been normalized to their respective vol-
ume fractions and plotted against the magnitude of the scattering vector g.
The data superimpose at higher scattering angles but differ at smaller g-val-
ues. The latter effect can be traced back to the effect of mutual interaction to
be discussed further below. The good agreement at higher scattering angles
demonstrates that the mutual interaction of the counterion clouds of the
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Fig. 9 SAXS-intensities of polyelectrolyte PPP-2 normalized to the respective volume
fractions indicated in the graph [71]. The scattering intensities superimpose for higher
q-values but differ at small scattering angles. The latter effect can be traced back to the
effect of mutual interaction

rods has a negligible effect on the distribution n(r) as predicted by the PB-
theory [71].

Figure 10 furthermore shows that the PB-theory describes the experimen-
tal SAXS-data in a virtually quantitative fashion [71]. This is in general ac-
cord with previous studies done with monovalent counterions [73-75, 77,
78]. Here the comparison is made for data obtained for two different counte-
rions that differ strongly with regard to contrast. In case of Iodine counteri-
ons the contribution of the macroion is rather small. For Chloride counteri-
ons, on the other hand, the contributions of the macroion and the counteri-
ons are of comparable magnitude. Figure 10 shows that both data can be de-
scribed satisfactorily by the PB-theory. It must be noted, however, that the
analysis of polyelectrolyte PPP-2 by SAXS has revealed that there is an addi-
tional contribution to the measured scattering intensity at high g-values. As
discussed in Ref. [71] a possible explanation may be sought in the fluctua-
tions of the counterions along the long axis of the rod-like macroions. Here
additional experiments by ASAXS are necessary to come to final conclu-
sions.

Figure 11 serves for the discussion of the region of smallest scattering an-
gles. Here the mutual interaction of the rods leads to a depression of the
measured intensity at smallest g. Similar findings have been made in the
course of the study of rod-like viruses by Maier et al. [79]. As a consequence,
a pronounced maximum of I(q) is visible whereas all scattering curves coin-
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Fig. 10 Comparison of experimental data of polyelectrolyte PPP-2 to the PB-theory [71].

The respective volume fractions ¢ of the polyelectrolytes are indicated in the graph. The
upper curve refers to Iodide counterions whereas the lower curve refers to Chloride
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Fig. 11 Interaction of polyelectrolyte rods in salt-free solution: SAXS-intensities mea-
sured for different polyelectrolyte concentrations at smallest scattering angles [71]. The

respective concentrations are: filled trangles: 3 g/L; hollow triangles 10g/L; crosses: 15 g/
L; circles: 20 g/L. The inset displays the maximum of the scattering intensity as function

of the reduced concentration c/c* where ¢'=L~3
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cide for g>0.6nm™!. The inset of Fig. 11 displays the position g, of the
maximum as a function of the reduced concentration c/c’ where ¢'=L~* de-
notes the overlap concentration. At reduced concentrations smaller than
unity gmqy scales approximately with (c/c”)'® as expected for a system of
weakly interacting rods [79]. For larger concentrations the exponent 1/2 is
found which may be taken as evidence for the onset of mutual alignment of
the rods. This finding corroborates a careful study carried out on rod-like
viruses [79].

5
Conclusion

A survey over the area of stiff-chain polyelectrolytes has been given. Such
rod-like polyelectrolytes can be realized by use of the poly(p-phenylene)
backbone [9-13]. The PPP-polyelectrolytes present stable systems that can
be studied under a wide variety of conditions. Moreover, electric birefrin-
gence demonstrates that these macroions form molecularly disperse solution
in water [49]. The rod-like conformation of these macroions allows the di-
rect comparison with the predictions of the Poisson-Boltzmann cell model
[27-30] which has been shown to be a rather good approximation for mono-
valent counterions but which becomes an increasingly poor approximation
for higher valent counterions [29]. Here it was shown in Sect. 2.2 that the
basic problem of the PB model, namely the neglect of correlations, can be
remedied in a systematic fashion.

The osmotic coefficient obtained experimentally from polyelectrolyte
PPP-1 having monovalent counterions compares favorably with the predic-
tion of the PB cell model [58]. The residual differences can be explained only
partially by the shortcomings of the PB-theory but must back also to specif-
ic interactions between the macroions and the counterions [59]. SAXS and
ASAXS applied to PPP-2 demonstrate that the radial distribution n(r) of the
cell model provides a sufficiently good description of experimental data.

Evidently, more work has to be done for a comprehensive comparison of
theory and experiment. Theory and simulations reveal clearly that the PB-
cell model should be a poor approximation for divalent counterions and
breaks down totally for trivalent counterions [29]. A comprehensive experi-
mental test of these very important conclusions is still missing.
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Abstract The present article addresses the dilute solution behavior of two different polyelec-
trolyte systems: Aqueous solutions of quaternized poly(2-vinylpyridines) and of polyacrylic
acids. Firstly, it is demonstrated that the dimensions of the chains for all investigated poly-
electrolytes are described by a model that explicitly considers (i) an excluded volume com-
prising contributions of the electrostatic interactions via the effective charge density, and
(ii) the intrinsic excluded volume in terms of the Flory interaction parameter. The effect of
the chain hydrophobicity and the type of counterions on the coil dimension of the chains
and the effective charge density is discussed. The latter is compared with results obtained
from osmotic pressure measurements and conductometry.

The second part of the review is devoted to an investigation of the phase behavior of the
two systems. For quaternized poly-2-vinylpyridines phase transitions are induced by addi-
tion of inert salt, typically Nal and are denoted as “salting out” and “salting in”. The phase
behavior is assumed not to be influenced by ion specific interactions other than the Flory
excluded volume parameter. Contrary, in case of polyacrylic acid highly specific interac-
tions, such as complexation, between the polyion and bivalent earth alkaline cations may
cause a precipitation of the polyelectrolyte. The precipitation point depends on both, the
concentration of the polyions and the counter ions. Investigation of the coil dimensions by
means of combined static and dynamic light scattering reveals a coil collapse towards
spherical particles. Possible transition states along this shrinking process are discussed.
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1

Introduction

The behavior of flexible polymers is satisfactorily described by two parame-
ters [1, 2], the excluded volume integral 8 and the statistical or Kuhn seg-
ment length I;, which may also be expressed in terms of the persistence
length [,. Whereas the latter captures chain stiffness inferred by successive
monomers, the excluded volume accounts for intermolecular interactions as

well as chain expansion.

The phase separation in solutions of neutral polymers is quite familiar to
polymer scientists. It is usually induced by a temperature change which
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modifies inter- and intramolecular interactions. If the concentration of
macromolecules is low enough, changes are restricted to intramolecular in-
teractions and neutral polymers collapse to a more or less swollen globule
[3-8]. Unlike that of neutral polymers, the mechanism of coil shrinking for
polyelectrolytes and the phase behavior is much less understood.

Polyelectrolyte behavior is governed by electrostatic forces, which by far
exceed conventional excluded volume interactions. Meanwhile, extensive
knowledge has been collected on dilute solution behavior of polyelectrolytes
in aqueous solution. In salt free water, dimensions are highly extended, al-
though still far from adopting a rigid rod like shape [9, 10]. However, intrin-
sic viscosity together with light and X-ray scattering clearly indicated, that
long-range electrostatic interactions lead to clustering of polyelectrolytes,
impairing a proper evaluation of the single chain behavior [11-17].

Only if an inert electrolyte like NaCl is added, the strong electrostatic in-
teractions are increasingly screened and the highly expanded polyelectrolyte
coils start to shrink. Eventually the unperturbed dimensions are approached
at high enough concentrations of inert salt [18-20]. In such cases, phase sep-
aration occurs if this inert salt level is surpassed [21-23]. The latter phe-
nomena has been denoted as “salting out” of polyelectrolytes, or alternative-
ly, as H-type precipitation, because the concentration of inert salt required
to cause precipitation of the polyelectrolyte is high and independent of the
polymer concentration [23].

This rather simple scheme of solution behavior is complicated by various
interesting aspects. It is not at all clear that the number of dissociated or
“non-condensed” counterions remain constant with added salt. Likewise, at
high salt concentrations, the polyelectrolyte solution may no longer repres-
ent a quasi binary solution but rather a ternary mixture with the added salt
representing a third component with distinctly different solvation properties
as compared to water. This scenario is supported by the fact that for some
salts the ordinary salting out is reversed if the inert monovalent salt concen-
tration is further increased. In other words the chains become redissolved at
an even higher salt concentration [21, 22]. Consequently, this redissolution
is denoted as “salting in”.

In principle multivalent counterions produce a qualitatively similar be-
havior as long as no specific interactions, such as complexation, occur be-
tween the polyion and the counterions. However, a completely different
phase behavior is observed if specific interactions between the counterions
and the polyion charge exist, which is frequently found for multivalent
counterions. In such cases, even a much lower salt concentration may cause
a precipitation of the polyelectrolyte. This kind of phase separation is denot-
ed as L-type precipitation [23-25]. For example, the amount of earth alkaline
cations required to precipitate polyacrylate anions increases with increasing
polyanion content, being roughly equimolar if no additional inert salt is
present. Addition of an inert salt shifts this phase boundary towards larger
concentrations of bivalent metal cations. As in the H-type precipitation, re-
dissolution of the precipitate may occur. Two different origins for this redis-
solution are discussed in literature. One possible origin is that a continuous
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increase of the concentration of multivalent metal cations screens attractive
interactions between oppositely charged backbone sections. Those include
positively charged sections due to the complexation of multivalent cations
and fully dissociated, negatively charged sections [26]. Alternatively, a domi-
nating monodentate binding of multivalent cations may surpass the point of
electro-neutrality and leads to a charge inversion of the polyelectrolyte
chains, which then become redissolvable [27].

The present review deals mainly with two examples of polyelectrolyte
phase behavior as discussed above. As an example for an H-type precipita-
tion, the solution properties of polyvinylpyridinium chains are monitored as
function of added inert salt. Here, we focus on the determination of the effec-
tive charge density and of the solvent quality parameter which are supposed
to play a central role for the understanding of polyelectrolyte solution with-
out specific counterion interactions. The second system under investigation
comprises the interaction of polyacrylic acid with alkaline earth cations
which exhibit very specific interactions, thus representing an example for
type L-precipitation. Here the coil dimensions close to the phase boundary
are compared to those close to type H-precipitation with inert added salt.

2
Dilute Solution Behavior of Sodium Polyacrylate
and Quaternized Polyvinylpyridine

2.1
Theory

2.1.1
Effective Charge Density and Counterion Condensation

Polyelectrolyte theories generally make use of the concept of counterion
condensation [28-31]. This means that strongly charged polyelectrolytes re-
duce their line charge density by having a certain fraction of the counterions
tightly bound (condensed) to the polyion. The decisive parameter is the nor-
malized charge density {=Iz/a with a the average linear distance between
charges. I3 is the Bjerrum length

62

5= 4ne,e,kgT

(1)

where e is the elementary charge, ¢, is the effective dielectric constant of the
solution, & is the permittivity of the vacuum, and kgT is the Boltzmann con-
stant times the absolute temperature. According to Manning’s limiting law
[29-31], monovalent counterions will condense on the polyion when £>1,
and the amount of condensed counterions is such as to reduce the effective
charge density to 1. The uncondensed mobile ions are subject to electrostat-
ic interaction with the polyion.

For a more detailed discussion of this point the reader is referred to other
contributions in this volume [Holm et al., Ballauff et. al].
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2.1.2
Polyelectrolyte Dimensions

Theories of conformations of polyelectrolytes fall into two groups. In the
first group [32-34] the chain is assumed to be a flexible chain and the conse-
quence of electrostatic interaction is calculated. In the second category [35-
42], the chain is assumed to be a stiff chain and calculations are performed
to obtain the effect of the electrostatic interaction between charges on the
chain backbone. To date, there is no satisfactory theory in the literature to
describe the electrostatic effect on conformations of polyelectrolyte chains
with arbitrary intrinsic stiffness. In the following we briefly outline the de-
velopments for both groups of theories.

In the first approach the effect of electrostatic interaction on a flexible
polyelectrolyte chain in infinitely dilute solution has been modeled by the
following parameters. The chain contains Ny Kuhn segments with step
length Ii. The total charge on the chain, [ NxeZf/b is assumed to be uniformly
distributed along the chain backbone, where fis the effective charge density,
b the monomer length and Z is the valence of the ionic group. The interac-
tion energy V(r) between the segments separated by a distance r is taken as

V(r Z*flge ™"
$:w~5(r)+f+ (2)
where the first and second terms on the right hand side describe the usual
short-ranged excluded volume effect and the electrostatic interaction respec-
tively. w is the pseudo-potential and is equivalent to (0.5—y)[} with x being
the Flory-Huggins interaction parameter. 8(r) is the Dirac delta function and
K is the inverse Debye length given by

K> =4nly (chCJrZZJZ,c;,) (3)
Y

where Z; and ¢, are respectively the valence and the number concentration
of the counterion to the polyelectrolyte. Z, and ¢, are the valence and num-
ber concentration of yth salt ion.

Utilizing the intermolecular interaction potential described by Eq. (2) and
assuming a uniform expansion for the chain the expansion factor o for the
radius of gyration

Reo
with Rge the unperturbed radius of gyration, was derived by a variational
procedure [33, 34].

In the limit of weak interactions, i.e. k*l;2Nxa? /6 >> 1, the following sim-

ple equation is obtained

134 613 Z%f?
@ [WOJF 35 \/;lk;chZ vk )
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where

L1343\ @
*7 105 \27 2 *

Equation 5 corrects the expression given by Beer et al. [43] by a factor
IZ/b*. 1t is equivalently written in the form of the modified Flory formula
(1], as

()T a2 ©

“1slan) |2 o

This result can readily be guessed directly from the equation for V(r). If x
is large, the second term on the right hand side of Eq. (2) becomes short-
ranged, 47 Z* f*l5k~25(r) and the prefactor of N~ in Eq. (5) reducues to wy.
This point was noted many years ago by Flory [32].

For theta solutions (wy=0) and for Ny>>1 and kNya?/6 << 1, o can be
derived to be

134 \*2 (6\ V¢ 122821\
a_<1575> (E) <b2> VN @)
so that the radius of gyration R, follows as
134\ 3 76\ /6 1 /7282151 1/3
Ry = (e 2) = PN (8)
1575 n V6 b

with the same scaling form as originally obtained by Kuhn, Kiinzle and
Katchalsky [44], which in turn has recently been interpreted, using the elec-
trostatic blob model [45].

Since several approaches exist to determine the effective charge density,
we denote f determined from a fit of R, as f, throughout the paper.

The alternative method [46] of analyzing the data is based on the treat-
ment by Odijk and Houwaart [36] of the excluded volume effect on the elec-
trostatic stiffening of semi flexible chains. The total persistence length I, of a
stiff polyelectrolyte is the sum of the intrinsic persistence length [,=I;/2 and
the electrostatic persistence length [,

As shown by Odijk [35] and Skolnick and Fixman [37],
1
e — m (10)

in the limit of xlx\/N; >>1 and [.<I,. In addition to the electrostatic persis-
tence length generated by the charge on the chain backbone, Odijk and Hou-
waart [36] assume further that there is an excluded volume interaction
among cylindrical segments each of length 2/, and diameter 4x~. In general,
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the excluded volume parameter for a flexible chain of Kuhn segments with
Kuhn length I is

~ 3\ 2
- (ank) BV (1)

where f is the excluded volume. Several approximate formulas for the de-
pendence of the expansion factor o on z have been reported in the literature
[1, 47, 48]. For the specific model of Odijk and Houwaart, 3 is solely electro-
static in nature and is given as

B=PBy=8nx"' (12)
Combining with the Yamakawa-Tanaka relation [1] for & in terms of z,

o? =0.541 4 0.459(1 + 6.04z)"* (13)
Eq (11) and (12) lead to the result

2 Lw 1 1/2,.—1 1 A
RE="\1,+——||0.541+0.459¢ 1 +4.43LY/ 1|1
g€ 3 {P +4le2] - + w {P+4IB;<2]

(14)

Here L, is the contour length of the chain. In an effort to generalize
Eq. (14) for non-theta solutions, Reed et al. [46] have provided an ad hoc
treatment by combining theories of Odijk [35], Odijk and Houwaart [36],
Skolnick and Fixman [37], and Gupta and Forsman [49]. Here they append
an additional contribution S, to f3, arising from short-ranged non-electro-
static interactions, so that 8 of Eq. (11) is given by

ﬂ:ﬁel+ﬂ0 (15)

where fj) is taken to be an adjustable parameter (S, actually being 0.5—). In
addition, Reed et al. [46] use the empirical formula of Gupta and Forsman
[49] (based on Monte Carlo results)

134 -
o —a’ :ﬁ(l —0.885N, %)z (16)
instead of the Yamakawa-Tanaka formula, in evaluating the expansion factor.
It must be noted that the applicability of Eq. (9) to (16) is constrained by the
basic assumption that the electrostatic persistence length I, is smaller than
the intrinsic persistence length I,. Therefore care must be exercised in com-
paring the experimental data with the predictions of Eq. (9) to (16) to make
sure that the salt concentration is high enough so that [,<I,.
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2.2
Dilute Solution Properties of Polyvinylpyridinium Cations

The preparation and characterization of the samples are described elsewhere
[43]. The results are summarized in Tables 1 and 2. The number at the end
of the sample code represents the contour length derived from the molar
mass of the polymers. The PVP samples were quaternized with the respec-
tive alkyl and benzyl bromides in order to yield polypyridinium cations with

Table 1 Characterization of the poly-2-vinylpyridines

Sample M,, (THF/MeOH)/gmol™! L, [nm] M, /M, * Rg[nm]  Ry[nm]
PVP400 1.68*x10° 400 1.13 15.6 9.9
PVP690 2.9%x10%/2.8*x10° 690 1.24 17 14.5
PVP1000 4.2%x10° 1000 1.11 25.4 16.6
PVP1800 7.6*x10°/7.5%x10° 1800 1.20 37.5 26
PVP2100 8.8*x10° 2100 1.14 39 27

* Determined by GPC in DME, polystyrene calibration

Table 2 Degree of ionization Q determined by elemental analysis and by IR-spectroscopy

C% H% N%  CLBr%  QEA%  QUR)*%

Bz-PVP2100Br - - - - - 77
Bz-PVP1800Br 58.3 5.25 572 31.0 95 86
Bz-PVP1000Br 57.2 5.50 548 317 101 91
Bz-PVP690Br 58.0 5.96 571 303 93 86
Bz-PVP400Br 58.8 5.42 5.56  30.0 94 96
Et-PVP1800Cl 67.7 7.53 9.63 15.6 64 67
Et-PVP1000Cl 67.9 7.34 10.4 14.4 55 58
Et-PVP400Br 56.6 5.98 836 294 61 58
Bu-PVP1800Br 53.7 6.08 7.1 32.6 80 67
Oc-PVP1800Br 58.2 7.02 6.33 285 79 91
Me-PVP19401 - - - - - 80
Me-PVP19401 - - - - - 50
Et-PVP19401 - - - - - 80
Et-PVP19401 - - - - - 70
Et-PVP19401 - - - - - 40
Bu-PVP19401 - - - - - 70
Bu-PVP19401 - - - - - 40
ME1BPVP1940Tos® - - - - - 70

 Degree of ionization determined by elemental analysis via the N to Br or Cl ratio

b Determined by IR-spectroscopy

Following quaternizing group are used (Me=methyl, Bz=benzyl, Et=ethyl, Bu=butyl,
Oc=octyl, H=hydrogen). Q is the degree of quaternization and Br, Cl and I stand for the
elemental code of the counterion. Hydrogenated PVP were prepared by dissolving PVP
in aqueous HBr solution at PH=3 which yields Q=230%

“ME1B stand fOI' CH3OCH2CH20(CH2)4
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different hydrophobicity (see Scheme 1). Different counterions i.e. F~, CI~
and I” were introduced by ultra filtration [43]. The degree of chemical ion-
ization was determined by IR-spectroscopy and is given in Table 2 along
with the sample codes.

X
Sy | FRK—— R

= =

n n

Scheme 1 Sketch of an unquaternized and a quaternized repeat unit of poly(2-vinyl-py-
ridine)

2.2.1
The Effect of Hydrophobicity

The ionic strength dependence of the polyelectrolyte dimensions for different
molar masses are shown in Figs. 1, 2, 3 for the H-PVP, Et-PVP and Bz-PVP
samples, respectively. In all these measurements the counterion is Br~ and
the added salt is NaBr. It is qualitatively recognized that almost all data sets
exhibit a constant slope at small ¢, irrespective of the hydrophobicity of the
polyelectrolyte. The exponents observed vary between —0.15 and —0.24 with
the tendency that the slope increases with decreasing hydrophobicity and in-
creasing chain length. The slopes are somewhat smaller than reported for
NaPSS [46]. In contrast, at high salt concentration the hydrophobicity be-
comes the dominating parameter which determines the curvature of the plots
and the solubility limit (“salting out effect”). In terms of the theoretical ex-
pression given by Eq. (5) the charge density f, dominates at low ¢; whereas

100
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¢, [mol L™
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Fig. 1 Ionic strength dependence of the radius of gyration for sample H-PVPL,Br in
aqueous NaBr solution: L,=400 nm (OJ), L,=690 nm (O); L,=1000 nm (A);
L,=1800 nm (v7); L,=2100 nm (<}). The solid lines correspond to the best fit to all data
by the theoretical Eq. (5) with f,=0.22 and wy=-0.02
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Fig. 2 Ionic strength dependence of the radius of gyration for sample Et-PVPL,Br in
aqueous NaBr solution: L,,=400 nm ((J); L,=1000 nm (A); L,,=1800 nm (57). The solid
lines are calculated with f,=0.17 and wy=-0.03

wy essentially controls curvature and precipitation point at high c;. The theo-
retical curves shown in Figs. 1-3 almost perfectly fit the experimental points.
The values for f, and w, derived from the theoretical curves (solid lines in

100 -

50 |
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Fig. 3 Ionic strength dependence of the radius of gyration for sample Bz-PVPL,Br in
aqueous NaBr solution: Symbols as in Fig. 1. The solid lines are calculated with f,=0.15
and wy=—0.32

Figs. 1-3) are summarized in Table 3 and display following qualitative fea-
tures:

The value of wy for the most hydrophilic H-PVP samples is zero or slight-
ly below zero indicating that the H-PVP chains should adopt an “unper-
turbed” conformation at high salt concentration. The slightly more hydro-
phobic Et-PVP exhibits a slightly smaller wy-value, whereas Bz-PVP with
wo=—0.32 represents the most hydrophobic polyelectrolyte. It is to be noted
that wy=—0.32 leads to precipitation at ¢,=0.13 M in good agreement with
the experimentally observed solubility limit at ¢,=0.14 M (see Table 3).

It is most interesting to note that the fitted value for the effective charge
density f, does significantly depend on the hydrophobicity of the chain and
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Table 3 Fit parameters wy and f, for differently quaternized polyvinylpyridines and contour
length L,. The calculated (according to Eq. 5) and the observed “salting out” concentra-
tions, ¢y, are also given

fa wo csp (theo) csp (exp)
H-PVP L,Br 0.22 -0.02 4.5m -
Et-PVP L, Br 0.17 -0.03 1.8 m 1-2 m*
Bz-PVP L,, Br 0.15 -0.32 0.13 m 0.14 m

* Minimum of Rg vs ¢, as discussed in the text

decreases from f,=0.22 for H-PVP to f,=0.15 for Bz-PVP. Thus, all fitted
charge densities lie well below the Manning counterion condensation limit
of f,,=0.35.

2.2.2
The Effect of Counterions

The effect of different counterions on the polyion dimensions is shown in
Fig. 4, for the Et-PVP sample with L,,=10? nm. Unexpectedly, a huge effect
on f, and on w, is observed when the counterion is changed from F~ to CI~
to Br™ to I". The curves for the F~, CI” and I” - counterions are well fitted by
the f, and wy values listed in Table 4. Only for the Br~ counterion a signifi-
cant deviation is observed at high salt concentrations which allows w, to
vary between wy=-0.012 (filled curve for A in Fig. 4) and w,=0 (dotted
curve). The origin of this discrepancy becomes clear if the radii are moni-
tored at even higher salt concentrations as shown in Fig. 5. For NaBr the di-
mensions start to increase again at higher ¢, For Nal the polyelectrolyte
which is salted out at ¢,=0.15 M Nal redissolves for ¢;>2 M Nal. Now the di-

100

50 ;

R, [nm]

1E-3 0.01 0.1 1
c, [mol L]

Fig. 4 Ionic strength dependence of the radius of gyration for sample Et-PVP1000X with
different counterions: X =F~ (), CI~ (O), Br™ (A) and I" (57). The inert salt was NaF,
NaCl, NaBr and Nal, respectively. The solid lines show least square fits of the data using
Eq. (5)
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Table 4 Fitted values for f, and w, for the sample Bz-PVP1000X with different counterions X~

X~ f;1 Wo

F~ 0.25 +0.5

Cl” 0.21 0.0

Br~ 0.18 —-0.012/0.0
I~ 0.17 -0.5

100 A 1
E
£ 60
o "‘::‘_o__\ &
o _"_:'_';‘,'.'-"u"' a
precipitation /
0.01 0.1 1
¢, [mol L]

Fig. 5 Ionic strength dependence of the radius of gyration for sample Et-PVP1800X with
different counterions: X =Cl~ (O), Br™ (A) and I" ((J). The inert salt was NaCl, NaBr
and Nal, respectively. The solid lines show least square fits of the data using Eq. (5)

mensions increase with increasing Nal content. This is a strong indication
that wy might become a function of added salt for some systems. This effect,
however, is expected to have a significant influence at sufficiently high
weight fractions of added salt, only. At 1 M salt, the mass fraction of salt is
in the order of 10%. Since this effect cannot be quantified it is not accounted
for in the data analysis given above. Likewise, the effective charge density
may change as function of added salt. This point is addressed in the next
section. It should also be noted that the presented data could also be quanti-
tatively fitted by the modified Odjik, Fixman model, i.e. by Eq. (14) to (16).
However, the intrinsic persistence lengths, which resulted from the fit seem
to be too large.

23
Dilute Solution Properties of Sodium Polyacrylate

As early as 1951, Flory and Osterheld [18] could show that partially ionized
polyacrylic acid in aqueous solution of an inert salt shrinks in size if the
concentration of the inert salt is increased. This shrinking process can be
pushed towards the unperturbed dimensions of the NaPA chains. Known
from neutral polymers as O-state, it is reached for fully ionized NaPA [50] at
T=15 °C and 1.5 M KBr. In several papers, the dependence of the intrinsic
viscosity was investigated as a function of the molar mass [51]. Data were
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Fig. 6 Dilute solution properties of sample PA2 (M,,=3.3 10°gmol ') as a function of the
inert salt concentration: a Second virial coefficient; b radius of gyration (M) and hydro-
dynamic radius (@); ¢ structure sensitive ratio p

interpreted in terms of the Yamakawa-Fujji theory [52] of cylindrical worm-
like chains. Interpretation resulted in an increase of the persistence length
with decreasing inert salt concentration. A more recent light scattering in-
vestigation compared radii of gyration and hydrodynamic radii for various
NaPA samples at an inert salt level of 1.0 M NaCl with molecular dynamics
simulation [53].

In the present review article, we report on molecular weight dependent
dynamic and static light scattering data of marginally polydisperse NaPA
samples (M,,/M,=1.2) under two different solvent conditions [54]. The mean
square radius of gyration R, the second virial coefficient A; and the hydro-
dynamically effective radius R, was determined in a molecular weight range
of 10°g/mol <M,,<3.3:10%g/mol. This range is wide enough in order to give
access to the scaling behaviour of R, and R;, versus M,,.

In a first step, appropriate solvent conditions were established. This was
achieved by investigating a single sample at M,,=3.3X10° g/mol as a function
of the NaCl content. The latter acts as an inert salt and screens the electro-
static interactions. Results are summarized in Fig. 6.

The second virial coefficient decreases from a value of A,=6.5
10~ mol'mL/g* at 0.1 M NaCl to a value of A,~0 at 1.5 M NaCl. At the same
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time, the coil dimensions decreased by some 50%. Measurement of both ra-
dii allowed to calculate the shape sensitive ratio

Rg
17
Ry, ( )

which, in the present case, decreased from 1.95 in 0.1 M NaCl to 1.6 in 1.5 M
NaCl. For neutral polymers in a good solvent, Akcasu and Benmouna [55]
predicted a value of 1.86. A slightly lower value of 1.64 could be inferred
from Barrett’s calculation [56] of the geometric and hydrodynamic expan-
sion coefficients [57]. For neutral chains under ©-conditions, a significantly
lower value of p=1.5 was evaluated [58]. Experiments with monodisperse
neutral polymers confirmed this solvent quality dependent drop in p, but
the experimental values were generally a few percent lower than theoretically
expected [57, 59, 60]. Unlike those of neutral polymers, our results on NaPA
seem to be a few percent larger than those theoretically expected. Neverthe-
less, the drop of p observed for NaPA indicates that the NaPA chains under-
go a transformation from a self avoiding walk in 0.1 M NacCl (good solvent
conditions) to a random walk in 1.5 M NaCL (@-conditions), in agreement
with the disappearance of the second virial coefficient.

Based on these indications, 0.1 M NaCl and 1.5 M NaCl were selected for
measurement of the molar mass dependences of the light scattering parame-
ters under two limiting solvent conditions respectively. The following scaling
laws were found:

o

In0.1 M NacCl:
0.60
Ry =0.0214 MY,
R, =0.0112 M>%° (18a)

In1.5MNacCl:
Ry =0.0374 M>>?
R, =0.0232 M2 (18b)

Clearly, the exponents offered further support for the assumed solvent
conditions at 0.1 M NaCl and 1.5 M NaCl. Together with the results from the
inert salt dependent experiments shown in Fig. 6, we were able to establish
changes of size and shape of the NaPA chains which were induced by regular
electrostatic screening effects. Now an important prerequisite has been met
in order to successfully isolate and assess specific effects of multi-valent cat-
ions on these polyelctrolyte features in the presence of an additional inert
salt. This will be discussed in Sect. 3.2.

Beyond that, we succeeded in extracting unperturbed dimensions of NaPA
chains under both solvent conditions. Expressed in terms of the Kuhn seg-
ment length, a value of ;=4.2 nm could be established for both solvent con-
ditions [54]. Having thus available a constant value for I; for inert salt levels
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of [NaCl]>0.1 M, we were able to apply Eq. (5) to our experimental data.
The dependence of the coil size on the NaCl concentration yielded f,=0.17
and wy=-0.04 as fit parameters. Although subjected to a larger uncertainty,
values of f, and w, extracted from the molar mass dependent data in 0.1 M
NaCl and 1.5 M NaCl agreed with the salt dependent data. It is also interest-
ing to note that the values are compatible with the findings on the PVP
chains.

24
Effective Charge Density at Low and High Salt Concentrations

241
Effective Charge Density Determined by the Osmotic Coefficient

The osmotic pressure of a solution of non-interacting molecules or ions at
the zero concentration limit is determined by the total molar concentration
of solute species. In this hypothetical state, a solution of a polyelectrolyte
may contain highly charged polyions at concentration ¢, and monovalent
counterions at a concentration zc;, where c; is the molar concentration of
the polyelectrolyte and z is the number of counterions per polyion. Since
the total molar concentration is c,(z+1) ~ ¢,z for z>>1, the ideal osmotic
pressure is

i = RTzc, (19)

The product zc, equals Qc;' where Q is the fraction of ionizable mono-
mers in the polyelectrolyte and ¢ is the monomolecular concentration of

the polyelectrolyte. To account for nonideality due to electrostatic interac-
tion etc., the osmotic coefficient ® is introduced and defined as ®=I1/IT4
with

I1=®RTzc, (20)

Comparison of equations 19 and 20 shows that we can consider the prod-
uct z® as an effective charge number z.g hence ®=z,¢/z. The osmotic coeffi-
cient is therefore a measure of the extent to which the dissociated counteri-
ons are not independent osmotic entities due to Coulombic interactions
[61]. The effective charge density f,; is then derived as

fos:q)Q (21)

Manning derived the following expression for ® based on counterion con-
densation for infinite dilution
Dy == (22)
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Note that Eq. (22) is the limiting law derived for infinitely long, rod-like
polyions.

An alternative theoretical approach is the application of the Poisson-
Boltzmann equation on the so-called cell model, assuming a parallel and
equally spaced packing of rod-like polyions [62, 63]. This allows one to cal-
culate @ at finite concentration according to:

1—y?

2¢

where p is an integration constant which depends weakly on cell size, viz.
concentration. At zero concentration, y=0 and ®pg=®,,. At finite concentra-
tion, p is an imaginary number rising with concentration, so that ®pg>®).

@ can be measured directly by membrane or vapor pressure osmometry.
The application of an alternative method was described recently [64, 65]. It
is based on an analysis of the sedimentation equilibrium in an analytical ul-
tracentrifuge, where the solution contains the polyelectrolyte as well as a
small concentration of an inert salt. In sedimentation equilibrium, the con-
centration gradients of both components are coupled via a Donnan-type
equilibrium, which is governed by the effective charge number z. of the
polyion. Both concentration gradients can be determined in one experiment,
when the polyion and the coion of the salt have sufficiently separated ab-
sorption bands in the UV or visible range.

Note that this treatment inherently takes into account the effect of the
Donnan equilibrium. The osmotic coefficient obtained therefore is that of
the polyelectrolyte with no further Donnan correction term being necessary.

The polyelectrolyte systems studied were sodium polystyrene sulfonate
(NaPSS) (with sodium nitroanilinsulfonate being the inert salt) and some of
the quaternized polyvinylpyridines listed in Table 2 (with Basic Blue 1=2-
chloro-4',4"-bis-dimethylamino-tritylium chloride being the inert salt). The
PVP was quaternized to an extent of 60%, i.e. the reduced charge density is
£=1.7, while the PSS was sulfonated to an extent of 80%, hence £=2.3.

The point to note is that the polyelectrolytes have a narrow molecular
weight distribution with M,/M,<1.2; this enabled an investigation of the
molar mass dependence.

Figure 7 shows the osmotic coefficient of Et-PVP1000X having the same
contour length L,=1000 nm but differing with regard to the counterion X,
over a limited range of concentrations of the order of c;”wm“‘ M. The data

coincide closely ruling out any ion-specific effect. They are markedly lower
than the Manning limit ($)=0.29), and they are fairly independent of con-
centration although a slight increase with rising concentration seems to oc-
cur at the higher concentration end.

The osmotic coefficients around 0.15—-0.17 correspond to an effective de-
gree of ionization f,;~0.1, which is markedly lower than the value for f, de-
termined from a fit of the radius of gyration (see Tables 3 and 4), but com-
pare well to the data taken at high salt concentrations as discussed in
Sect. 2.4.2. Corresponding data for a NaPSS of contour length around

Opp = (23)
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Fig. 7 Concentration dependence of the osmotic coefficient @ of quaternized PVP,
Q=60%. Et-PVP1000I: ({}), Et-PVP1000Br: (1), Et-PVP1000CL: (/); the dashed line in-
dicates the Manning limit

500 nm (M,,=350.000 g/mol) are shown in Fig. 8. Note that the concentra-
tions are at least ten times larger than for the PVPs. A perceptible, moderate
rise of ® with increasing concentration is observed. This is in qualitative ac-
cord with Poisson-Boltzman calculations and also with other experimental
data [66].
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Fig. 8 Concentration dependence of the osmotic coefficient ® of NaPSS of molar mass
350,000 g/mol, Q=80%; the dashed line indicates the Manning limit

Figure 9 shows the dependence of @ on contour length. The respective
concentrations are 107 M for PVP and ~2 107> M for PSS. Both polyelec-
trolytes exhibit a distinct decrease of the osmotic coefficient with rising
chain length. At L,~100 nm, ®~0.25, while for L,~1000 nm ®~0.15 and
keeps going down with further rising contour length. When comparing the
PSS and PVP data, it is important to note that not only the concentration
regimes (because of experimental accessibility) and contour lengths are dif-
ferent, but also the charge densities. The fact that the data for the two differ-
ent polyelectrolytes coincide so closely is probably artificial and can result
from the cancellation of two effects: the chemical degree of ionization of the
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Fig.9 Dependence of the osmotic coefficient on contour length; NaPSS at
c;%10"3 mol L7 ({); Et-PVP-X at 1:;;z10“1 mol L7 (A)

PVP is lower than that of NaPSS, but the data are taken at considerably lower
concentration.

24.2
Conductivity Measurements Across the Phase Boundary

In close vicinity to the “salting out” phase transition, the effective charge
density was determined by conductivity measurements in combination with
the known and estimated electrophoretic mobilities of the counterions and
the polyions, respectively. The procedure is based on the fact that, shortly
before the precipitation of the polyion, the conductivity comprises contribu-
tions of polyions, free counterions and added salt. After precipitation of the
polyion by reducing the temperature the conductivity is given solely by the
supernatant aqueous salt solution, thus the difference Ao is due to polyions
and free counterions

Ao =o0,+0, (24)

For most samples investigated, the temperature interval during which
precipitation occurs, is quite small, i.e. 2-5 °C, as shown in Fig. 10. The up-
per dotted curve in Fig. 10 represents the temperature dependence which
would be expected for the polyion solution if no precipitation occurs and if
the fraction of free counterions would not increase with temperature, i.e. the
increase in conductivity is solely caused by the decrease of the viscosity of
water. Ac may be utilized to determine the effective charge density f; by the
equation

Ao
fa =

26y (1) 2

with ¢ the polyion concentration in monomole/L and 1, and y. the respec-

tive mobilities of the polyion and counterion, respectively. Since the mobili-
ties are tabulated and measured at 25 °C also Ao is determined at T=25 °C
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Fig. 10 Temperature dependent conductivity ¢ for Me-PVP19401I, ¢,=5 gL™!, Q=80%. a
Raw data (57) with salt reference measurements (solid line: 0.03 M Nal). b Polyelectro-
lyte conductivity Ac after subtraction of the reference measurement. (A, O) repeated
measurements

Ac [mS cm’']

as the difference between the experimental values of the aqueous salt solu-
tion and the “hypothetical” upper full curve.

The present samples salt out in Nal solutions, only. For I" the mobility is
=8 10~* cm?V~! s™1. The polyion mobilities were measured by electropho-
retic light scattering, shown in Fig. 11. Although at low salt x, linearizes
with c}/?, at high salt concentrations the experimental error becomes larger
and the mobility could not be determined close to the phase transition. To
this end 1, is considered to be smaller than 2 107 cm?V~" s™" and the calcu-

lations are performed with £,=1+0.8 107* cm*V s~
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Fig. 11 Electrophoretic mobility of Et-PVP400I at Q=90% ([J), Me-PVP1940I at Q=80%

(A), Me-PVP1940I at Q=50% (<»), and Bu-PVP1940I at Q=70% (57) as function of
added salt concentration
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Fig. 12 Temperature dependent conductivity measurements of Et-PVP400I, ¢,=12 g L™,
Q=90%. a Raw data ([J) with salt reference measurements (solid line: 0.1 M Nal). b Poly-
electroyte conductivity after subtraction of the reference measurement. ([J, A) repeated

measurements

Fortunately, this large uncertainty in x, does not influence the value of f;
significantly because Ao almost exclusively originates from the I" mobility.
Finally it should be mentioned that not all investigated polyion systems pre-
cipitate within a small temperature interval. Figure 12 shows that the con-
ductivity of sample Et-PVP1940I exhibits an initial sharp drop of o followed
by a pronounced tailing towards lower temperatures. In such case the con-
ductivity drop was determined by fitting the conductivity of the two phase
solution by the reference conductivity of salt solution below the precipita-
tion temperature. In some rare cases observed particularly at low chemical
charge densities no sharp drop of ¢ is observed but rather a continuous

opalescent &

6 turbid

precipitate

0 20 40 60
T[C]

Fig. 13 Temperature dependent conductivity measurements for Et-PVP1940I at Q=40%

(CJ) with a salt reference measurement (line)
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Fig. 14 Effective charge density f; close to the precipitation boundary as a function of
Nal concentration; (l): MePVP1940I, Q=80% and ([J): BuPVP1940I, Q=70%

transition as shown in Fig. 13. For these samples f; could not be determined.
The origin of this continuous and slow precipitation process could not yet
be identified. Phenomenologically, colloidal particles form in a first step,
which slowly aggregate and eventually precipitate.

Despite the strong scatter of the data there is a tendency of f; to decrease
with increasing c, as graphically shown in Fig. 14.

243
Discussion of the Effective Charge Densities

The effective charge densities derived from the osmotic coefficient f, (see
Sect. 2.4.1) is much lower than expected from Manning condensation or by
the Poisson-Boltzmann theory. It compares well with the low effective charge
densities determined by the conductivity measurements at high added salt
concentrations, i.e. at the “salting out” phase transition, which lie in the
range of 0.1<f;<0.05. This seems to indicate that the effective charge density
would not vary much with added salt concentration, although the conductiv-
ity measurements seem to show a decrease of f; with increasing salt concen-
tration. The low charge densities discussed seem to be in contradiction to
the much higher charge densities f, derived from the polyion dimensions
utilizing Muthukumars excluded volume expression given by Eq. (5). At this
point the question ought to be addressed whether the three methods applied
for the determination of the effective charge density could be expected to
yield similar results. Muthukumars expression calculates the expansion of
the polyion dimensions due to the electrostatic excluded volume. Thus, f,
represents the charge density which is experienced by “probe charges” locat-
ed in the close vicinity of the polyion chain. This charge density f, could be
significantly larger than f,; derived from the osmotically active counterions
which predominantly consist of the free counterions far away from the chain
backbone. Finally, the evaluation of f; requires the assumption that the
counterion mobility is not affected by the presence of the polyion. Electro-
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static coupling to the polyion dynamics may slow down the counterions
slightly.

In summary the discussion above appears to provide a crude and qualita-
tive explanation of the experimental charge densities. For more detailed re-
cent progress by computer simulations in this field the reader is referred to
theoretical contributions in this volume. However, the determination of the
effective charge densities remains a highly delicate issue and the discussion
above may at most provide some qualitative trends which, however, are
based on several assumptions.

3
Aspects of Phase Behavior of Quaternized Polyvinylpyridine
and Sodium Polyacrylate

3.1
Salting Out and Salting in of Poly(2-vinylpyridinium) Cations

As already indicated in Sect. 2.2.2 the salting out concentration depends on
the chemical nature of the counterions.

For Nal a peculiar phenomenon is observed. After the polyelectrolyte pre-
cipitates at a certain concentration of added Nal (“salting out”) it dissolves
again upon further increase of the salt concentration (“salting in”). For the
polyvinylpyridinium system this phenomenon is only observed for added
salt containing iodide, whereas long ago the salting in was also observed for
anionic polyelectrolytes [21, 22].

The location of the phase boundaries as function of added salt was moni-
tored as a function of temperature, charge density, chain length and hy-
drophobicity of the polyelectrolyte. The polyion concentration was kept con-
stant at 0.1%. However, the results did not change significantly if ¢, was in-
creased to 2%. Higher polyion concentrations were not investigated system-
atically.

It should be noted, that the miscibility gaps discussed throughout the pa-
per are not to be confused with classical coexistence curves, i.e., the misci-
bility gap does not refer to the phase separation into a salt-rich and a salt-
poor phase, but rather to the solubility/precipitation of the polyelectrolyte
at constant ¢,=0.1%.

The complete determination of the solubility diagram is prohibited by
two limitations: the accessible temperature range in water is naturally limit-
ed from 0 °C to 100 °C and the upper salt concentration is limited by the sol-
ubility of Nal in water.

The chemical charge density is the most important parameter governing
the size of the region where the polyion precipitates (two phase region). The
salting in boundary is only observed for high degrees of alkylation. Above a
chemical charge density of about 70% the phase boundaries almost coincide
for samples with identical alkyl substituents. Figure 15 shows this for Et-
PVP19401. The miscibility gap reduces with increasing charge density
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Fig. 15 Phase boundaries of Et-PVP1940I in aqueous Nal solution with different chemi-
cal charge densities Q=40% (A), 70% (v7) and 80% ()

(Fig. 16) even above the Manning limit, corresponding to a charge density
of 0.35.

For highly quaternized polyelectrolytes, temperature dependent conduc-
tivity measurements exhibit a sudden drop of conductivity while crossing

100

TI[°C]

Fig. 16 Sketch of the hypothetic variation of the miscibility gap with increasing chemical
charge density (experimental window indicated by rectangle)

the phase boundary. In contrast, polyelectrolytes with smaller chemical
charge density precipitate continuously over a large temperature interval.

The hydrophobicity also influences the size of the two phase region, but
not as pronounced as the charge density. Figure 17 shows this by compari-
son of Bu-PVP1940I and Et-PVP1940I for similar chemical charge density.
The more hydrophobic Bu-PVP is salted out at about half the salt concentra-
tion needed for Et-PVP.

The introduction of ether groups into the side chains was used for further
increase of hydrophilicity. Scheme 2 shows the hydrophilic quaternization
reagent methoxy-ethoxy-butyl-tosylate (ME1B-Tos). The corresponding
polyelectrolyte ME1B-PVP shows an upper critical solution temperature
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Fig. 17 Phase boundaries of Et-PVP1940I (M, [J) and Bu-PVP1940I (A, A) in aqueous
Nal for different degrees of quaternization (Q=70% solid symbols and 40% open sym-
bols)

(Fig. 18), exhibiting a behavior similar to PEO [67, 68], which is governed
by hydrogen bridging between water and monomer units [69]. Hence, fur-
ther increase of hydrophilicity moves the miscibility gap up, as shown in
Fig. 19.

80 1

40

T[°C]

c, [mol L]

Fig. 18 Upper and lower critical solution temperature of ME1B-PVP1940Tos, Q=70%
() and Et-PVP1940I, Q=70% (O) respectively.

/O\/\O/\/\/OTs

Scheme 2 Structure of the hydrophilic quaternized agent methoxy-ethoxy-butyl-tosylate
ME1BPVP1940Tos

The contour length of the polyelectrolyte shows only a minor influence
on the miscibility gap. With decreasing size of the chain length the two
phase region increases and is moved to slightly lower salt concentrations for
intermediate degrees of quaternization. Moreover the temperature depen-
dence of the phase boundary decreases.
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Fig. 19 Sketch of the hypothetic shift of the miscibility gap for hydrophilic substituents
(experimental window indicated by rectangle)

For high chemical charge densities the miscibility gap coincides indepen-
dently of the contour length (Fig. 20), i.e. Et-PVP400I exhibits the same be-
havior as Et-PVP1940I even though the contour length is varied by a factor
of 5.

]
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Fig. 20 Phase boundaries of Et-PVP in aqueous Nal under variation of chemical charge
density and contour length Et-PVP400I and Q=90% (O), Et-PVP1000I and Q=60% (<>).
(Other symbols as in Fig. 15)

Finally, the most likely mechanism for the “salting in” effect ought to be
discussed. A simple explanation would be that Nal represents “hypothetical-
ly” a good solvent for the polyion. Thus with increasing volume fraction of
Nal the polyion becomes more soluble which would be equivalent to an in-
crease wy, due to an increase of the solvent quality. A more likely mechanism
of the salting in seems to be a charge reversal i.e. the formation of a charge
transfer complex between the pyridinium and iodide ion. This is long
known for low molecular weight compounds [70,71], but in the case of quat-
ernized PVP additional substituents causing a bathochromic shift would be
needed for detection of the charge transfer complex via UV absorption.
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Fig. 21 Particle charge of various X-PVP against salt concentration, errors within size of
the symbol as indicated in the high salt regime. Lines indicate different salt reference
measurements. Me-PVP1000Br, Q=60% (57) and Me-PVP19401, Q=70% (A)

The salting in regime could only be investigated via a particle charge de-
tector. This easy set up induces an electrical field by an oscillating flow. The
electrical field relates to the particle charge, but the method cannot give an
absolute value [72]. In Fig. 21 is shown, that close to the phase boundaries
of the system, the polyelectrolyte exhibits almost no charge and becomes
slightly negatively charged above the “salting in” regime. However, this data
scatters around zero, which prohibits a final proof of charge reversal. This
point needs further investigation. It should be noted, that the concentrated
iodide solution is highly sensitive to oxidation i.e. by light or electrical fields
which prohibits electrophoretical experiments within the salting in regime.

3.2
L-type Precipitation of Sodium Polyacrylate

Wall and Drenan [24] were among the first to notice the impact of earth al-
kaline cations on the solution behavior of polyacrylic acid. They added solu-
tions of M(OH), with M=Ca, Sr, Ba to solutions of polyacrylic acid in dis-
tilled water and observed precipitation of MPA. Inspired by the amorphous
appearance of the precipitate, they used the term gelation. The smaller the
acid concentration was, the more M per COO™~ group was required to induce
precipitation. According to Wall and Drenan, monodentate binding of M**
is necessary to cause bridging to a COO~ group from a different polymer
chain. The likelihood for such intermolecular bidentate complexes increases
with increasing PA concentration. At a distinct acid concentration, gelation
efficiency increased according to Ca<Sr<Ba, indicating that gelation is not
only a matter of electrostatic interactions.

Following this paper, two pioneering publications revealed the major as-
pects of this precipitation [23,25]. In both investigations, aqueous solutions
of the sodium salt of poly-carboxylic acids were used instead of the polyacid.
Michaeli [25] investigated in a highly systematic way the influence of an in-
ert salt NaCl and the degree of ionization Q of the polyelectrolyte chains on



Conformation and Phase Diagrams of Flexible Polyelectrolytes 55

the precipitation behavior of sodium polymethacrylic acid (NaPMA). He
was able to show that the amount of Ca’* required to precipitate NaPMA in-
creased linearly with increasing NaPMA according to

[M**] =m+1[COO07], (26)

In Eq. (26), [M**]. and [COO™]. denote molar concentrations of M** and
monomer respectively required for precipitation. The intersection of the line
and its slope were best described according to

= $+ 0.13[NaCl| (27a)
ro = Q(0.8 — 0.7[NaCl]) (27b)

For fully dissociated NaPMA, the straight lines approached the origin. Ad-
dition of NaCl caused m to increase proportional to [NaCl]. At the same time
the slope ry gradually decreased. The latter effect was compatible with the
recent finding [73] that the precipitates included a fraction of monovalent
cations which obviously increase with increasing [NaCl]. If the intersection
is extrapolated to [NaCI]=0, a quasi solubility product mQ*=0.0034 can be
inferred from Eq. (27a). This law of mass action, however, refers to the sepa-
rated coils as the “reaction containers” for the precipitation process. The un-
derlying reaction M** + 2COO™—> M(COO), changes the solubility of the
PMA chains. According to Michaeli [25] it is this solubility change which
leads to the precipitation rather than an intermolecular cross linking.

Ikegami and Imai [23] extended our knowledge on NaPA, confirming
Eq. (26) for Q=1 and [NaCl]=0 and M=Ag*, Mg**, Ca®*, Ba’* and La’*. If
self-ionization was completely depressed by adding HCI, precipitation of PA
did not follow Eq. (26) any more but required much larger amounts of biva-
lent metal cations (H-type), independent of [COO~]. At an intermediate neu-
tralization of Q=0.25, Ba®" resulted still in an L-type precipitation whereas
Mg?* could only induce a H-type precipitation [23].

Inspired by the work of Michaeli [25] and Ikegami and Imai [23], we de-
cided to investigate the coil conformation of NaPA chains when approaching
the precipitation limit [74-76]. First investigations were performed with
Ca’* as a bivalent metal cation [74, 75]. The approach to the phase boundary
was achieved by either gradually decreasing the NaPA concentration at a
constant Ca®* concentration (route 1) or by increasing the Ca?* concentra-
tion at a constant NaPA concentration (route 2) [75, 76]. Along both routes,
series of intermediates could be investigated with combined static and dy-
namic LS. The main feature of any series is the varying ratio of [Ca’*]/
[COO7]. Within a series, the overall concentration of positive charges stem-
ming from the inert salt and Ca®* was kept constant. The bivalent cations
were introduced by replacing the corresponding amount of Na* ions. The
extent of replacement did not exceed 20% and in most cases it was kept be-
low 10%.
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Fig. 22 Static light scattering close to the precipitation threshold. Measurements are per-
formed at constant [Ca?*] by decreasing [NaPA] (route 1). The inert salt level is 0.1 M
NaCl. Squared mean square radius of gyration is plotted vs. [NaPA]. The symbols denote
four different Ca?* concentrations: 3.25 mM (V¥); 3.5 mM (H); 3.75 mM (A); 4.0 mM
(®@). Vertical lines indicate precipitation limits which appear as open circles in Fig. 23

Replacement of cations at a fixed concentration of positive charges kept
the effect of regular screening approximately constant and the impact of bi-
valent metal cations was isolated [54,74,75]. As an example, Fig. 22 outlines
the results from static LS for four series of measurements with a single NaPA
sample. Data are represented in terms of the initial slopes of the scattering
curves, which are proportional to the mean squared radius of gyration Rg.
Each series approaches the phase boundary at a different concentration of
Ca’* along route 1. Within each series, R} decreases with decreasing [COO"].

In order to amplify the effect, the square of Ré is plotted indicating a thresh-
old concentration [COO~], where R; falls short of the experimentally acces-

sible limit. If this concentration threshold was crossed, the apparent molar
mass started to significantly increase and a second mode appeared in dy-
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Fig. 23 Phase boundaries for PA2 at four different NaCl levels: 0.01 M (A) 0.1 M (H)
0.8 M (®) and 1.5 M (V). An additional phase boundary is included for sample PA1 in
0.1 M NaCl (@, O). The open circles indicate the respective situation for the measure-
ment series discussed in detail in Fig. 22
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Table 5 Parameters of Eq. 26 for phase boundaries of the system NaPA with Ca?* at T=25 °C

[NaCl] Sample M,,[10° gmol™']? m[mmolL™!] 1o

1.5 PA2 3.3 6.13 0

0.1 PA2 3.3 3.05 0.405
0.1 PA1 0.95 2.94 0.34
0.01 PA2 3.3 0.549 0.345

 Molar mass values are based on dn/dc=0.167 cm®/g

namic LS. Both effects indicated aggregation and served as criteria to ex-
clude further evaluation of the respective data in terms of single chain be-
havior. In fact, the respective solution gradually became turbid [74, 75].

The phase boundaries thus recorded for Ca?* are summarized in Fig. 23.
Parameters from Eq. (26) are represented in Table 5. The results for two
more NaPA samples in 0.1 M NaCl from an earlier publication [74]
(m=3.12 mmol/L, 3.4 mml/L and r,=0.27 and 0.28 respectively) agree fairly
well with the data in Table 5. The only value which seems to deviate slightly
is 70=0.41 in Table 5, specially if we bear in mind that r, is expected to de-
crease with increasing [NaCl]. The present data are also compatible with re-
cent findings by Pochard et al. [73] (,=0.33) and by Sabbagh and Delsanti
[77] (r9=0.36), both in distilled water. However, Eq. (26) fails to describe the
precipitation behavior of NaPA if the inert salt level significantly exceeds
0.1 M NaCl. The phase boundary even exhibits a minimum if [NaCI]=0.8 M.
It is also worth being mentioned in addition, that the extension of the one
phase regime limited by the curve [M**] versus [COO™], is largest in the re-
gime around [NaCl]=0.8 M and shrinks on further addition of NaCl.

In this context, reference is given once more to the results by Sabbagh
and Delsanti [77] on solutions free of inert salt. They could show that devia-
tions from Eq. (26) also occurred if the polymer concentration was low en-
ough. A minimum in the diagram [M?*] versus [COO™], appeared which was
shifted to larger values of [COO7],, the smaller the molar mass of the NaPA
samples became.

From the experiments just outlined [74-76], a few points are worth being
emphasized: A powerful procedure was developed to gradually approach
phase boundaries of polyelectrolyte precipitation. The approaches can be
performed in a highly systematic manner and lead to states which are locat-
ed extremely close to the precipitation threshold. Approaches could success-
fully be accompanied by LS experiments. The experiments demonstrated,
that the polyelectrolyte chains shrank dramatically in size immediately be-
fore the phase boundaries were reached. A sudden increase of the scattering
intensity indicated the phase boundaries. These developments give rise to
the hope that intermediates may be revealed which have not become accessi-
ble in preceding investigations [78-81].
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4
Size and Shape of Collapsing Polyelectrolytes by Light Scattering

4.1
Ca?* Induced L-Type Precipitation of Sodium Polyacrylate

As described in Sect. 3.2, the size of the NaPA coils shrink drastically when
the precipitation line is approached. This is revealed by a decrease of the ra-
dius of gyration R, and the hydrodynamically effective radius Rj. In exploit-
ing this effect, data from various approaches to phase boundaries belonging
to different inert salt levels and NaPA samples had been collected. Facing
such an extensive set of data, a meaningful tool for its interpretation seems
highly desirable.

The two dimensionless parameters o and p appear to be especially help-
ful. o is the ratio of the radius of gyration of any intermediate along the ap-
proach to the phase boundary and the radius of gyration of the unperturbed
chains, i.e., the ©-state (see Eq. (4). The latter were determined experimen-
tally in 1.5 M NaCl. The second parameter is the shape sensitive ratio p of
the radius of gyration and the hydrodynamic radius (see Eq. (17).

A plot of the two parameters as p versus o promises new insight in the
M?* induced shrinking mechanism. As long as the mechanism is the same, a
single curve could be expected, independent of the NaPA sample, of the inert
salt level, of the type of the bivalent cation and of the special location where
the phase boundary would be approached.

Figure 24 summarizes plots of p versus a at three different levels of NaCL
The NaCl concentrations are 1.5 M, 0.1 M and 0.01 M respectively. Whereas
Figs. 24a and 24c exhibit data from a single NaPA sample (M,,=3.3 10° g/
mol), Fig. 24b even includes data from two different samples (M,=0.95
10° g/mol and M,,=3.3 10° g/mol). At the inert salt level of 1.5 M NaCl, the
shrinking of NaPA chains due to the addition of Ca’* began at a state already
as small as its unperturbed dimensions. Contrary to this, the NaPA coils at
the two lower salt levels of 0.1 M and 0.01 M NaCl are highly extended in the
absence of Ca’* leading to much larger shrinking ratios if referred to the
M?*-free state. However, only data from intermediates where the shrinking
had reached an extent which made Ry<R, o have been used for the plots. In
all three Figures an additional curve is included. This curve corresponds to
a plot inferred from experimental data of poly-(N-isopropylacryamide)
(PNIPAM) in water [82]. At T=30.6 °C, water is a ©-solvent for PNIPAM and
the resulting curve represents the collapse of a neutral polymer chain if the
O-point is crossed. The curve begins with p=1.5 at =1, gradually decreasing
to a value of p=0.77 at shrinking ratios close to a=0.2, which is compatible
with a coil to sphere transition. The curve thus serves as an excellent refer-
ence curve.

At [NaCl]=1.5 M, the phase boundary is a horizontal line and the ap-
proach had to be performed along route 2. Unfortunately, the results turned
out not to be very instructive because the experimentally accessible shrink-
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Fig. 24 p parameter vs. shrinkage ratio o at three different NaCl concentrations [75]:
1.5 M (a) 0.1 M (b) and 0.01 M (c). Experiments with sample PA2 are denoted as a c,=
3.234 mmol L' (M); ¢,=0.29106 mmol L™' (@); c¢,= 0.84043 mmol L' (A);
¢,=3.3936 mmol L™ (V¥); ¢=2.516 mmol L™ (O); ¢,=1.6968 mmol L™' (®); b
¢,=3.25 mmol L' (M); ¢,=3.5 mmol L™! (®); ¢,=3.75 mmol L™! (A); ¢,=4 mmol L™" (V¥);
¢ ¢,=0.6 mmol~' (A); ¢;=0.8 mmol™' (¥); ¢,=1 mmol L™! (#); ¢,=0.7 mmol~' (M). PA1
was only investigated in the presence of 0.1 M NaCl-content at four different Ca®* con-
tents: ¢;=3.5 mmol™! (®); ¢;=4 mmol™! (V); ¢;=4.5 mmol™ (A); ¢,=5 mmol™! (). The
limit of a sphere like shape is reached in the 0.1 M NaCl and 0.01 M NacCl solutions. The
curve represents literature data for a coil-globule-transition of neutral polymers below
O-temperature [82]

ing regime was too narrow (Fig. 24a). If the extent of shrinking dropped be-
low 0.5, the samples usually started to aggregate, preventing further mea-
surement of single chain behavior. The situation became much more inter-
esting however, at an inert salt level lower by more than an order of magni-
tude.

Figure 24b represents the shrinking at [NaCl]=0.1 M. This time, most of
the measurement series were performed along route 1. Independent of the
NaPA sample and the Ca’* concentration, the data followed the same trend.
They started at p~1.6 as expected for unperturbed NaPA chains (Chapter
2.3), being slightly above p-ratios corresponding to the ©-state of monodis-
perse neutral coils. In a few rare cases they were getting close to 0.77 at
0~0.3. Clearly, the NaPA chains adopt the shape of a sphere, prior to precip-
itation with Ca**. The difference between the present trend and the reference



60 N. Volk et al.

curve based on PNIPAM may be due partly to the larger polydispersity of
the NaPA samples.

Finally, in Fig. 24c the inert salt level was decreased by another order of
magnitude. Although scatter of the results was somewhat larger than at
[NaCl]=0.1 M, data at [NaCl]=0.01 M again followed a unique trend, inde-
pendent of the Ca®" concentration selected for the measurement series
along route 1. As in 0.1 M NaCl, the p-values started at p~1.6 for a=1 and
reached the sphere limit at the largest extent of shrinking achieved by ex-
periment. However, it is most striking that the trend in 0.01 M NaCl was
different from the one observed at 0.1 M NaCl. Whereas in 0.1 M NacCl the
sphere limit was reached at 0~0.3, it was approached only at a~0.1 in
0.01 M NaCl. Clearly, the experimentally accessible extent of shrinking was
much larger for the lower concentration of inert salt. At the same time the
p-values kept constant within experimental error over a large shrinking re-
gime of 0.3<a<1.0.

This effect is compatible with at least two alternative mechanistic models
at 0.01 M NaCl: (i) the shrinking process passes self similar intermediates
over a wide range of ¢; (ii) the mechanism comprises two opposing effects, a
condensation of monomers decreases p and an increasing anisotropy of the
collapsing species increases p. No matter which of the proposed models de-
scribes the actual process, the mechanism seems to be different from the
one taking place at the higher inert salt level. This conclusion can be drawn
unambiguously from the different trends shown in Figs. 24b and 24c. In
spite of mechanistic differences, the limiting structures are equal in both in-
ert salt levels.

After having discussed the influence of the inert salt level on the Ca®* in-
duced coil collapse, we would like to draw attention to another interesting
aspect. As found by Michaeli [25] and confirmed by our own data [75,76],
addition of inert salt increases the solubility of CaPA. This immediately pos-
es the question of how the addition of inert salt affects the size and shape of
a collapsed NaPA chain.

To answer this question, NaPA chains were collapsed by Ca** ions along
route 1 at two different phase boundaries. The collapsed state was estab-
lished by p-values significantly smaller than 1. Having approached this state,
the NaCl concentration of the sample was increased at constant concentra-
tions of all other components. This procedure was performed with three dif-
ferent series starting from three different collapsed samples. Two belonged
to the same phase boundary at 0.01 M NaCl differing only in the values for
[Ca**]. and [COO].. The results were striking.

In all three experimental series, addition of NaCl caused a gradual in-
crease of the coil dimensions which approached or even slightly crossed the
unperturbed radii. This can be explained as follows. The Ca’" ions are ex-
pected to be bound to the COO™ groups via complex bond formation which
render the chain hydrophobic and insoluble in water. Addition of NaCl gen-
erates a swamping excess of Na* ions which gradually replace the Ca** cat-
ions. Being bound less tightly to the COO™~ groups than the Ca’* ions, the



Conformation and Phase Diagrams of Flexible Polyelectrolytes 61

100 & o8 ve @7
.
—_ e
E. 60 . =
Iﬂ‘
. ]
201 ¢
b -
.
_ 50 " = “ - L .
A
or 30/ .
s
104 v v
0.01 0.1 1

[NaCl] [mol L]

Fig. 25 Radii of gyration R, (a) and hydrodynamic radii R, (b) versus NaCl concentra-
tion [75] for PA2 at ¢,=0.9 mmol L™! and ¢,=1.2234 mmol L' (®); ¢,=1.2 mmol L! and
¢,=2.1809 mmol L' (A); ¢=4.0 mmol L™" and ¢,=2.5 mmol L' (M). The lines indicate
unperturbed dimensions of PA2 at 1.5 M NaCl

chains recover part of their hydrophylicity and start to expand. Coil expan-
sion for all three series are summarized in Fig. 25a,b. Transformed into p
and o data, all three series yield a single trend shown in Fig. 26. This indi-
cates that expansion proceeds according to the same mechanism for all three
series of measurements and at the same time proves the validity of the p ver-
sus a plot!

o tap
16 gt e
.I
o4
A
(=8
0.8 . 1
o
0.0 0.4 0.8 1.2

o

Fig. 26 p-parameter vs shrinkage ratio o for the three measurement series [75] of Fig.
25 at ¢,=0.9 mmol L ™! and ¢,=1.22 mmol L' (@) ¢,=1.2 mmol L' and ¢,=2.18 mmol L™
(A); c=4.0 mmol L' and ¢;=2.5 mmol L1 (m)
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4.2
Comparison of Ca2*, Sr** and Ba** lons

The impact of the type of earth alkaline cation on the shrinking mechanism
is an interesting question by itself. Moreover, knowledge in this field is rele-
vant for SAXS measurements. The earth alkaline cations with higher electron
density might reflect the shape of the collapsing chains if they are bound to
the very chains [77].

In the present chapter, a preliminary investigation of the influence of ho-
mologous cation variation on the structural transformation shall be given.
This comparative investigation was performed with Ca®*, Sr** and Ba®* at
an inert salt level of 0.01 M NaCl. In all cases, the phase boundary was ap-
proached along route 1 at different concentrations of M?*. All results stem
from the same NaPA sample and are summarized in Fig. 27 and Table 6.

Clearly, the phase boundaries lie on top of each other. A closer look re-
veals a slight decrease in the slope ry of Eq. (26) according to Ca**>Sr?*>-
Ba®*, which indicates that the larger the bivalent earth alkaline cation is, the
smaller is the stoichiometric amount of M** necessary to precipitate NaPA.
Although based on a different method, the present results suggest a compar-
ison with data from Pochard et al. [73]. In doing so, we have to keep in mind
that our own r, values are of fair accuracy at best because they were evaluat-
ed from slopes based on a few data points only. Still, this trend in r, is the
opposite to the observation of Pochard et al. [73]. They found a decrease of
the amount of M** per COO™ function at the precipitation threshold, if Ca**

— 2 [ ]

s |

S

E

E

— 1

=

(']
0 g . . "
0 1 2

[NaPA] [mmol L]

Fig. 27 Phase boundaries for three different earth alkaline cations in 0.01 M NaCl: Ca?*
(H); Sr** (A); Ba’** (@). The polymer sample is PA2

Table 6 Parameters of Eq. 26 for phase boundaries of the system PA2 with M?* denoting
earth alkaline cations at T=25 °C

[NaCl] M2+ m[mmolL™] 7o
0.01 Ca* 0.549 0.345
0.01 Sr?* 0.563 0.249

0.01 Ba?* 0.622 0.160
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Fig. 28 p-parameter vs. shrinkage ratio o at 0.01 M NaCl for two different earth alkaline
cations: Sr** (a) and Ba®* (b). Different approaches to the phase boundary are denoted
in a ¢=0.957 mmol L' (M); ¢,=0.559 mmol L' (@); ¢=1.0 mmol L™ (¥);
¢=0.9 mmol L' (A); ¢=1.5 mmol L™' of PAl (®); b ¢,=0.55 mmol L' (V¥);
¢;=1.13 mmol L7! (®); c¢=1.76 mmol L™! (@); ¢=0.95 mmol L™! (¥). The curve repre-
sents literature data for a coil-globule-transition of neutral polymers below ©-tempera-
ture [82]. In both figures specification of ¢, or ¢, corresponds to route 1 or to route 2
respectively. Unless otherwise mentioned the polymer sample is PA2

is exchanged by Ba®*. Neutralization of the PA chains with M** increases the
hydrophobic nature of the chain and according to Pochard et al. [73], an in-
crease in the hydrophobic nature of the bidentate complex between M?* and
COO~ lowers the critical amount of M** per COO™ necessary to precipitate
the MPA salt. As a consequence, their results suggest a hydrophobicity which
is larger for Ca** than for Ba**.

Turning to the shrinking mechanism, we are faced with data of varying
quality. Barium, as the largest cation in the row, exhibited a trend (Fig. 28 a)
which was of better quality than Ca?t (Fig. 24c). Yet, for both cations, con-
stant p ratios were observed over a regime of shrinking of 0.3<a<1.0 and
the sphere limit was reached only at @<0.2. This points to a single mecha-
nism of coil shrinking in 0.01 M NaCl which includes either self similar or
increasingly anisotropic intermediates prior to reaching the sphere limit.
Unfortunately data from Sr** cations scattered slightly more than those of
Ca’* (Fig. 28b) and do not allow clear assessment of the type of mechanism.
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Abstract In this chapter we review recent advances which have been achieved in the theoret-
ical description and understanding of polyelectrolyte solutions. We will discuss an im-
proved density functional approach to go beyond mean-field theory for the cell model and
an integral equation approach to describe stiff and flexible polyelectrolytes in good solvents
and compare some of the results to computer simulations. Then we review some recent the-
oretical and numerical advances in the theory of poor solvent polyelectrolytes. At the end
we show how to describe annealed polyelectrolytes in the bulk and discuss their adsorption
properties.
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Abbreviations and Symbols

DH Debye-Hiickel
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OCP One-Component-Plasma
PRISM Polymer-Reference-Interaction-Site model
RIWC Reference-Laria-Wu-Chandler closure
Z. counterion valence
Zm monomer valence
N polymer chain length, number of repeat units
h(r) total correlation function
g(r) pair correlation function
= (kgT)™!

vHC(7) hard core potential
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1 bond length

1, persistence length

b monomer size

Ig Bjerrum length

Ap Debye (screening) length

K inverse Debye length

P monomer density

Pe counterion density

Rg end-to-end distance

Rg radius of gyration

f fraction of charged monomers
S(q) total structure factor

Sic inter-chain structure factor

S spherically averaged chain form factor
'3 correlation length

q peak in the structure factor S;c(q)
dm peak in the total structure factor S(q)
v chemical potential (of charges)
Eal electrostatic blob size

v virial coefficient

T reduced temperature

1

Introduction

Looking back over the last 30 years of the evolution of our general theoreti-
cal understanding of neutral polymers in solution or in melts, much has
been achieved by employing modern scaling concepts [1]. In the case of
polyelectrolytes, however, the very long range nature of the interaction
makes the situation much more complex. The traditional separation of
scales, which allows one to understand properties in terms of simple scaling
arguments, does not work in many cases that well any more. Ideas and
methods developed over many years for charged colloidal systems together
with approaches which take the internal degrees of freedom of the chains
but also the nature of the counterions and/or salt ions into account have to
be combined and worked out. As is illustrated in the following for a few spe-
cific examples, significant progress has been made. However, compared to
neutral polymers our understanding is still rather superficial. A direct ex-
perimental test of the theoretical concepts is quite often not possible due to
idealizing assumptions in the theory but also lack of detailed control over
the experimental system (e. g., chain molecular weight). Here computer sim-
ulations play a crucial role. Specific examples are given below. However, for
computer simulations the same holds for the analytic theory as well as the
experiment. Due to the long range nature of the interaction, the system sizes,
as well as the typical accuracy of the results, are still significantly below what
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is standard for neutral polymers. Thus the present theory chapter can only
give a snapshot picture of some recent developments/improvements made
over the last few years within and around the DFG Schwerpunkt ‘Polyelek-
trolyte’. The text also clearly demonstrates that with the newly developed
means (both analytical and simulational) significant further progress can be
expected over the next years.

2
Stiff Polyelectrolytes

Stiff linear polyelectrolytes can be approximated by charged cylinders. This
is a relevant special case, applying to quite a number of biologically impor-
tant polyelectrolytes with a large persistence length, like DNA, actin fila-
ments or microtubules as well as to various synthetic polyelectrolytes such
as those based on a poly(p-phenylene) backbone, which are the topic of a
separate chapter in this book. Freezing the conformational degrees of free-
dom of real polyelectrolytes enables one to formulate theories which can be
analytically solved, for example on a mean-field basis like the Poisson-Boltz-
mann (PB) approximation, which can also be formulated as a local density
functional theory, within an integral equation theory approach, or simply by
simulations, which we are going to review in the following subsections.

2.1
PB Theory, Density Functional Extensions, and Simulations

Within PB theory [2] and on the level of a cell model the cylindrical geome-
try can be treated exactly in the salt-free case [3, 4]. The Poisson-Boltzmann
(PB) solution for the cell model is reviewed in the chapter in this volume on
the osmotic coefficient. The PB approach can provide for instance new in-
sights into the phenomenon of Manning condensation [5-7]. For example,
the distance up to which counterions can be called condensed can be conve-
niently found via the inflection point in the log plot of the integrated radial
distribution function P(r) of counterions [8, 9], defined as

P(r) :% /h 4r2nZ.eon(F) (1)

where b is the radius of the rod and 1 its line charge density, Z, the counteri-
ons valence, e, the unit charge, and n the counterion density.

The PB treatment considers the ions as a noninteracting ideal gas, and
therefore neglects excluded volume and Coulomb interactions between the
ions. Our general observation is that for small line charges, low densities,
and small Coulomb couplings, the agreement between PB theory and the
simulations of the full interacting system is rather nice. However, PB theory
fails quantitatively (underestimated condensation) and qualitatively (over-
charging, charge oscillations and attractive interactions) for higher densi-
ties, larger coupling strengths, and multivalent counterions/salt; see, e.g.,
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Refs. [9-12]. In these case more refined theories are needed, see e.g. Ref.
[13] for various approaches.

In the following we outline the method of Ref. [18] which attempts to re-
tain the simplicity of the PB theory but also accommodates correlation ef-
fects within a local density approximation (LDA) where all the relevant in-
teractions are included at the level of the free energy density. One starts out
with the free energy density of the PB approach and adds an appropriate
correlational correction to the mean-field free energy density. One attempt
at the level of the Debye-Hiickel theory (DH) is called DH plus Hole (DHH)
[14]. It locally approximates the correlational contributions beyond mean-
field theory by the free energy of the One Component Plasma (OCP) [15].
The classical OCP is an idealized system of N charged point-like particles of
valence Z, interacting in a neutralizing background. The OCP free energy
density is a concave function which favors the development of inhomo-
geneities. As a result, the ions might separate into a low and a high density
phase. In the case of the pure OCP, these inhomogeneities are balanced by
the global electrostatic which prevents the phase separation. Unfortunately
this mechanism is not present when one tries to apply the same idea to a
system composed by a macroion surrounded by its ionic atmosphere. In this
case, due to the non-uniform distribution of free ions, the corresponding in-
stabilities lead to the collapse of the small ions onto the surface of the poly-
ion what is known as “structuring catastrophe” [16, 17].

To circumvent this instability without losing the physical transparency of
the method, the Debye-Hiickel-Hole-Cavity DHHC theory [18] was recently
proposed. In this approach, a correlation functional fpypc that is convex in
density was derived. This was achieved by excluding the homogeneous back-
ground from a region of radius a around the central particle. For counteri-
ons with a diameter, this parameter a was in Ref. [18] tentatively interpreted
as the ion diameter. The theory was then applied to the screening of a
charged rod by its counterions. Comparisons of the ionic charge distribu-
tion obtained showed a very good agreement with the simulations for both
monovalent and trivalent counterions. Figure 1 shows the Poisson-Boltz-
mann prediction for this observable, the results from a computer simulation
[9] of the same system and the prediction of the fpgpc-corrected free energy
functional from Ref. [18]. The equilibrium ion distribution minimizing such
a functional is most easily found using a Monte-Carlo solver [19].

It can be seen that the simulated distribution functions lie above the PB
prediction, indicating an increased condensation. Moreover, this effect is
more pronounced for the trivalent system. In both cases the increase is re-
produced by the fppyyc-corrected functional. While in the case lp/b=3, Z =1
the theoretical prediction practically overlaps the simulation, it somewhat
overestimates correlations in the complementary case lp/b=1, Z.=3. Still, the
general fact that deviations from Poisson-Boltzmann theory are stronger for
the multivalent system is accurately accounted for. For comparison, Fig. 1
also shows the ion distributions which would have been predicted by using
the DHH correction instead. The strong deviation from the correct result is
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Fig. 1 Counterion distribution function P(r) from Eq. (1) for two cylindrical cell models
with R/b=123.8, 2=0.959 e(/b and the values for Bjerrum length and valence as indicated
in the plots. The solid line is the result of a molecular dynamics simulation [9] while the
dotted line is the prediction from Poisson-Boltzmann theory. The increased counterion
condensation visible in the simulation is accurately captured by the extended Poisson-
Boltzmann theory (dashed line) using the DHHC correction from Ref. [18]. An ap-
proach using the DHH correction from Ref. [16] (dash-dotted line) evidently fails to
correctly describe the ion distribution

evident. Particularly for the trivalent case the collapse of the screening atmo-
sphere onto the macroion can clearly be seen.

2.2
Integral Equation Theory

2.2.1
PRISM and Model

The PRISM (Polymer-Reference-Interaction-Site model) theory is an exten-
sion of the Ornstein-Zernike equation to molecular systems [20-22]. It con-
nects the total correlation function h(r)=g(r)—1, where g(r) is the pair corre-
lation function, with the direct correlation function ¢(r) and intramolecular
correlation functions (@(r)). For a primitive model of a polyelectrolyte solu-
tion with polymer chains and counterions only, there are three different rele-
vant correlation functions: the monomer-monomer, the counterion-counte-
rion, and the monomer-counterion correlation function [23, 24]. Neglecting
chain end effects and considering all monomers as equivalent, we obtain the
following three PRISM equations for a homogeneous and isotropic system
in Fourier space:

bn0) = 500 (1 = i) - () 2)

bel) = 575 (1 Pr0(@)emnla) — Alg) 6
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hne(q) :%Cw(‘i) (4)

A(q) = 1= pcec(q) = Pu®(q)cmm(q)
+ PP Om(q) (Cmm(‘Z)CCC<Q) - Cfnc(q>) (5)

where p,, and p. denote the monomer and counterion densities, respectively,
and w(q) is the single chain structure factor. Given a closure relation, the
PRISM equations can be solved. An adequate closure relation for polyelec-
trolyte systems is the Reference-Laria-Wu-Chandler closure (RLWC) [23,
25], which reads

(1) * cij(r) * 0;(r) = @i (1) * Co,ij (1) * @j(r) — @i (1) * Bvij (1) * w;(7)

shylr)~ho) -t (B0 ) ijepmat (@
8o,ii(7)

where the index 0 denotes reference functions obtained from a pure hard
core system of the same densities with the Percus-Yevick closure. The aster-
isks denote convolution integrals. It should be noted that in our notation
0,(q)=w(q) and w(q)=1. The set of coupled integral equations together
with the appropriate closures is solved iteratively until convergence is
achieved using a Picard iteration scheme [20].

The polyelectrolyte chains are modeled as a linear sequence of N touching
hard spheres of diameter b and charge Z,,e. The chain model enters via the
single chain intramolecular structure factor in the PRISM equations. For the
considered rod-like molecules, the structure factor is known [24]. The coun-
terions are also modeled as charged hard spheres with diameter b and
charge Z.e. The overall system is neutral, hence the monomer and the coun-
terion densities obey the relation Z,,0,,+Z.0.=0. The solvent is described as
a homogeneous dielectric continuum with the dielectric constant . The pair
interaction potential for all ionic species is given by

Ig ..
Bvij(r) :ﬁv;'C(r) +Z,~Zj7B; i,je{m,c} (7)
where vH¢;(r) is the hard core potential and lz=f¢?/¢ is the Bjerrum length.

2.2.2
Correlation Functions

The following results were obtained for systems of monovalent counterions
(Z=-1) and single charged monomers (Z,=+1). Charge neutrality then re-
quires p,=p, therefore we use in the following p=p..

Polyelectrolyte solutions exhibit liquid-like order in dilute solutions
which diminishes at high concentrations (cf. Figure 8 [23, 24, 26-28]. At in-
finite dilution g,m(r) has a value close to zero at small separations and
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Fig. 2 Monomer-monomer (g,,,(7), left) and counterion-counterion (g..(r), right) pair
correlation function for various Bjerrum lengths. The chain length is N=80 and the
packing fraction n=npb’/6=10">

monotonically increases to its asymptotic value of one at larger separations.
At low concentrations a peak appears on the length scale which is deter-
mined by the density of the system. As the concentration is increased fur-
ther the liquid-like order first becomes more pronounced and then disap-
pears at sufficiently high concentrations. At even higher concentrations lig-
uid-like order appears on the length scale of the order of the size of the ref-
erence sites. For a fixed density, the ordering increases with increasing inter-
action strength (cf. Fig. 2 left). At very low interaction strengths the liquid-
like structure is mainly determined by the hard core interaction. With in-
creasing [z/b the equally charged monomers repel each other and g, de-
creases at small distances. At the same time the structure becomes more
pronounced. The characteristic peak, however, remains approximately at the
same position. Thus, the characteristic length scale of the structure is mainly
determined by the density. The emerging picture is similar to the behavior
of simple hard sphere liquids at moderate densities.

The distribution of counterions adjacent to a monomer is captured in the
monomer-counterion distribution function g, [24, 27]. For small interac-
tion strengths (Ip/b<<1) g, is almost constant with a value of about one for
all . Hence, the local counterion density matches the bulk density almost
everywhere, i.e., the counterions are distributed homogeneously over the
whole system. With increasing Bjerrum length an increasing peak appears at
r=b and a much smaller peak at r=2b. Thus, the counterions are no longer
homogeneously distributed, but found more likely in the vicinity of a chain.
The strong increase of the counterion density next to a macroion reflects
counterion condensation.

The counterion-counterion correlation function provides deeper insight
into the issue of counterion condensation. As is obvious from Fig. 2 (right),
gc indicates a homogeneous distribution of the counterions for small inter-
action strengths. With increasing I3/b the equally charged ions repel each
other and g.. decreases at small distances (r<3b). Beyond a certain interac-
tion strength the trend reverts and a peak appears at r=2b. The height of the
peak increases with increasing lg. This is the manifestation of counterion
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condensation. For Iy below the critical Bjerrum length for counterion con-
densation, an increase of I results in a stronger repulsion of the counteri-
ons. When the Bjerrum length crosses the critical value for Manning con-
densation, the counterions are attracted by the polyion and start to con-
dense on the chain, which is accompanied by a decrease of the mean separa-
tion between ions. Hence, despite the repulsive Coulomb interaction the
counterions are, for sufficiently strong interactions, subject to an effective
attractive potential next to a polymer chain. The position of the peak at
r=2b is simple to explain if we consider the configuration with lowest ener-
gy. The electrostatic interaction forces the condensed ions to be as close to a
monomer as possible but at the same time as far apart as possible from each
other. This is achieved, if the counterions are located at opposite sides of the
chain monomers.

2.2.3
Effective Potential

Deeper insight into the consequences of counterion condensation is gained
by an effective monomer-monomer and counterion-counterion potential, re-
spectively. The idea is to reduce the multicomponent system (macro-
molecules + counterions) to effective one-component systems (macro-
molecules or counterions, respectively). We define the simplified model in
such a way that the effective potential between the counterions or mono-
mers, respectively, of the new system yields exactly the same correlation
function (g.c, gmm) as found in the multicomponent case at the same density.
Starting from the correlation function g. -respectively g,,—of the multi-
component model we calculate an effective direct correlation function ceg
via the one-component Ornstein-Zernike equation. An effective potential is
then obtained from the RLWC closures of the one- and multicomponent
models [24]. For low and moderate densities the effective potential is well
approximated by

Biier (r) = Bvii(r) + (cii(r) — ciierr (7)) (8)

where i€{m,c}. Hence, the effective potential is equal to the bare potential
plus a modification given by the correlation functions of the multicompo-
nent and one-component model.

Figure 3 (left) exhibits the effective counterion-counterion potential for
different Bjerrum lengths. As is obvious from this figure, the effective poten-
tial is purely repulsive for low values of [y and can be very well approximat-
ed by the bare Coulomb potential between the counterions. With increasing
Bjerrum length the potential becomes negative for distances larger than a
certain critical distance leading to an attractive force between two counteri-
ons. For even larger values of I, the effective potential exhibits a distinct
minimum at a distance of about r=2b in agreement with the position of the
peak in g.. Figure 3 (right) shows the effective monomer-monomer poten-
tial. Similar to the counterion-counterion potential, we observe a minimum
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Fig. 3 Effective potential between two counterions (left) and two monomers (right), re-
spectively for various Bjerrum lengths Iz. The chain length is N=80 and the density
n=10"2

at r~2b for Bjerrum lengths Iz>1.5b. Hence, the monomers attract each oth-
er at large interaction strengths and small distances [29-31]. The distance of
r~22b indicates that the attraction is counterion mediated and that precisely
one counterion is located between two monomers. Moreover, the effective
potential is a monotonous decreasing function for r>2b in agreement with
the Debye-Hiickel approximation. For r<2b we find deviations from the De-
bye-Hiickel potential due to the depletion interaction. The quantitative com-
parison between our calculations and the Debye-Hiickel potential exhibits
excellent agreement for the screening length as well as the dependence of
the potential on the interaction strength. The deviations from the Debye-
Hiickel representation at short length scales of the interaction among the
monomers is not surprising. The condensation of the counterions leads to a
screening of the Coulomb interaction which is not captured by the Debye-
Hiickel potential.

Addition of salt leads to an additional screening of the Coulomb interac-
tion [28, 32]. Our calculations for a multicomponent (polymer & counteri-
ons & salt) and a two component system (polymer & counterions) demon-
strate that the correlation functions can very well be described using the De-
bye-Hiickel potential with a salt concentration dependent screening length.
The effective potentials, however, strongly depend on the salt concentration.
The counterion-counterion potential is weaker, whereas the monomer-
monomer potential is stronger. The latter is a consequence of salt ion con-
densation on the polymer chain.

3
Flexible Polyelectrolytes

Flexible polyelectrolytes exhibit conformational variations when the interac-
tion strength (Iz) or the density of a system is changed. Hence, the structure
factor is no longer an a priori known quantity but has to be determined in a
self-consistent manner. This is achieved by casting the underlying multi-
chain interactions into a medium-induced interaction potential among the
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segments of a single polymer chain. The medium-induced potential itself
can be extracted conveniently using the PRISM approach. Since these ap-
proaches involve a number of approximations, which are very difficult to
test directly by experiment, simulations will be of crucial importance along
the way.

Before we will discuss the structure of polyelectrolyte solutions at non-
zero densities, we will briefly address the conformational properties of a sin-
gle chain at infinite dilution in the next section.

3.1
Conformational Properties in Solution

3.1.1
Theoretical Description

The conformational properties of an uncharged molecular chain are well de-
scribed by a (discrete) semiflexible chain model [33]. The chain is com-
prised of mass points, each one may represent several monomers, at posi-
tions 7; (i=0, ..., N). The (average) length of a bond is I. The partition func-
tion of such a chain is given by

N-1 N-1
zZ= / exp (—A;R? —20(R}+R3) —gg (R —Ri+1)2> dNx (9)
where R;=r;-r,_; denotes the bond vector, 1=3(1-1)/(2(1+t)), Ao=3/
(2P (1+1)), p=3t/(P(1-1*)), and t=(RR;41)/P%, i.e., t is the average cosine of
the angle between two successive bond vectors. The terms with 2 and 1, take
into account the inextensibility constraint (R?;)=I* and represent the entropy
penalty for chain stretching. The last term is the energy penalty for bending
the polymer chain. In addition, we assume that the sites of the chain interact
with each other via the screened Coulomb potential (Debye-Hiickel poten-
tial)

7K|l‘,‘71‘j|

DH_ o ©
v — 1|

(10)

k is the inverse screening length. The corresponding partition function
reads

N-1 N
Z:/exp< /IZRZ 20 (RI+RE) — Z R,

i=2 i=1

_’BZZ :J)H)dSN (11)
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Excluded volume interactions can be incorporated by adding an appropri-
ate term to the exponent. (Note, that the Lagrangian multipliers of this par-
tition function have to be determined such that the constraints are satisfied
[33].) The partition function cannot be evaluated analytically. Consequently,
we have to resort to a perturbation calculation. Various perturbation
schemes were suggested [34-38]. We will use the perturbation approach ac-
cording to Edwards and Singh [39]. In this approach the semiflexible chain
(11) is replaced by the semiflexible chain (9) with a trial stiffness parameter
t1, which is determined in such a way that the configurational properties of
the original polymer agree with those of the trial chain. As a characteristic
property of the polymer we consider the mean square end-to-end distance
and express (R%;) in terms of (R*)r up to first order in the perturbation
(H—Hry), where H is the Hamiltonian of Eq. (11) and Hy is the Hamiltonian
of Eq. (9) with ¢ replaced by 1 (...)r denotes the average performed with the
trial Hamiltonian and (..) denotes the average performed with the full
Hamiltonian. Since we require (R*;)=(R%;)r and neglect higher order terms
tris determined from the equation

(RE)(H —Hr)p—(Ry(H— Hr)) =0 (12)

which in turn yields A5 Ao5 and pg Due to the Gaussian nature of our An-
satz for the trial Hamiltonian, all averages can be calculated analytically. The
solution of Eq. (12) allows us to calculate all characteristic quantities of the
reference system, because these quantities depend on the parameter ¢r only.
In particular, we can introduce the persistence length [,=I(1+t7)/[2(1-t7)].

3.1.2
Results

Flory-type free energy calculations show that the root mean square end-to-
end distance of a polyelectrolyte increases linearly with the chain length at
infinite dilution and without added salt [40]. Using the above perturbation
theory, scaling relations at finite densities are obtained. The influence of the
interaction with other polymer chains, counterions, and added salt is cap-
tured in the Debye screening length x™'.

The dependence of the root mean square end-to-end distance on molecu-
lar weight is displayed in Fig. 4 for various screening parameters k. Two dif-
ferent scaling regimes are observed: For small N the mean square end-to-
end distance increases proportional to N?, corresponding to rod-like behav-
ior [41]. The rod-like regime is most pronounced for small x. For large N
the mean square end-to-end distance increases approximately like N'%, typi-
cal for a short range excluded volume interaction. With increasing N the
chain length exceeds the screening length and the interaction becomes short
ranged (Debye-Hiickel potential). Thus, we obtain the universal N'* depen-
dence of short range interactions. With increasing x the Coulomb interac-
tion is more and more screened and the transition to short range behavior is
found at smaller chain lengths. Similar results are presented in [38] based
upon the continuum version of the above semiflexible chain model.
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Fig. 4 Root mean square end-to-end distance of flexible polyelectrolyte chains as a func-
tion of chain length for Iz/b=0.5. The Debye screening length decreases from top to bot-
tom (x=0.05, 0.1, 0.2, 0.4, 0.8). The slopes of the straight lines are 1 and 3/5, respectively

The charge interaction leads to an increase of the persistence length of a
semiflexible chain molecule [42, 43]. Using the persistence length of the ref-
erence chain, we can calculate the contribution of the electrostatic persis-
tence length [, to the total persistence length [,=ly+L.. The result of our anal-
ysis is presented in Fig. 5. For x—0 the electrostatic interaction is un-
screened and hence [, is independent of x. With decreasing screening length,
l, decreases with x. Within a certain interval [, decays like [xb*?/1V25]7L. The
length of the interval depends upon the interaction strength I3/b. For I3/b~1,
our approach yields a regime with l,~x"2. To obtain the latter regime, it is
important to take into account the finite chain extensibility. Similar depen-
dencies have already been predicted by various authors [36, 37, 40, 44] and
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Fig. 5 Electrostatic persistence length of a flexible polyelectrolyte chain as function of
x//Ig for the Bjerrum lengths Iy/b=0.1, 0.5, 1.0 (bottom to top). The chain length is
N=1000. The slopes of the straight lines are —1 and —2, respectively
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are consistent with computer simulations [45, 46] for chains of finite length.
Very long (Nix>>1) flexible polyelectrolyte chains exhibit Gaussian (or self
avoiding walk) properties on small length scales. On an intermediate length
scale the chains are linearly stretched and can be considered as a sequences
of Gaussian blobs (persistent regime). Finally, at large lengths the chains are
isotropically swollen, because of a short range type interaction among the
blobs. The persistence length in the persistent regime is of OSF type, i.e.,
I,~x72, because the blobs align in a rod-like manner [37, 44]. Hence, the ob-
served dependence I~k seems to be an indication for the long chain be-
havior. Indeed we observe an increase of the value a, characterizing the
slope of straight line l,~x7% for a fixed interaction strength when we in-
crease the chain length. A more thorough discussion will be presented in an
upcoming publication.

3.13
Simulations of Debye Hiickel Chains

A more detailed test of the currently available theoretical models is provided
by various computer simulations of flexible [44, 59] and semiflexible [60]
Debye Hiickel chains. Here it turns out that especially the crossover towards
the asymptotic regime, which is well captured by the Ansatz of Khokhlov
and Khachaturian [61], gave rise to discussions over the last few years. In
the case of fully flexible polyelectrolytes, weakly charged systems were in de-
tail investigated by Micka and Kremer [59, 60]. They focused mostly on the
internal structure of the chains and analyzed, in addition to the mean square
end to end distance, the form factors of the chains. As it turns out, the re-
sults were inconclusive and especially for shorter chains displayed a remark-
able insensitivity of the conformations as a function of the screening length.
Though this did not clarify the asymptotic regime, it displayed the difficul-

4
107 12X, Y=X"2)>
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Fig. 6 Mean square extension of polyelectrolytes with Debye-Hiickel interactions in a ©-
solvent relative to the corresponding uncharged chains. X=N/g is the chain length mea-
sured in monomers per electrostatic blobs g. Y=1/(x¢) is the screening length measured
in blob diameters &. Data for different coupling constants are shown as a function of X,
while Y is varied implicitly in such a way that the chain lengths always correspond to
the electrostatic persistence length ocx™ predicted by Khokhlov and Khachaturian. For
sufficiently strong electrostatic interactions (X>1) the data show the typical scaling of
stiff chains, ie. (r*)/(62X)ocX . Theories predicting a shorter electrostatic persistence
length scaling as x~! imply (r*)/(£2X)ocX>". Adapted from [44]
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ties that experiments encounter, as the effective chain lengths cover the typi-
cal experimental regime. More recently, Everaers and coworkers [44] per-
formed a much more extensive and systematic study of the crossover from
the random walk short chain regime via the ”blob-rod” regime towards the
self avoiding walk regime. They clearly demonstrate the validity of the pic-
ture of Khokhlov and Khachaturian and the shortcomings of the other ana-
lytical schemes. An illustration of their results is given in Fig. 6, where their
data are compared to different models for the crossover towards the asymp-
totic regime. The downside of these findings however is, that a clear experi-
mental demonstration will be very difficult and certainly not possible with
water as solvent due to its high dielectric constant.

3.2
Structure of Solution

3.2.1
Model

To elucidate the structure of a solution of flexible polyelectrolytes, we again
use the integral equation theory approach of Sect. 2.2. The necessary struc-
ture factor is determined self-consistently using the reference chain (9) of
the last section. The intermolecular interactions are taken into account by a
medium-induced intramolecular potential [35, 47, 48]

BWii(q) = —pc(q)S(q)c(q) (13)

between two sites i and j. The effective single chain Hamiltonian is then giv-
en by (cf. Eq. (11))

N-1 N—
PH=1> R} +1,(R:+RY) + gz::R Ri1)

i=2

N N

+BY > 5T+ Wyl —xj))]. (14)

i=0 j>i

The PRISM equations are solved iteratively using an initial guess for
W(r), e.g., W(r)=0. For the next guess the solution of the PRISM equation is
used and the structure factor is determined from the solution of Eq. (12) for
the reference chain. This procedure is repeated until convergence is
achieved.

3.2.2
Results

The Coulomb interaction causes a chain expansion in dilute solution. With
increasing density, the electrostatic interaction is screened and the chain size
decreases monotonically [49, 50]. Within our model, the density of polymers
are related to the inverse screening length according to x*=4z/lzp.
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Fig. 7 Density dependence of the root mean square end-to-end distance of a flexible
polymer for the chain lengths N=127, 63, 31, 15 (top to bottom) and I3/b=0.833. Dots
mark results from computer simulations of Refs. [27, 49]

Figure 7 displays the root mean square end-to-end distance as a function
of the monomer density for various chain lengths. As expected, the chains
are expanded in dilute solution and they contract with increasing density.
The dots mark results from computer simulations [27, 49]. As is obvious
from the figure, the above approach yields an excellent agreement with sim-
ulation results not only qualitatively but also quantitatively. Hence, we ex-
pect to find reliable results also for other quantities by our approach.

The monomer-monomer correlation functions of flexible polyelectrolytes
exhibit qualitatively the same behavior as those for rod-like molecules. The
conformational changes, however, result in more pronounced and shifted
peaks. From Fig. 8 we deduce a shift of the peaks of flexible chains to larger
distances compared to those of rod-like chains. This is a consequence of a
smaller overlap between flexible chains compared to the one between rod-
like molecules. Naturally, the effect is most pronounced for densities larger
than the overlap densities. The increased peak intensity corresponds to a
more pronounced order in the system of flexible chains, and is a result of
the more compact structure of a polymer coil. (The structural properties of
flexible polyelectrolytes without medium-induced potential have been stud-
ied in [48].)

The liquid-like order present in the pair correlation function manifests it-
self as a peak in the static structure factor (S(q)). The scaling of the position
qm of this maximum with the density has attracted much attention in the lit-
erature [40, 51-53]. Scaling arguments suggest [35, 42, 49, 51] that g,, obeys
the relation g,,~p" for dilute solutions and g,,~p" "~ for semidilute solu-
tions. Here v is the scaling exponent for the end-to-end distance, i.e., Rg~N".
The overlap threshold concentration is estimated as p*~N!"", As a conse-
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Fig. 8 Monomer-monomer (g,»(r)) pair correlation function for the packing fractions

n=1073, 107%, and 107> (left to right) of rod-like (...) and flexible chains (—). The chain
length is N=63 and the Bjerrum length Iz=0.5 b

quence, for chains in a near rod-like conformation we find p*~N-2. Assum-
ing Gaussian chains, the overlap density is p*wN‘”z, i.e., it is much larger
than for rod-like chains. In a semidilute solution the peak position of such
chains should scale like ¢/,,~p. Thus, we expect the following behavior for
the peak position as a function of density: In dilute solution we observe the
same dependence as for rod-like chains. Due to the conformational changes,
however, we expect an extension of the dilute regime to higher values for
flexible chains and chains with excluded volume interaction. Above the over-
lap density we should expect the scaling relations ¢/,,~p for Gaussian chains
or q%m~p** for chains with excluded volume interaction, respectively. In

0.01

10° 10" 10° 102 10"
pb°
Fig. 9 Density dependence of the position of the peak, g, in the structure factor for

flexible and rod-like (solid lines) chains. The chain lengths are: N=100, 200, 500 (from
top to bottom)
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between, we expect a broad transition regime since the conformations of the
chains are changing. The curves of Fig. 9 confirm the expected behavior for
densities below the overlap density. However, there is no transition to the
scaling relation ¢/,,~p/,,~p for Gaussian chains. Instead, we obtain the rela-
tion ¢/,,~p'? in the semidilute regime for long chains. (Our chains are to
short to exhibit universal behavior. To observe the semidilute regime re-
quires rather long chains). For shorter chains the slope is between 0.4 and
0.5. This has already been observed in [35] and is consistent with experi-
mental results [54, 55]. Thus, the scaling argumentation does not apply. The
appearance of the slope 1/2 is explained in [54] by the presence of rod-like
chains of blobs. Our calculations (cf. Figure 7) and in particular the comput-
er simulations of Ref. [49], however, suggest that the chains are not in a rod-
like conformation. Hence, to understand the observed behavior requires fur-
ther analytical calculations or improved scaling arguments.

3.23
Simulations of Polyelectrolyte Solutions in Good Solvent

So far the theoretical description focused on good solvent polyelectrolytes.
Though, they are significantly simpler than poor solvent polyelectrolytes,
their theoretical analysis also requires many approximations which warrant
a closer look from either experiment or computer simulation. Due to the
characteristic small densities in the dilute and semi-dilute regimes scattering
experiments which reveal the conformational properties are very difficult to
perform. Thus, simulations can help to bridge the gap between approximate
analytic descriptions and experiments. Solutions of several chains with ex-
plicit counterions as well as with Debye-Hiickel interactions have been per-
formed by several authors [49, 56-58]. The first extensive study was per-
formed by Stevens and Kremer, where chains between N=16 and N=128
charged beads with explicit counterions at various concentrations p and for
one p at variable Bjerrum length I were investigated. Again the simulations
can play a rather crucial role in checking on the general theoretical ideas. To
check to what extent single chain conformations can be related to the global
structure of the solution, we can compare the form factor of the single chain
with the global structure function of the solution. As described below the
first peak g, in the total structure function can be related to the correlations
between the different chains. Though the individual chains are never fully
stretched and display, due to local fluctuations in the counterion density, sig-
nificant conformational fluctuations, the scaling of the peak position g, in
the solution structure function S(q) shows the expected behavior. In the di-
lute regime q,, varies like p'/* while at higher densities one observes the p'/?
scaling, just as in experiment. The crossover density for the two power laws
usually is viewed as the dilute-semidilute crossover. The mean distance of
the polymer coils is approximately 27/q,, in the dilute regime. In the semidi-
lute regime this length denotes the blob diameter of the solution. However,
it turns out that, unlike in polymer solutions of uncharged chains, this can-
not that easily be related to the conformations of the chains.
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Fig. 10 Plot of the peak position g, in the solution structure function as a function of
density p for N=16, 32, 64. The slopes of the dotted, dashed, and broken lines corre-
spond to 0.5, 0.33, and 0.3, respectively, from [49]

Taking the average extension of the chain <R?>, the characteristic density,
where spheres of that diameter would form a randomly closed packed struc-
ture, turns out to be significantly above the crossover density one finds from
the g,, behavior of the scattering function, Fig. 10. The chains start to shrink
long before the coils overlap, namely when the surrounding counterion
clouds start to ”overlap”. Also the details of the conformations do no direct-
ly correspond to the simplified analysis of the solution structure factor. Tak-
ing the form factor of the chains one finds two characteristic regimes. At
shorter distances the chains are significantly stretched, while at larger dis-
tances they behave like random or self avoiding walks. This lead to a form
factor decay of g%, x<1 at large q and x:%, v=1/2, at smaller q. In the
semidilute regime, without any salt present, the classical pictures identify
the g4 value at the crossover with the correlation length. In the most simple
pictures, which actually lead to the scaling of the collective S(gq), the two q
values should (at least qualitatively) coincide. Figure 11 gives the character-
istic g4 values as a function of the inverse screening length (x~p~'/2) for dif-
ferent chain lengths.

Figure 11 not only shows that there is no simple and obvious relation to
the chain-chain correlation but also that the present chain lengths and den-
sities are far from any asymptotic limit, as discussed in the section on single
DH chains.

This short discussion shows that despite significant progress in the ana-
lytical theories, there are still many unsolved issues. The situation gets even
more complicated if one allows for added salt and/or multivalent counteri-
ons [58] or varies the Manning ratio in the system.
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Fig. 11 Plot of the crossover g; between extended and ideal behavior in S, versus xk~
p 12, which shows a linear dependence. The triangles, squares, and circles are N=16, 32
and 64, respectively from [49]

4
Polyelectrolytes in Poor Solvent

4.1
Introduction

For most polyelectrolytes, the backbone is insoluble in water and the back-
bone monomers strongly interact through non-electrostatic attractive inter-
actions due for example, to Van der Waals forces, hydrogen bonding or any
hydrophobic effect. These hydrophobic interactions compete with the repul-
sive electrostatic interactions. At short distances, the hydrophobic interac-
tion dominates and polyelectrolytes in a poor solvent are locally collapsed.
At long distances, the electrostatic interactions dominate and even in a poor
solvent, polyelectrolyte chains can be stretched. Although the hydrophobic
interaction may have some specific character (for example hydrogen bonds
are directional and there is a finite number of possible hydrogen bonds per
molecule) the existing theories treat them as deriving from an isotropic
short range potential characterized by a negative virial coefficient. The virial
coefficient is a volume and we write it as v=—b’r where b is the monomer
size and 7 a dimensionless factor measuring the strength of the interaction.
Neutral polymers in a poor solvent (in the absence of electrostatic interac-
tions) collapse into a dense globule [1]. The density inside the globule is
cg~7b > and the size of the globule is Ry~(N/c,)'”b. The correlation length
for concentration fluctuations in the globule is &,~b/r. The globule can for
most purposes be viewed as a liquid droplet and the connectivity of the
chain does not play any important role. For example the free energy of the



Polyelectrolyte Theory 87

globule is dominated by an interfacial free energy with the pure solvent with
a surface tension p~kgT/E*~12.

When an external force is applied to the end point of a chain in a globular
conformation, the chain elongates [62]. If the force is weak, the globule is
slightly deformed into an ellipsoid. When the aspect ratio of the ellipsoid is
too large, (of order 2 or so) the elongated drop conformation becomes un-
stable, the attractive interactions are not strong enough to resist the external
force and the chain discontinuously stretches to an extended conformation
that would be the conformation of a Gaussian chain under the same external
force. The critical force where this discontinuous transition between a col-
lapsed globule and an extended chain occurs is ¢.~kgT/b.

The first attempt to describe polyelectrolyte chains in a poor solvent was
by Khokhlov [63]. He described the chain conformation as a globule strong-
ly elongated by the electrostatic interactions which would thus look like a
cigar. The diameter and the length of the cigar are imposed by a balance be-
tween surface tension and electrostatic free energies. It was however realized
later that this conformation is unstable and changes to the so-called pearl-
necklace conformation [64].

The next subsections describe the properties of the pearl-necklace struc-
ture and the elongation of the pearl-necklace polymer chain by an external
force. We will then present numerical simulations of single polyelectrolyte
chains in a poor solvent.

4.2
Pearl-Necklace Conformation

As first discussed by Rayleigh, an oil liquid droplet in water undergoes, with
increasing charge, an instability when its electrostatic energy reaches the or-
der of the interfacial energy [65]. It splits into two smaller drops. With a fur-
ther increase in the charge, each daughter drop can itself undergo the same
Rayleigh instability. For a drop of radius R, the critical charge at which the
instability occurs is Qr~(yR*/(kpTlp))"/* were Iy denotes the Bjerrum length.

A neutral collapsed polymer chain can be considered in a first approxi-
mation as a liquid drop which undergoes the Rayleigh instability when it be-
comes charged [64, 66]. The various daughter drops are however linked into
a chain and the daughter drops cannot separate from each other. They re-
main linked by stretched polymer strands. The picture that is obtained for a
polymer chain in a poor solvent is thus that of a necklace of collapsed glob-
ules, the pearls, connected by the strands that are stretched by the electro-
static interactions between the pearls.

The pearls are just at the Rayleigh instability threshold, their density is
that of a collapsed globule and their size is obtained from the Rayleigh
charge. It is the so-called electrostatic blob size

b\ 13
édNb(/Z—ll;) (15)
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where fis the degree of charging. The number of monomers in a pearl is
g~ a~tbf *I"'5. The pearl necklace structure is an equilibrium between
the collapsed pearls and the extended strands. The tension in the strands is
therefore exactly equal to the critical force ¢, necessary to induce a transi-
tion between the two structures in a collapsed polymer chain. This tension
is created by the electrostatic interactions, it is therefore of the order of the
electrostatic force between neighboring pearls p~kyTlzf*g*/d* where d is the
distance between pearls. This gives a distance between pearls
d~(zb*fI"15)"? and the size of the polyelectrolyte in the pearl-necklace
conformation reads

1/2
(%) »

It decreases with the solvent quality and crosses over to the radius of a
Gaussian polyelectrolyte for 7~(fIp/b)®. In the pearl-necklace structure
most of the polymer mass and charge belongs to the pearls but the size of
the chain is dominated by the stretched strands.

It is interesting to discuss the transition between the pearl-necklace struc-
ture when there are many pearls and the collapsed polymer globule obtained
either when the charge is small or when the solvent is very poor. The num-
ber of pearls n,=N/g~NfI/(th) is an integer. If we for example fix the
charge and decrease 7 (increasing thus the solvent quality), there is only one
pearl and the chain is a collapsed globule if 7>7,=NfIg/b. The value 7=1, is
the threshold value for the first Rayleigh instability where a second pearl ap-
pears. Upon further decrease of 7 there is a cascade of transitions at
7,=Nf'lg/(pb) where the (p+1)th pearl appears. This simple discussion ig-
nores however the fluctuations in the number of pearls which are negligible
when the number of pearls is small; the transitions are then well-defined; if
the number of pearls is large the thermal fluctuations in the number of
pearls blurs the successive transitions which are then not well-defined.

If the pearl-necklace structure contains only a few pearls, there are always
pearls at the end of the chains and these pearls are slightly larger than the
inner pearls. This can be proved by doing an explicit calculation of the local
electrostatic potential along the necklace very similar to that done in the fol-
lowing section on annealed polyelectrolytes.

4.3
Stretching Pearl Necklaces

Conformations of single polyelectrolyte chains can be probed by external
forces [67, 68]. An interesting question which arises from the formation of
the pearl necklace structure is the mechanical response of the chain to an
external force. The simplest mean field result can be derived from the free
energy proposed by [64]. However, their free energy can by strongly modi-
fied to take the electrostatic interactions between the different structural ele-
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Fig. 12 Gibbs free energy in the ¢,g plane for increasing applied forces. The preferred
pearl size is 500. a In addition to the necklace minimum, an open string minimum ap-
pears (this minimum becomes deeper for higher applied forces); b The applied force is
such that the two minima have the same depth. They are separated by a saddle point
about 10 kgT higher in energy. ¢ The metastable necklace minimum disappears

ments, such as pearls and strings, on a much better basis [69]. The result of
the force extension relation is then given for the case of many pearls by

‘PO(L)_kBT{Z (lfag’”) lefJ} (17)

Here L is the total length of the necklace chain g is the number of mono-
mers in the pearls as before, and a a number of the order of one. It is inter-
esting to note that the general structure of the force extension relation is
mainly determined by the natural line tension in the strings which connect
the pearls o~7/b. The electrostatic repulsion between the pearls reduces the
force according to the classical electrostatic term olgf?g*/L?. The additional
term which modifies the line tension is a direct consequence of the interac-
tion between the strings and the pearls. The pearl unwind and devolves into
strings in a first order transition, where strings and pearls coexist.

The Gibbs free energy provides also a useful investigation concerning the
stability of the pearl necklace structure as it was mentioned in the preceding
subsection. In Fig. 12 it is shown that the relatively flat minima can be easily
disturbed by moderate forces. The shift of the minima is reached over a sad-
dle point.

The question of fluctuations in a pearl necklace consisting of discrete
pearls is more challenging. A one loop renormalization will provide some in-
sight, since the potentials are long ranged [69]. To do so, the free energy for
a pearl necklace containing p pearls is expanded around its mean field solu-
tion with respect to the equilibrium number of monomers in a pearl g to
second order. The corresponding force part beyond the continuous one,
Eq. (17) is then derived to
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The fluctuations of the pearl number smear out the force oscillations of
the pearl opening for p>(b/lz f*)** as found previously. The fluctuations of
the pearl sizes are reflected by the prefactors p~/2(I f2/b) 2P/, As in the pre-
vious simple argument where the fluctuations have been ignored, the force
shows oscillations with unstable decreasing branches that should be re-
placed by plateaus or pseudo-plateaus using the Maxwell construction.
These results have been confirmed by detailed variational calculations [70-
73].

(N/go—L/tbgo —p) (18)

4.4
Simulations

The predicted necklace conformations have been confirmed by simulations
using only the Coulomb repulsion of the backbone charges [75], a Debye-
Hiickel potential [75] and by simulations using the full Coulomb potential
and explicit counterions [76]. In the following we will only review the simu-
lations using explicit counterions.

In Ref. [76] we showed that the necklace conformations can exist also in
the presence of counterions and that they exhibit a variety of conformational
transitions as a function of density. The end-to-end distance was found to
be a non-monotonic function of concentration and showed a strong mini-
mum in the semi-dilute regime. Here we have found for short chains a col-
lapse of each chain into a globular stable state which repel each other due to
their remaining net charge. The focus of a more recent work was to analyze,
by extensive computer simulations in detail, three possible experimental ob-
servables, namely the form factor, the structure factor and the force-exten-
sion relation, which can be probed by scattering and AFM techniques [77].
The details of the simulation techniques can be found in Refs. [76, 77].

441
Fluctuations

Being first interested in single chain properties we investigated a system of
several chains at a monomer density of p, with chain lengths between
N=100-478. The recognition of pearls and strings was automated by a spe-
cially developed cluster algorithm [78]. The first striking observation was
that the necklace conformations exhibit remarkably strong fluctuations in
the size and number of pearls and strings. Analyzing the fluctuations of
necklace structures we find an extended coexistence regime between differ-
ent necklace structures and broad distributions for the pearl sizes and the
pearl-pearl distances that tend to smear out the necklace signatures.

The coexistence regime between different structure types enlarges with
increasing chain length. One reason for the small differences in the free en-
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Fig. 13 Form-factor S;(q) for pearl-necklaces: (solid) form-factor of the whole chain,
(dashed) form-factor due to intra pearl scattering, (dotted) fits. The marked region is
enlarged in the inset

ergy is the interplay between the chain conformation and the counterion
distribution. Conformations with a lower number of pearls have a smaller
extension, e.g., Rg, and a larger pearl size. This leads to a stronger attraction
of counterions and yields a smaller effective charge on the chain which in
turn stabilizes larger pearl sizes and smaller chain extensions. In contrast to
scaling theories [63, 69, 79, 80] we do not find a collapse into a globular state
due to this effect. This is consistent with a more refined theoretical analysis
[81] that takes prefactors and finite concentrations into account. From the
probability p(n) of finding a n pearl structure we calculate the free energy
difference AF""=kgT In (p(n)/p(m)). For N=430 we find AF*=-1.33kzT,
AF>°=0.66kgT, AF*’=1.90ksT. All values are of the order kzT which is consis-
tent with the observed large coexistence regime. We find typically many
transitions between different structure types already within one single chain
during our measurement time. Not only the pearl number, also the position
and size of the pearls fluctuate strongly.

4.4.2
Single Chain Form Factor S:(q)

Scattering experiments can probe the conformation via the chain form fac-

qri
ble average. Figure 13 shows the measured form factor for N=382. The radi-
us of gyration R can be calculated in the Guinnier regime (Rgq<1) from
Si1(g)=N (1- (Rqu/ %)), giving Rc=16.8 b+0.3b, in agreement w1th the directly
calculated value R;=16.9b+0.4b. In the range 0.07b7'<0.3b7! S, scales as

tor Sy(q) given by S(q) = 4,;N<sz 1sm(%)> where (...) denotes the ensem-
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Fig. 14 Density dependence of the peak g in the structure factor for three different
chain length N=100, 200, 300 with f=0.5. The black line is a fit to the data with N=200
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g %° which corresponds to a stretched object. Around g=0.46b"" the form
factor has an inflection point. A comparison with the intra pearl scattering
reveals that this is due to inter pearl scattering (inset in Fig. 13). Dividing
out the intra pearl form factor gives access to the inter pearl scattering and
thus to the distance r,, between neighboring pearls. The form factor yields
rpp=13.6b, in accord with the directly measured value 7,,=13.3b. In the region
around g=1.0b"" we find S,(g) o g%, the typical Porod scattering. From the
small dip at g=1.7 b™! one can calculate the radius rp of the pearls to be
rp=2.6 b which again compares well to the real space value rp~3b. We con-
clude that the cooperative effect of fluctuations on overlapping length scales
broadens all characteristic signatures which can be revealed by scattering
under experimental conditions (polydispersity, charge fluctuations, etc.),
and necklaces might be difficult to detect in this way.

443
Scaling of the Correlation Length with Density

The overall scattering function S(gq) of the solution contains additional ex-
perimental information. We analyze here the inter chain scattering S;c=5/S;.
For good solvent PEs experiments [82], theory [83], and simulations [49] we
find a pronounced first peak of Sic at g'=(27)/&, where & is the correlation
length. The position varies as q'oxp'”® in the very dilute regime and crosses
over to a p'/? regime at higher concentrations. In Fig. 14 we have plotted the
density dependence of q" in poor solvent for different chain lengths. Within
the error bars we find that for poor solvent chains q" scales proportional to
p"*3*0% for gll concentrations and chain lengths. Possible reasons for this
are that the response of the polyelectrolyte conformation to density changes
is much larger in the poor solvent case [76, 84] than in the good solvent case
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Fig. 15 Force-extension relation for a transition from two to three pearls. Shown are the
average over all conformations, over only two-pearl configurations and only three-pearl
configurations

[76, 84], and the chain extension behaves non-monotonic as a function of
density [76, 84]. Furthermore, in the density regime between
p=10"%b"2...107*b> the chain extension and the pearl number varies most,
and almost all monomers are located within the pearls. Upon approaching
the dense regime, the string length tends to zero and we find a chain of
touching pearls, indicating that the conventional necklace picture breaks
down. Our results for the scaling of q* are compatible to scaling exponents
found in scattering experiments [85] and agree also very well with very re-
cent measurements [86]. In addition we observe that the chains form a tran-
sient physical network at p=0.2b"> for N>200 which has neither been seen
in previous simulations nor predicted by theoretical approaches but is in ac-
cord with experimental studies [85]. During the simulation time these net-
works reconstruct several times, e.g., chains are not trapped.

4.4.4
Force Extension Relation

A different way to measure a necklace signature can be obtained by single-
molecule force spectroscopy, e.g., stretching the chain by AFM [87] or opti-
cal tweezers. The case of an imposed end-to-end distance was investigated
in Refs. [66, 88, 89] for a weakly charged chain at infinite dilution, for which
a saw-tooth pattern in the force-extension curve was predicted. We per-
formed simulations in the weak coupling limit, using a single chain with
N=256, f=1, I3=0.08b, and no counterions present. At equilibrium this sys-
tem is in a two-pearl configuration with Rg=21b. The force-extension curve
was obtained by imposing various fixed Rg up to Rg=50b. Then the force on
the end-monomers was measured, see Fig. 15. The first remarkable observa-
tion is that the two-pearl state evolves into a three-pearl state under exten-
sion, which was predicted in [88, 89]. This is counterintuitive from simple
arguments, but can be shown to result from the electrostatic inter-pearl in-
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teractions [84]. Only when the force averages where computed separately for
the three- and two-pearl states, do we recognize the predicted saw-tooth pat-
tern in the force. In equilibrium, one would expect a rounded plateau for the
transition, and the upper and lower part would correspond to metastable su-
perheated and supercooled states. Again, due to the large fluctuations all
nontrivial signatures in the force-extension relation are washed out.

5
Annealed Polyelectrolytes

5.1
Introduction

In the chemistry literature, one finds the classification of “strong” and
“weak” polyelectrolytes which refers to different dissociation behavior.
Strong polyelectrolytes, polysalts as, e.g., Na-polystyrene sulfonate, dissoci-
ate completely in the total pH range accessible by experiment. The total
charge as well as its specific distribution along the chains is solely imposed
by chemistry, i.e., by polymer synthesis. In the language of statistical me-
chanics of disordered systems, the charge distribution is a quenched vari-
able. That is why such polyelectrolytes are also called “quenched”. On the
other hand, weak polyelectrolytes, represented by polyacids and polybases,
dissociate only in a rather limited pH range. The total charge on the polymer
is not fixed but it can be tuned by changing the pH of the solution. The
number of charges as well as their positions are fluctuating thermodynamic
variables. The imposed quantity is the pH of the solution which is the chem-
ical potential of the charges (or the field conjugate to the number of
charges). In this case, the distribution of charges is an annealed variable
which is the reason that in physics literature such polymers are called “an-
nealed” polyelectrolytes.

The fraction f of charged monomers on an annealed polyelectrolyte is
measured in a titration experiment. The simplest description of this experi-
ment [90] is to assume that the polymer is homogeneous and to minimize
its grand canonical free energy (its free energy at constant pH). In a mean
field approach, the free energy of one chain is

F(f) = Fa(f)+ksTN[flogf + (1—f)log(1 - f)] = Nfu (19)

The first contribution is the total electrostatic free energy of the chain,
the second term is the ideal gas mixing entropy for the charged and non-
charged monomers along the chain and the last term is the charge chemical
potential term. The charge chemical potential y is related to the pH of the
solution and the pK of the monomeric acid by py=pH-pK,. (We have defined
here these quantities with natural logarithms for simplicity). The minimiza-
tion of the free energy with respect to the charge fraction f gives the titration
law
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1= kpTlog ! + Hei (20)

1-f
where pg=N"' OF4/0f is the electrostatic contribution to the chemical poten-
tial. Note that the effective pK of the polyacid is modified by the electrostatic
interactions. An explicit theoretical determination of the titration curve then
requires a model for the electrostatic free energy.

The distribution of the charges along an annealed polyelectrolyte chain
is, however, not homogeneous due to both chain end-effects and a non ho-
mogeneous distribution of the monomers (for example in the pearl-necklace
structure). This extra degree of freedom for the charges gives rise to new
and non trivial features of annealed polyelectrolytes. The charge inhomoge-
neity has strong impact on processes dominated by end-effects, such as the
self-assembly of weakly charged linear micelles [91] and adsorption on
charged surfaces [92]. For end-grafted weak polyelectrolytes, a rather un-
usual regime has been obtained where the chain stretching (brush thickness)
depends non-monotonously on salt concentration [92]. In particular, for
polyelectrolytes in a poor solvent, the annealing of the charges can have
strong effects [90]. The specific behavior of weak polyelectrolytes has at-
tracted considerable interest in experimental [95-97], theoretical [90, 98-
101] and simulation studies [99, 102-106].

The aim of this section is to discuss the distribution of the charges along
an annealed polyelectrolyte. We first present theoretical arguments and then
simulations for weakly charged polyelectrolytes. A related problem is that of
strongly charged polyelectrolytes above the counterion condensation thresh-
old [107]. The number of condensed counterions can fluctuate and they are
mobile along the chain contour. A strongly charged polyelectrolyte and its
condensed counterions shares thus many properties with an annealed poly-
electrolyte. Simulations on the distribution of condensed counterions are
presented in the last subsection.

5.2
Theory of Annealed Polyelectrolytes in 6 and Poor Solvents

5.2.1
6 and Good Solvent

A weakly charged Gaussian polyelectrolyte (in a 6 solvent) can be described
within the electrostatic blob model as a linear array of electrostatic blobs of
size &g, given in Eq. (15). The chain being stretched, the conformational
fluctuations are small, we can thus use a strong stretching approximation
and describe its conformation by the average position of each monomer s
along the chain, z(s). The average electrostatic potential on the chain at a po-
sition z is then

N/2
¢(z):—l3[ dsf(s) < ——> (21)

N/2 |z —2(s)]
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where we have taken the origin at the middle of the chain. f(s) is the frac-
tion of charged monomers along the chain or the average degree of charg-
ing of monomer s. The electrostatic potential is larger at the center of the
chain than close to the chain ends since it is created at the center by the
two chain halves and at the end by one half chain only. The counterions feel
thus a stronger attraction at the center of the chain than at the chain end
and the charge fraction f of dissociated groups is larger at the chain end.
For simplicity, we use here the simple electrostatic blob model with a con-
stant chain tension. A more sophisticated description taking into account a
small trumpet effect with larger blobs close to the chain end is considered
in reference [101]. The electrostatic potential is in a first approximation
d=—1Ix(f)Ea/b* log (1-(22/R)*) where (f) is the average fraction of charged
monomers along the chain. The charge distribution is then obtained by
writing the chemical potential balance of Eq. (20) with a varying electro-
static chemical potential p=kT¢(z)

S A
() b?

where R is the chain end-to-end distance and A is an unknown pre-factor
(in the definition of the electrostatic blob size). The fraction of charged
monomers is indeed larger at the chain ends and decreases smoothly to-
wards the chain center. Note that the factor Alg(f)&o/b? is the Manning pa-
rameter for the condensation of the counterions on the chain of blobs and
that it is small for a weakly charged polyelectrolytes. The variation of the
charge along the chain is therefore a weak effect.

When the electrostatic interaction is screened, the polyelectrolyte chain is
not stretched over its all contour but it is only locally stretched. The electro-
static blob model can still be used however over pieces of chains with a size
of the order of the electrostatic persistence length. This length is in general
larger than the Debye screening length x~!. The electrostatic potential is
constant on the chain except for a small region of size k™' around the chain
ends where it decreases. As in the case where the interaction is not screened
the charge is higher at the chain ends but this effect is now localized over a
region with a size of the order of the screening length.

For a rod-like chain, the equilibrium charge distribution was shown to
obey [99]

12%)—1+<fng{E1<<l;]+s)bx> +E1<<12V_s>zm) _me} (23)

where E;(x) is the exponential integral E;(x)= [ dtt 'exp(—t) [108]. The

log(1—(2z/R)*) +2(1 —log2)] (22)

X
detailed calculation of the charge distribution on a flexible chain given in
reference [101] leads to the same equation, but with rescaled Bjerrum and
screening lengths, now expressed in terms of contour length

I —lg=1IgAE, /b, Kk '—ik '=xTAE,/b (24)
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Both distributions for rigid rods and flexible chains are compared to nu-
merical simulations in the next section.

5.2.2
Poor Solvents

We consider a polyelectrolyte in a poor solvent in the pearl-necklace confor-
mation. The distribution of the charges on the polymer can be calculated
from the titration law (20) where the local electrostatic chemical potential is
again related to the electrostatic potential created by the necklace. There are
two origins for the heterogeneity of the charge distribution. One is an end-
effect very similar to the one discussed for a 7 solvent that we will ignore
here. The other source of heterogeneity is the non-homogeneous distribu-
tion of the monomers along the chain. The monomers and thus the charges
are concentrated on the pearls and the electrostatic potential is larger on the
pearls. The free charged counterions therefore recombine more easily on the
pearls and we expect a lower fraction of charged monomers on the pearls
than on the strands.

The precise calculation of the fraction of charged monomers in the pearls
is rather tedious. In order to get a first picture of the charge distribution, a
two state model has been proposed in reference [101]. The monomers either
belong to pearls and have a probability (f)—5f to be charged or they belong
to the strands and they have a probability (f)+6f’ to be charged. The average
fraction of charged monomers on the chain is (f) and as explained above,
we expect that both 6f and 6f' are positive. As for the Gaussian polymer, the
charge distribution is obtained by minimization of the grand canonical free
energy of the polymer. This free energy is very similar to Eq. (19) but the
polymer contribution includes both the electrostatic and the interfacial free
energies of the pearl-necklace structure. In the limit where the pearls are
dense < (f2Iy/b)'?, i.e., far from the transition to the stretched Gaussian
chain behavior where the pearls all disappear, the minimization of the free
energy gives the reduction of the fraction of charged monomers in the
pearls

S _ (<f>zlﬁ)‘” (PIs/b(f))"*
(f) br® 1— (3l /b(f))"/?

where we have ignored any numerical pre-factor. The quantity (z3g/(f))"? is
the electrostatic energy of a counterion at the surface of a pearl in units of
kpT. If this energy is smaller than kT, the charge inhomogeneity 5f/(f) is
small and the charge is almost uniform. For a finite value of this quantity,
however, the denominator in Eq. (25) diverges. This is the signature of an
instability of the pearl-necklace structure. As the pearl-necklace structure
exists only if there are at least two pearls i.e. if 7<7;=N(f)* l/b, the pearl-

(25)

necklace structure is stable if 7<17,~(b*/ Nl%)l/ >, If the solvent quality is
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good enough that this condition is satisfied, the polyelectrolyte in the pearl-
necklace conformation has an almost homogeneous charge distribution.

If the solvent is too poor, 7>7,, the pearl necklace structure becomes un-
stable. The polymer shows a discontinuous transition at a constant 7, upon
increasing the charge, between a collapsed globular conformation and a
stretched Gaussian chain conformation. This transition should be observ-
able in a titration experiment where one plots the pH of the solution as a
function of the degree of neutralization. The pH is up to a trivial additive
constant the charge chemical potential u(f). The degree of neutralization is
for most practical purposes equal to the fraction of charged monomers. The
titration curve is thus a plot of u(f). These two variables being conjugate
thermodynamic variables, the signature of a first order transition is a pla-
teau in the titration curve [90].

53
Simulation of Weakly Charged Polyelectrolytes

Using a freely jointed bead-spring chain, the model is chosen as close as
possible to that used in theory [101]. Along the chain the N monomers are
connected by a harmonic potential Up,,q = 3ks T/ZZ (r,,+1 rn)z/b(z),
with r, being the position of bead n and by is the (bare) average bond length.
N. monomers are charged (degree of dissociation (f)y=( N, }/N) and interact
via the Debye-Hiickel potential UDH:kBT/Z Elj;m:l I8 /Tum €xp(—Tnm/AD)
where the Debye screening length Ap=x"" is an input parameter. For water at
room temperature, the Bjerrum length I which gives the strength of Cou-
lomb interaction is about 7.1 A. To avoid problems with counterion conden-
sation, and to ensure that we work in a parameter range where the theory
can be applied, we set the length scale by u=Ip/b=0.9 with bab,=1. With this
setting of the length scale, one has ba~8 A. Hence, the polyelectrolyte chain
is modeled on a coarse grained level where one bead corresponds to a few
chemical monomers.

5.3.1
Simulation Method

Equilibrium properties of the polyions are investigated by Monte Carlo
(MC) simulation [106]. In order to study annealed polyelectrolytes the MC
simulation is performed in a semi-grand canonical ensemble where the
chain is in contact with a reservoir of charges of fixed chemical potential p.
The energy change of a complete MC move is AE=AE tu, where AE, is the
change in configurational energy due to Upong and Upy. The plus sign is
used when the monomer is to be neutralized and the minus sign when it is
to be charged. Alternatively, simulations with a fixed degree of dissociation
have been done in which the charges are allowed to redistribute along the
chain [99].
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Fig. 16 Equilibrium charge distribution on a rigid rod (N=128, (f)=1/16) at varying
screening length. Theoretical results (see Eq. (23) are given as lines, simulation data as
symbols

5.3.2
Rigid Rods

For rigid rods, simulation results can be compared with theoretical predic-
tions which contain no free parameter [99]. Figure 16 shows the charge dis-
tribution at a given mean degree of dissociation for several screening
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Fig. 17 Charge density at the ends versus degree of dissociation (f) (N=128, 1p=12.9D).
The dashed line is a guide for the eyes
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lengths. For strong screening the agreement between theory and simulation
data is quite good. For larger Ap, finite size corrections become important.
Note that the theoretical results, in particular the normalization of the
charge density, is correct in the limit N>>2p/b>>1. First order corrections in
(f)ls/b partially compensate the overestimated charge depletion in the mid-
dle of the chain seen in Fig. 16. Figure 17 gives the local charge density at
the ends fenq for the total range of (f). The degree of charge accumulation is
substantially enhanced near the maximum slightly below (f)=0.5. Note, that
close to the maximum, the local charge density at the ends becomes nearly
50% higher than the average value (f).

53.3
Flexible Chains

Figure 18 shows the charge distributions obtained for a flexible chain to-
gether with the theoretical predictions following from Eqs. (23) and (24). We
should remember that the theory contains a free parameter A, the pre-factor
of the scaling theory blob size &.. We fit A to obtain best agreement of the
charge density at the middle of the chain [106]. Note that such a fitting not
only corrects for the unknown pre-factor of &, but also for the higher order
terms neglected in the theory (see the discussion above). Doing so, however,
yields almost perfect agreement between simulation data and theoreti-
cal predictions for the charge accumulation at chain ends in a fairly
wide parameter range ({f), Ap). The structure of the chains can
be analyzed by calculating the spherically averaged form factor
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Fig. 18 Equilibrium charge distribution on a flexible chain (N=1000, (f)=0.083,
Ap=64b). The theoretical result (see Eqs. (23, 24)) is given as dashed line, simulation
data as dots
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log,,(gb)

Fig. 19 Spherically averaged structure factor of annealed charged chains (N=1000):
(f)=0.040, 1p=16b (circles); (f)=0.083, Ap 64b (squares); (f)=0.125, Ap=256b (triangles),
additionally the result of an uncharged chain (diamonds). Thin lines indicate asymptot-
ic scaling laws

Sl(q):<<1/N’Zﬁlexp(iq-rn)’2>|q|>. From the theory of uncharged

polymers we know that the structure factor scales as S;(q)~q """ in the range
2m/R<q<2r/b with v being the universal exponent for the mean extension of
the chain R~N". In Fig. 19, we plotted S;(gq) for the parameter range where
we obtain good agreement of theoretically predicted charge distribution and
simulation data. For a not too small degree of charging and not too short
screening lengths, linear scaling with vx1 is reached at large length scales.
On short length scales we have an almost ideal random coil behavior. This is
exactly the structure implied by the theory.

54
lon Distribution around Strongly Charged Polyelectrolytes

Now we will investigate end-effects in the ion distribution around strongly
charged, flexible polyelectrolytes with a quenched charge distribution by
molecular dynamics simulations. For sufficiently strongly charged polymers
at finite densities, we always find some fraction of the counterions in close
vicinity to the charged polymer backbone. These counterions effectively
neutralize part of the chain charges down to some effective charge. The neu-
tralization is stronger at those points where the electric field is stronger,
since those regions attract more counterions on average. The inhomoge-
neous distribution of counterions lead again to an effective charge distribu-
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tion along the polymer contour which has many similarities with that de-
rived in Eq. (22) for weakly charged annealed polyelectrolytes. In a way, the
positions of the counterions behave now as“annealed”, and thus the distri-
bution of all charges (fixed“quenched” monomer charges and mobile coun-
terions) in the vicinity around the chain appears to be annealed. The delicate
interplay between the electrostatic interactions, the chain conformation, and
the counterion distribution has been studied in detail [107] as a function of
different system parameters such as the chain length N, the charge fraction
f, the charged particle density p,, the ionic strength and the solvent quality,
and we summarize here only some important results.

5.4.1
Simulation Method

Our model of a polyelectrolyte solution consists of N, flexible bead-spring-
chains which are located in a simulation box of length L with periodic
boundary conditions. For each chain, a fraction f of the N monomers is
monovalently charged (v=1), and fN oppositely charged monovalent counte-
rions are added to obtain an electrically neutral system. In some cases N;
pairs of salt ions were added. The density is given in form of the charged

particle density p, = w All ions interact via the full Coulomb poten-

tial which is computed with the P3M Ewald method [109]. We use molecular
dynamics simulations in a NVT ensemble, employing a standard Langevin
thermostat.

5.4.2
Definition of an Effective Charge

A snapshot of a polyelectrolyte and the counterions in its vicinity are shown
in Fig. 20. Each counterion charge is associated to its closest chain mono-
mer, and the distance to that monomer is calculated. If we add this charge to
the opposite charge of the chain monomer and take the configurational aver-
age, we obtain the average local charge g (,§) at cylindrical distance r away

(%]

Fig. 20 The snapshot displays the geometrical situation in the vicinity of the polyelec-
trolyte chain. The method of measuring the distance of free ions to the chain and their
assignment to individual monomers is illustrated by the connections between the ions
and their closest monomer
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Fig. 21 Effective charge along the contour length for different values of the charge pa-
rameter &

from the monomer j. If we sum over all monomers we get the effective
charge qe (1) for the whole chain, which can be normalized to the chain
charge fN via gegr = f%]qeff. We need to specify some cut-off radius r,, up to

which we want to call the ions condensed, and this is largely arbitrary. Al-
though the quantitative results will depend on the value of r,, the qualitative
details do not change [107].

In Fig. 21 we show the dependency of ges(j)/Gesr for a chain of length
N=72, f=1, for the values =1, 0.5, 0.25. Qualitatively the curve for {=1 looks
the same as the one in Fig. 18. For smaller & the end effect vanishes, since
both the number of annealing counterions and the strength of the electric
field decrease strongly. In Fig. 22, we can observe the dependency of the
end-effect on polymer concentration and added salt, which should be simi-
lar since in both cases the Debye length changes. In the first three cases, the
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O O +

{JIL\ff( 1 J‘})'II"?{‘IT

1.05

0.95
0.9

Fig. 22 Effective charge along the contour length g (j) (here with r.=3.14b) for different
densities and salt concentrations for chain length N=106, f=1/3, £=1
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Fig. 23 Effective charge along the contour length ges (j) (here with constant geg=0.85)
for different densities and salt concentration as in Fig. 22

increased polymer concentration (and therefore increased counterion con-
centration) decreases the Debye-length, and, in the last case, we add salt to
decrease Ap even further. We notice that the end effect becomes stronger
with decreasing Ap. This is opposite to the theoretical predictions and also
counterintuitive, but has a simple explanation. In Fig. 23 we plotted the
same data as before but this time r. was varied for each data set to keep the
average charge Jef (7.) (via the number of annealing ions) constant, because
only then should the data be qualitatively compared to previously derived
theoretical predictions. As can be seen in Fig. 23 we recover the expected in-
crease of the end-effect with increasing ionic strength. If one investigates the
chain length dependence of the end-effect, one finds a saturation for long
chains, when the chain extension, namely R,, is at least twice as large as the
Debye screening length, suggesting that the end-effect has a penetration
length of order ~Ap, consistent with the theoretical ideas.

Even though the chain conformation is very different in the poor solvent
case, the end-effect is qualitatively the same, namely the counterions are
more likely to be found at the middle of the chain than at the ends. We can
also clearly see the necklace structure by looking at the effective charge
along the contour length. However the string length is too short to show any
charge difference in pearls and strings as has been predicted in Ref. [101].
Overall we can conclude that the charge distribution of strongly charged
polyelectrolytes (with or without annealing) behaves like that one of weakly
charged titrating polyelectrolytes. This is due to the presence of the mobile
partially neutralizing counterions, which results in an annealed backbone
charge distribution.
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55
Weak Polyelectrolytes at Low-Dielectric Substrates

As was previously discussed, electrostatic repulsion between charges on
neighboring monomers tends to decrease the effective charge of weak poly-
electrolytes. This effect is stronger at low salt concentrations (i.e., for long-
ranged electrostatic interactions). The situation is more complicated at di-
electric boundaries, since here the charge on each monomer is interacting
with its neighbors but also with its own image charge and the image charges
of all its neighbors. As a result, the fraction of charged monomers decreases
as the PE approaches a low-dielectric substrate (for example at a water-air
interface), and even a strong PE is eventually turned into a weak PE as it
comes closer to the substrate. The resulting image-charge repulsion stays fi-
nite even when the PE touches the substrate. This can explain previously
puzzling experiments where poly-styrene-sulfonate (PSS, a strong PE) has
been found to adsorb on the (supposedly) neutral water-air interface [110-
113].

In order to treat the combined effects of added salt and dielectric bound-
aries on a manageable level, we use screened Debye-Hiickel (DH) interac-
tions between all charges. In the presence of a dielectric interface, the
Green’s function can in general not be calculated in closed form [114] except
for (i) a metallic substrate (with a substrate dielectric constant £=00) and
(ii) for ¢'=0 (which is a fairly accurate approximation for a substrate with a
low dielectric constant). For two unit charges at positions r and r’ one ob-
tains for the total electrostatic interaction including screening and dielectric
boundary effects

. e—x\r—r’\ e K (r—r')* +4zz'
VDH<T, r ) = lB ‘T + lB > (26)
(r—r")" +4zz

_r/|

where z and z' denote the distance of the unit charges from the interface to
the low-dielectric (¢ =0) half space. One sees that the second term, which is
due to the dielectric interface, becomes of the same order as the first term
(the ordinary bulk interaction) as one comes closer to the interface, i.e.,
when z and z' approach zero. Right at the interface, for z=2'=0, the total in-
teraction becomes twice as large.

The ionic self energy, i.e., the interaction of one charge with its own image
charge, is given by Vel (2)=vpu(r,r'=r)/2 and measures the free energetic
cost of (i) immersing a single ion in an electrolyte solution, and (ii) moving
this ion to a distance z from the surface. One obtains

—2Kz

4z

vill(2) = —lgrc/2 + I (27)

where the divergent Coulomb self energy has been subtracted. As a result,
charges are repelled from the low-dielectric substrate.
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Fig. 24 A straight PE chain consisting of N dissociable monomers is placed parallel at a
distance D to a dielectric interface

A PE monomer, which in all what follows is assumed to be an acid, can be
either charged (dissociated) or neutral (associated), which is described by a
chemical reaction AH+H,0=A"+H3;0" where AH denotes the associated
(neutral) acidic monomer and A~ denotes the dissociated (charged) mono-
mer. At infinite dilution, the law of mass action relates the concentrations to
the equilibrium constant K=[A~][H;0"]/[AH][H,0]. Since the water concen-
tration is for most purposes a constant, one defines an acid-equilibrium
constant as K,=[A][H30"]/[AH] which now has units of concentration.
Defining the negative decadic logarithm of the H30" concentration and the
acid constant as pH=-log;o[H;0*] and pK,=—logy K, the law of mass action
can be rewritten as [A”]/[AH]= 10"1"PK:, The degree of dissociation a, de-
fined as a=[A"]/([AH]+[A™]), follows as

1

o= 71 n 10PK—pH (28)

In the present simplified model, we neglect conformational degrees of
freedom of the PE and assume a straight polymer consisting of N monomers
with a bond length (i.e. distance between dissociable groups) a, located at a
distance D from a dielectric interface, as is depicted in Fig. 24. This model is
applicable to stiff PEs and for strongly adsorbed PEs, since they are indeed
flat. The exact partition function reads

Z: Z ei'uZis"iijSisjVDH(r?r/) (29)
{S,‘}:O,l

where s; is a spin variable which is 1 (0) if the i-th monomer is charged (un-
charged) and r; denotes its position. The chemical potential for a charge on
a monomer is given by ,u=—2.303(pH—pKa)+vselfDH(D)—€BK/2, the first term
is the chemical free energy gained by dissociation, the second term, defined
in Eq. (27), is the electrostatic interaction between the charged monomer
and the substrate, and the last term is the self-energy of the released proton.
All different charge distributions are explicitly summed in Eq. (29), which,
together with the long-ranged interaction vpu(r;r;) between charged mono-
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Fig. 25 Fraction of dissociated monomers o in the bulk (infinitely far away from the in-
terface) as a function of the pH and for different salt concentrations. The polymer con-
sists of N=20 monomers with a bond length 4=0.254 nm. The solid line denotes the dis-
sociation of non-interacting charges at infinite dilution

mers, defined in Eq. (26), makes the problem difficult. From the partition
function, one derives the free energy per monomer, f/kgT=—In(Z)/N, and the
fraction of charged monomers as a=—0Z/NOu. Previously, similar problems
have been solved using mean-field theory [100, 101], restriction to nearest-
neighbor repulsions only [115-117] and computer simulations [46, 106]. For
the following results, the partition function is summed explicitly by an exact
enumeration for a finite chain length N=20.

In Fig. 25 the fraction of charged monomers is presented infinitely far
from the interface, i.e., in the bulk. For a screening length k™ '=0.3 nm, i.e. of
the order of the monomer distance a=0.254 nm, the electrostatic repulsion
between monomers becomes irrelevant and the dissociation curve is close to
the law-of-mass action Eq. (28) (note a small horizontal shift due to the in-
creasingly negative self energy of the separated charges in the salt solution).
As the salt concentration decreases, the effective charge goes down, or, as it
is usually put, the apparent dissociation constant shifts. For x™'=3 nm at
pH-pK,=3 only half of the charges are dissociated. One notes that for
screening lengths larger than the size of the polymer, I=Na=5.1 nm no dra-
matic changes are observed. As a main result, even rather strong PEs are
only partially charged at low salt concentrations (where we have not taken
additional complications due to chemical binding of metal ions into account
[117, 118]).

In Fig. 26 results for a fixed value pH—pK,=5 are shown as a function of
the distance from a low dielectric substrate. Due to the strong image-charge
repulsion the charge fraction o goes to zero as the distance from the sub-
strate decreases. This is true whatever the PE strength or salt concentration,
i.e., even a strong PE becomes weak at a low-dielectric substrate. The free
energy exhibits a strong repulsion from the substrate, but since the charge
fraction becomes zero at the substrate, the free energy stays finite all the
way and is strictly bounded by zero from above. Accordingly, the maximal
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Fig. 26 Dissociation of a polymer with N=20 monomers as a function of the distance D
from the interface to a low-dielectric half-space (idealized by £'=0, see text). Shown are
degree of dissociation o and free energy per monomer, f/kgT, for fixed pH-pK,=5 for
different salt concentrations. As the polymer moves towards the interface the degree of
dissociation and the free energy approach zero, the polyelectrolyte is repelled from the
interface

free energy penalty for moving a PE from the bulk to the substrate is
flkpT=2.303(pH—pK,)+/px. Since for lower salt concentration the charge
fraction in the bulk goes down and the free energy is raised, while the free
energy reaches zero at the interface independent of the salt concentration,
one arrives at the surprising result that the repulsion from the substrate is
weaker at low salt concentrations, although the electrostatic interaction by
itself is more long ranged and thus more pronounced. This is a conse-
quence of the fact that a PE is self-adjusting or regulating its degree of
charge for varying salt concentrations.

These results can help to explain the recent experimental findings that
strong PEs such as PSS (with roughly pK,~2) spontaneously adsorb at the
water-air interface [110-113] or other low-dielectric substrates [119]. The
driving force for the adsorption is the hydrophobicity of the benzene groups
and the backbone, which tends to push these groups out of the water. The
counteracting force is due to the charges on the sulfonic groups, which expe-
rience an image-charge repulsion from the low-dielectric half space. Naively,
without taking into account the charge-regulation mechanism discussed
here, one would predict the image-charge repulsion to become dominant at
low salt concentration and prevent any adsorption at the interface. However,
as shown here, the free energy penalty for bringing a PSS monomer (for
which at neutral conditions pH-pK,~5, as used in Fig. 26) to a distance
D~0.5 nm from the interface is only a few kgT, accompanied by a drastic de-
crease of the effective charge. This penalty can with ease be overcome by the
hydrophobic attraction.
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1
Introduction

An increasing number of articles on polyelectrolyte complexes reflect the
growing scientific and industrial interest in this field. Some reviews are giv-
en in [1-7]. Polyelectrolyte complexes can be roughly divided into two types:
The first type (PECs) are complexes of cationic and anionic polyelectrolytes.
The second type (PE-surfs) are complexes of anionic polyelectrolytes and
cationic surfactants and those of cationic polyelectrolytes and anionic sur-
factants. In its most simple form complex formation is observed when the
two oppositely charged species-polyelectrolyte and polyelectrolyte or poly-
electrolyte and surfactant are mixed in aqueous solution. But a number of
different procedures to form PECs and PE-surfs have been developed. For
example, multilayer films of PECs on solid surfaces were prepared by chemi-
sorption from solution. This is well-known as the layer-by-layer technique
and synonymously as electrostatic self-assembly [3]. The first experiments
on multilayers made of oppositely charged polyelectrolytes were carried out
by Decher et al. [8]. The resulting superlattice architectures of the PECs are
somewhat fuzzy structures. Some reasons are i.) the build-up process of con-
secutive adsorption of polycations and polyanions is kinetically controlled
and ii.) the polyelectrolytes are typically flexible molecules. But the absence
of crystallinity in these films is expected to be beneficial for many potential
applications [09]. Meanwhile the layer-by-layer method has been extended
to other materials such as proteins [10, 11] and colloids (e. g. inorganic na-
nosheets of the clay mineral montmorillonite) [12]. Moreover, hollow nano-
and microspheres are obtained via layer-by-layer adsorption of oppositely
charged polyelectrolytes on template nano- and microparticles [13, 14].

The complex formation of PECs and PE-surfs is closely linked to self-as-
sembly processes. A major difference between PECs and PE-surfs can be
found in their solid-state structures. PE-surfs show typically highly ordered
mesophases in the solid state [15] which is in contrast to the ladder and
scrambled-egg structures of PECs [2]. Reasons for the high ordering of PE-
surfs are i) cooperative binding phenomena of the surfactant molecules onto
the polyelectrolyte chains [16-18] and ii) the amphiphilicity of the surfactant
molecules. A further result of the cooperative zipper mechanism between a
polyelectrolyte and oppositely charged surfactant molecules is a 1:1 stoichi-
ometry. The amphiphilicity of surfactants favors a microphase separation in
PE-surfs that results in periodic nanostructures with repeat units of 1 to 10
nm. By contrast, structures of PECs normally display no such periodic
nanostructures.

2
Polyelectrolyte-Polyelectrolyte Complexes (PECs)

In many practical uses PEC formation takes place under conditions, where
structure formation is mainly determined by the fast kinetics of this process,
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concealing the effects of different parameters of influence such as the mixing
regime, medium conditions and macromolecular characteristics of the poly-
electrolytes. The investigation of PEC formation in highly diluted aqueous
solutions offers a much better chance of elucidating the general features of
this process and to examine the consequences by varying the combination
of polyelectrolytes and the formation conditions. After giving a brief de-
scription of the physical background of PEC formation and the basic find-
ings regarding soluble PECs, we will focused on PEC formation in highly ag-
gregating systems.

2.1
Physical Background of PEC Formation

The mixing of solutions of polyanions and polycations leads to the sponta-
neous formation of interpolymer complexes under release of the counteri-
ons. Complex formation can take place between polyacids and polybases,
but also between their neutralized metal and halogenide salts. For free poly-
electrolyte chains the low molecular counterions are more or less localized
near the macroions, in the case of high charge densities, particularly because
of counterion condensation. The driving force of complex formation is
mainly the gain in entropy due to the liberation of the low molecular counte-
rions. However, other interactions such as hydrogen bonding or hydropho-
bic ones may play an additional part. From the energetic point of view, PEC
formation may even be an endothermic process, because of the elastic ener-
gy contributions of the polyelectrolyte chains, impeding the necessary con-
formational adaptations of the polymer chains during their transition to the
much more compact PEC structures.

The reaction of polyelectrolyte complex formation can be described by
the following equation:

(>-Ach) +(>-Ca"), & (>-ACH +(>-Ac"),

+(>—Cra™),  +xa +xc’ (1)

where A~, C*-are the charged groups of the polyelectrolytes, a~, c*-counteri-
ons, n, m-number of the anionic and cationic groups in solution, n/m or m/
n=X-molar mixing ratio, 6=x/n, n<m or #=x/m, m<n, 6-degree of conver-
sion. The degree of conversion determines whether the ionic sites of the
components in efficiency are completely bound by the oppositely charged
polyelectrolytes or whether low molecular counterions partly remain in the
complex. Another characteristic quantity is the overall composition of the
PEC structures at any mixing ratio. Even if the stoichiometry of the ionic
binding is 1:1, the major component may be bound in excess, leading to an
overcharging of the PEC particles.

PEC formation leads to quite different structures, depending on the char-
acteristics of the components used and the external conditions of the reac-
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tion. As borderline cases for the resulting structures of polyelectrolyte com-
plexes two models are discussed in the literature [19]:

- The ladder-like structure, where complex formation takes place on a molec-
ular level via conformational adaptation (zip mechanism),

- and the scrambled egg model, where a high number of chains are incorpo-
rated into a particle.

Beside the determination of the PEC stoichiometry, the detailed charac-
terization of the PEC structures is the main objective in understanding the
effects of various parameters on the course of complex formation and the re-
sulting properties of the PECs.

2.2
Water-Soluble PECs

Comprehensive and systematic studies on soluble PECs started with the pio-
neering work of the groups of Kabanov [20-22] and Tsuchida [23-25]. They
could show that under appropriate salt conditions, PEC formation between
polyions with weak ionic groups and significantly different molecular
weights in non-stoichiometric systems results in soluble complexes. Such
PECs are structured according to the ladder model, consisting of hydrophilic
single-stranded and hydrophobic double-stranded segments. Predominantly
carboxylic groups containing polyanions were used in combination with var-
ious polycations. The presence of a small amount of salt enables rearrange-
ment and exchange processes and shifts the reaction more to thermodynam-
ic equilibrium, leading to a uniform distribution of the short chain compo-
nents among all long chains of the counterpart. Stop flow measurements
[26] showed that PEC formation takes place in less than 5 ps, nearly corre-
sponding to the diffusion collision of the polyion coils. The further addition
of salt leads at first to a shrinking of the PECs due to the shielding of their
charges by the electrolyte. When a critical salt concentration is exceeded, a
disproportionation of the short guest chains occurs, leading to completely
complexed, precipitating species and pure host polyelectrolyte chains in so-
lution [27-29]. At still higher salt concentration the precipitate dissolves
again and both components exist as free polyelectrolyte chains in solution.
Similar effects can be induced by changes of the p-H-value [21].

While at low ionic strength the PECs possess a high stability, they are able
to take part in polyion exchange and substitution reactions at higher ionic
strengths. Especially, the addition of a component of higher molecular mass
or stronger ionic groups results in substitution reactions [30, 31]. Therefore,
one should always be aware that polyelectrolyte complexes are “living sys-
tems”, which may respond very sensitively to changes of their environment.
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23
Dispersions of Highly Aggregated PEC Particles

The preparation of soluble PECs requires special conditions. Most of the
practical applications do not meet such demands. Particularly, PEC forma-
tion between strong polyelectrolytes results in highly aggregated or macro-
scopic flocculated systems. However, in extremely diluted solutions the ag-
gregation process stops on a colloidal level, offering the possibility to study
these dispersions of PEC particles in detail. We focused our interest on the
investigation of the stoichiometry and structure of such PECs, looking espe-
cially for the general effects of various macromolecular and external param-
eters.

2.3.1
Stoichiometry of the PECs

2311
Stoichiometry of lonic Binding

The first step in determining the composition of the PEC particles is to find
the stoichiometry of the ionic binding, i.e. of the degree of conversion. Well-
established techniques of studying the endpoint stoichiometry of PEC for-
mation are turbidity, potentiometry, conductivity, electrophoretic light scat-
tering, and colloidal titration. A maximum or a breakpoint of the measured
quantity indicate the endpoint of the reaction of complex formation (for de-
tails of these methods see Review [32]). For strong polyelectrolytes in most
cases a 1:1 endpoint stoichiometry was found. Some of these techniques also
allowed us to determine the stoichiometry as a function of the molar mixing
ratio X of the oppositely charged components. Micheals et al. [33] studied
PEC formation between sodium poly(styrene sulfonate) (NaPSS) and
poly(4-vinylbenzyl-trimethylammonium chloride) (PVBTACI) by conduc-
tometry. A comparison of the conductivity of the PEC solutions with that of
control solutions containing the same amount of low molecular counterions
according to a 1:1 reaction and the remaining excess polyelectrolyte, proved
that the component reacted completely under full release of the low molecu-
lar counterions. The same conclusion could be drawn from UV spectroscopy
and potentiometry with a chloride sensitive electrode for the UV-active
polyanion NaPSS in combination with poly(diallyldimethylammonium chlo-
ride) (PDADMAC) or its copolymers with acrylamide [34]. These investiga-
tions were carried out using deionized water as a solvent. NMR studies on
the same polycations in combination with different NaPSS samples revealed,
for NaPSS of higher molecular masses, a full binding, especially at higher
ionic strength [35]. The full binding of the component in deficiency even for
strong mismatching of the charge densities of the components, suggests a
more smoothed charge neutralization than a strictly located salt binding.
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23.1.1.1
Overall Composition

While for the ionic binding the 1:1 stoichiometry seems to be the rule in the
case of strong polyelectrolytes {-potential measurements by electrophoretic
light scattering [36, 37] revealed a strong overcharging for non-stoichiomet-
ric mixing ratios. In [38], viscometry was used to determine the total com-
position of the PEC particles between NaPSS and DADMAC-acrylamide
copolymers. The stoichiometric factor decreases from ~1.5 at low mixing ra-
tios to 1 at 1:1 mixing of charged groups. Similar results were obtained by
analyzing the complex solutions and the supernatants by analytical ultracen-
trifugation using an UV-detector [39]. Also chromatographic techniques
[40, 41] and gel electrophoresis [42] were employed in this regard.

2.3.2
Structure of the PECs

23.2.1
PEC formation in pure water

At first PEC formation in pure water will be considered. Electron and X-ray
absorption microscopy showed that PEC formation leads to polydisperse
systems of nearly spherical particles [32, 34]. To study the PEC structure in
detail static and dynamic light scattering were used. Static light scattering in
its traditional manner of data analysis provides information about the
weight average of the particle mass and the z-average of the square of the
radius of gyration. A more detailed interpretation of the shape of the scatter-
ing functions by comparison with model calculations for various structures
[43-45] yields additional information about the structure type and polydis-
persity and allows the calculation of the structural density (reciprocal of the
degree of swelling). Dynamic light scattering yields, by the cumulant fit of
the correlation function the z-average of the diffusion coefficient and via the
Einstein-Stokes equation, the hydrodynamic radius (for details see [46]).
The ratio between the radius of gyration and the hydrodynamic radius is a
structure sensitive parameter and varies from p=0.775 for monodisperse
spheres to values much higher than unity for elongated structures. A La-
place transform of the correlation function directly provides the distribution
function of the decay constants, and for spheres the distribution of radii
[47].

The findings of light scattering studies on PEC formation between a vari-
ety of different polyanions and polycations [32, 34, 48-50] can be summa-
rized as follows:

PEC formation in a concentration range of the component solutions be-
low 1107 g/mL resulted in stable dispersions of PEC particles when non-
stoichiometric mixing ratios are used. In general, the scattering functions of
the PECs could be well fitted by the model of polydisperse systems of homo-
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geneous spheres, using a logarithmic distribution to describe the polydisper-
sity of radii. Taking into account the polydispersities obtained by static light
scattering, the results of dynamic light scattering confirmed nicely the mod-
el used. Together with the findings about PEC stoichiometry this leads to
the conclusion that the sphere-like PEC particles consist of a charge neutral-
ized core, surrounded by an electrostatically stabilizing shell of the excess
component.

The structural parameters of the PECs (mass, size, structure density)
changed only slightly with the molar mixing ratio X up to about X=0.9. Mass
and size of the complexes decreased somewhat in such a way that the struc-
ture density remained nearly constant. The decrease in PEC particle mass
can be explained by the consumption of the excess component. Therefore,
not a growing of the PEC particles, but the generation of new particles is the
dominating process with increasing mixing ratio. Secondary aggregation
and macroscopic flocculation occurred when the 1:1 mixing ratio is ap-
proached.

Even in extremely diluted systems (<1x107° g/ml) the PEC particles con-
sist of several hundred single polyelectrolyte chains. The level of aggregation
increases strongly with the rising concentration of the component solutions
up to several thousand chains per particle [50].

For strong polyelectrolytes and suitable charge densities of the compo-
nents the structure density of the PECs is high and ranges normally from 0.3
to 0.7 g/mL, indicating very compact structures. Stronger mismatching of
the charge distances of the components results in higher degrees of swelling
[34, 48, 49].

By contrast to expectations (from the thermodynamic point of view [51]),
PEC formation between PDADMAC and a series of NaPSS of different mo-
lecular masses (8000 to 1million g/mol) did not reveal systematic changes of
the structural parameters with variation of the molecular masses of NaPSS.
Most likely, in pure water PEC formation is mainly governed by the kinetics
of this process, leading to frozen structures, which are far from thermody-
namic equilibrium. This statement is supported by the findings on preferen-
tial binding from a mixture of polyanions during the addition of a PDAD-
MAC solution [52, 53]. An equal binding of both kinds of polyanions or even
a preferential binding of the thermodynamically handicapped component
(weaker ionic groups or lower molecular weight) was found. Especially, a
strong favoring of a low molecular mass NaPSS in competition with a high
molecular mass NaPSS was observed in pure water. Only an appropriate
amount of NaCl in the solutions shifted the preferential binding to the ther-
modynamically favored component.
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2.3.3
Effect of Salt

2331
PEC Formation in the Presence of Salt

Because it weakens the electrostatic interaction and enables rearrangement
processes salt should play a decisive part in the formation of highly aggre-
gated PECs similar to the role of salt in the formation of soluble PECs. This
topic has been addressed in detail in [54, 55, 56, 57]. The presence of a small
amount of NaCl led to a dramatic decrease of the level of aggregation for
PECs between NaPSS and PDADMAC by nearly two orders of magnitude.
Higher ionic strengths caused secondary aggregation and again a strong in-
crease in PEC masses and sizes. Therefore, the level of aggregation can also
be controlled by the amount of salt during complex formation. In contrast
to PEC formation in pure water, a remarkable increase in the aggregation
level with a rising mixing ratio X was observed. PEC formation between
NaPSS and a DADMAC-acrylamide copolymer with 47 mol% DADMAC in
the presence of NaCl resulted in a strongly swollen PEC structures up to a
mixing ratio X=0.5, where a collapse to highly aggregated and compact par-
ticles occurred. Very recent studies on PEC formation between NaPSS and
well-defined copolymers between DADMAC and N-methyl-N-vinyl-acet-
amide (MVA) of various compositions revealed the same pattern, as shown
in Fig. 1. While at 75 mol% of DADMAC complex formation is very similar
to the case of PDADMAC, for the sample with 25 mol% DADMAC a strong
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Fig. 1 Particle mass M,, and structure density p of PECs between DADMAC-MVA-
copolymers (M,=100 kDa) and NaPSS (M,=66 kDa) in dependence on mixing ratio X:1
(@) copolymers with 75 mol% DADMAG, 2 - (M) copolymer with 25 mol% DADMAC,
black - pure water, grey - 0.01 N NaCl, white - 0.1 N NaCl
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increase in particle mass and structure density was found in 0.1 N NaCl at
X=0.5.

2332
Subsequent Addition of Salt

Comprehensive studies of various PEC systems [48, 55-058] revealed that
the response of polyelectrolyte complexes to the addition of NaCl is be very
different, strongly depending on the used polyelectrolyte components. The
general tendencies may be summarized as follows:

PECs between strong polyelectrolytes shows secondary aggregation up to
macroscopic flocculation (systems 1 and 2 in Fig. 2). The colloidal salt sta-
bility decreases drastically with an increasing mixing ratio. This can easily
be understood by the corresponding decrease in the thickness of the stabi-
lizing shell of the excess component and in the degree of overcharging. For
the complex NaPSS/PDADMAC dissolution did not occur up to an ionic
strength of 4 mol/L. The structure density remained nearly constant. By con-
trast, PECs of polyanions with carboxylic groups swelled and dissolved com-
pletely at a critical salt concentration (PEC 3 in Fig. 2), where this salt con-
centration depends on the charge densities of the components.

The colloidal salt stability can be improved by using double hydrophilic
block or graft copolymers with neutral water-soluble chains [59-62], as
shown in PEC 4 in Fig. 2. While, for a stabilization of the PEC particles dur-
ing complex formation in pure water close to the 1:1 mixing ratio, short
PEG chains (2 kDa) are sufficient, long blocks were found to be necessary to
stabilize PECs against salt induced aggregation. In the first case the lowering
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Fig. 2 Response of various PECs (first polyelectrolytes in initial solutions) to subsequent
addition of salt: a particle mass M,, b particle radius a,, (corrected for polydispersity,
obeying the relation M,=(47/3) p an’), ¢ structure density p: 1(®) - NaPSS/PDADMAC,
X=0.3, 2(O) - NaPSS/PDADMAC, X=0.6, 3(M) - DADMAC-acrylamide copolymer
(47 mol% DADMAC)/NaPMA X=0.6, 4(V¥) - DHP2 (block copolymer of poly(2-acry-
lamido-2-methyl-1-propanesulfonic acid) and poly(ethylene glycol), PEG block length
10 kda)/PDADMAC, X=0.6, 1-4: addition of NaCl, 5(A) - DADMAC-acrylamide copolymer
(47 mol% DADMAC)/Na-PMA, X=0.6, addition of CaCl,
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of the flocculation rate of the PEC particles enables the passage of this criti-
cal region during the short time of the experiment.

For recording the correct scattering curves during salt induced aggrega-
tion, it was necessary to wait up to one hour after the dosage step before the
scattering intensities became sufficiently stable. Especially at low ionic
strengths the process of secondary aggregation is slow.

Using a DAWN EOS multiangle light scattering instrument additionally
equipped with a cylindrical cell with plan-parallel windows as a matching
bath, time-resolved measurements were carried out [63]. The time depen-
dent changes were detected after the addition of different amounts of NaCl
to a complex between Na-poly(methacrylate) (NaPMA) and PDADMAC. In
0.1 N NacCl the aggregation process was completed only after 20 hours, while
in 0.2 N NaCl the final state was reached in half an hour when the PEC began
to precipitate. However, the dissolution process above the critical NaCl was
completed in fractions of a second.

Very slow long-term changes were also observed in the investigations of
the exchange processes of low molecular mass for high molecular mass
NaPSS or NaPMA for NaPSS [53]. A complete exchange took place after 2
months in the presence of 0.1 N NaCl.

The occurrence of such long-term changes in salt-containing systems has
to be taken into account in all applications of polyelectrolyte complexes.

Very interesting results were obtained in studies on the effect of multiva-
lent added salts (CaCl,, MgCl,, AICl;, and FeCl3) [63]. NaPMA was used as
the polyanion to estimate both the colloidal stability and the stability of the
ionic binding. If the multivalent ion is the counterpart of the component in
excess strong secondary aggregation took place, obviously caused by addi-
tional complexation of the carboxylic groups of the stabilizing shell. By con-
trast, PECs with NaPMA in deficiency were stabilized by multivalent cations
(PEC 5 in Fig. 2). Secondary aggregation is suppressed to a great extent, but
also the stability of the ionic binding is strongly enhanced. Most likely, also
in this case complex formation between carboxylic groups and the cations
takes place, leading to a stabilization of the core of the PEC particles and a
strengthening of the stabilizing shell by additional free PDADMAC chains
anchored in the core. This hypothesis were able to be confirmed by first
NMR studies, which proved the binding of a part of the cations and the lib-
eration of a part of the polycationic groups. Detailed studies are in progress.

234
Temperature Sensitive PECs

Poly(N-isopropylacrylamide) (PNIPAM) is the most studied thermosensitive
polymer in aqueous media. It is soluble in water at low temperatures but be-
comes insoluble when the temperature is increased above a certain tempera-
ture (~32 °C) (lower critical solution temperature), which is related to the
coil-to-globule transition [64, 65]. In the case of a polymer network, a vol-
ume change occurs reversibly within a narrow temperature range. The prop-
erties of such microgels can be varied to a great extent by the introduction
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of ionic groups [66-69]. Thermosensitive gels have mostly been prepared by
covalent cross-linking. However, polyelectrolyte complex formation between
ionically modified temperature sensitive polymers should offer a promising
new route in the preparation of tailor-made gel particles on a nanometer
scale. Recent studies [70] on PEC formation between ionically modified PNI-
PAM has demonstrated that nearly monodisperse, sphere-like complex par-
ticles in a 100 nm scale can be prepared, which show a temperature con-
trolled, reversible swelling-deswelling behavior by nearly a factor 10 at about
35 °C.

24
Potential Applications of PECs in Solution

Polyelectrolyte complexes can be prepared in a desired range of mass, size
and structure density. The behavior of the PECs can be controlled by exter-
nal parameters such as the ionic strength, the pH of the medium or the tem-
perature. Therefore, such complexes should be of great interest as potential
carrier systems for drugs, enzymes, or DNA because charged species can
easily be integrated into the complex particles.

241
Polyelectrolyte-Enzyme Complexes

Comprehensive investigations have been carried out about the complex for-
mation between proteins and polyelectrolytes (see reviews [71-73]). Ka-
banov described in [22, 74] a protection-activation mechanism for enzymes
by a pH induced solution-precipitation process of their complexes with
polyelectrolytes. The direct coupling of an enzyme to a polyelectrolyte often
leads to a strong loss of its activity. Therefore, in [74] it was proposed to im-
mobilize enzymes in a complex matrix of synthetic polyelectrolytes. The ba-
sic idea consists of the fact that PEC formation can be carried out under op-
timal pH conditions for incorporation of an enzyme into the complex and
then the pH can be adjusted to the pH value for the highest activity without
its release from the PEC matrix. The immobilization procedures were opti-
mized regarding the pH, nature and molecular mass of the components as
well as the mass ratio enzyme/polyelectrolytes for trypsin [75], lipases [76]
and amyloglucosidase [77], yielding activities of the immobilized enzymes
between 50 and 90% of the uncomplexed enzyme. In [77] the complex solu-
tion was additionally entrapped in poly(vinylalcohol) gel particles, enabling
an easy handling of the enzyme in industrial applications and repeated uses
without loss of activity.
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24.2
DNA-Polycation Complexes

More than 6000 diseases are known to be caused by a single gene defect.
While classical medicine can only cure the symptoms, gene therapy offers
the possibility of correcting such defects by introducing DNA, or their frag-
ments, into cells. One of the challenging problems in this respect is the de-
velopment of appropriate carrier systems which guarantee a high rate of cell
transfection, but a low mortality of the cells. A good survey of this area of
research is given in [78]. DNA or oligonucleotide complexes with polyca-
tions have proven to be promising gene delivery systems [79, 80]. A serious
problem results from their low colloidal stability, particularly near a 1:1 mix-
ing ratio of anionic to cationic groups and under physiological salt condi-
tions. The use of double hydrophilic polycations improved the situation de-
cisively [81-86].

However, in many cases the high level of aggregation of the complexes re-
mained a great disadvantage, especially for oligonucleotides, because it caus-
es the introduction of several thousands DNA fragments into one cell. Carry-
ing out PEC formation under conditions according to the generation of solu-
ble PECs, the aggregation level could be drastically reduced [87].

243
PLL/Polyanion Complexes

Polypeptide/polyelectrolyte complexes are interesting for fundamental re-
search on biomolecular recognition on the conformation level and for appli-
cations such as pharmaceutical drug carriers. Several non-biogenic polyan-
ion solutions were mixed in excess with Poly(r-lysine) (PLL) solutions at a
constant pH=6 to give negatively charged nonstoichometric dispersed PEC,
i.e,, all PLL is expected to be consumed by the polyanion. At this pH prior
to mixing PLL adopts the random coil conformation. By CD spectroscopy it
was possible to probe the influence of several polyanions on its conforma-
tion. In Fig. 3 CD spectra of selected PECs composed of PLL and the polyan-
ions poly(vinyl sulfate) (PVS), poly(styrenesulfonate) (PSS), poly(acrylic
acid) (PAC), poly(maleic acid-co-ethylene) (PMA-E) and poly(maleic acid-
co-a-methylstyrene) (PMA-MS) are given. Generally, a negative CD band
around 190 nm can be diagnostically assigned to random coil conformation
and the 222/206 nm doublet (n—z*, 7—n* transitions) to the a-helical con-
formation of polypeptides. The latter could be seen in the PLL complexes
with PAC, PMA-E and PVS. In contrast PMA-MS and PSS showed similar
CD spectra like that of the uncomplexed PLL at pH=6. No definite rule could
be derived from these findings, since the strong and supposedly more ex-
tended PVS induces the a-helix in contrast to the also strong PSS. Further-
more the weak and less extended PAC and PMA-E (the head/head adduct of
PAC with different charge distances) tended to be a-helix formers. Similar
conformation directing results were found for PLL/PAC complexes by Shino-
da [88], who claimed a stoichiometric reaction between PLL and PAC and
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Fig. 3 CD spectra of negatively charged nonstoichometric PECs consisting of PLL and
of different polyanions (PA, indicated in the plot) mixed at n—/n+=2.0 (cpy=
cpa=0.001m, pH=6) and of PLL at pH=6

furthermore a left-handed super helix of PAC around the right-handed a-he-
lix of PLL. Since both PMA-MS and PSS did not influence the PLL confor-
mation at pH=6, it might be concluded, that aromatic ring containing
polyanions cannot bind PLL in the a-helical state due to preassociated struc-
tures of these polyanions.

2.5
Surface Modification by PECs

Surface modification by polyelectrolytes and PECs has been established for
many years [89, 90]. For example, the interaction between the oppositely
charged polymers poly(diallyldimethylammonium chloride) and poly(male-
ic acid-co-methylstyrene) in the presence of cellulose leads to a strong sur-
face modification [91]. Model systems that are based on PEC nanoparticles
with a small size distribution were used for the investigation of their adsorp-
tion on different surfaces [92]. The deposition of PEC particles on silica sur-
faces has been characterized by in-situ-ATR-FTIR, which has been shown to
be suitable for monitoring adsorption processes at the liquid/solid interface
on the molecular level [93], and SEM methods [94]. In Fig. 4 there are repre-
sentative in-situ-ATR-FTIR spectra on the adsorption of PECs consisting of
PDADMAC/PMA-MS (n—/n+=0.6) on a silicon substrate, which has been
premodified by a six layered polyelectrolyte multilayer assembly of poly(-
ethyleneimine) (PEI) and poly(acrylic acid) (PAC). Prominent IR bands of
the PEC like the v(CH) and the v(COO™) evolve with increasing adsorption
time paralleled by the incline of the negative v(OH) band, which is due to
the adsorption induced subsequent water removal from the surface. The in-
tegrals of these bands are given in Fig. 5 showing that the adsorption kinet-
ics of the PECs is rather slow and takes more than two hours for completion
of the surface coverage. A representative SEM image of these adsorbed PEC-
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Fig. 4 in-situ-ATR-FTIR spectra monitoring the adsorption of PEC particles composed

of PDADMAC/PMA-MS-0.6 at a negatively charged multilayer modified surface in de-
pendence on adsorption time (cpgc=0.0032m, pH=6)

particles composed of PDADMAC and PMA-MS on the negatively charged
surface is given in Fig. 6. There, individually adsorbed droplet-like particles
in the range of 200-1000 nm with a certain distribution maximum around
450 nm were observed with slight tendencies to fusion on the surface [95].
The shape of these particles appeared to be hemispherical, whereas that of

7.5

w

N
o

o

.

—o—ﬁ(ou) | \
A | —A—n(COO)+d(CH)

band integral / [cm ]
NN
w [¢,] (2]

N
o

125 |

0 50 100 150 200
time / [min]

Fig. 5 Integrated areas of the v(OH) band (water) and the composed band of v(COO™)
and v(CH) (PEC particles) (from Fig. 4) as a linear scale for PEC surface coverage in de-
pendence of adsorption time
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Fig. 6 Adsorbed positively charged PEC particles composed of PDADMAC and PMA-MS
(n—/n+=0.6, cpol, 1,t=0.0032 m) on a negatively charged surface

PDADMAC and poly(maleic acid-co-propylene) (PMA-P) were found to be
more deformed and disk-like.

From this it was concluded that PEC nanoparticles can be somewhat anal-
ogous to latex systems, lacking, however, in an equivalent stability at the re-
spective higher solid contents. The possibility of surface charge modification
of inorganic negatively charged substrate materials is given by the choice of
the PEC [96]. PECs have also been shown to be useful for flocculation pro-
cesses [97].

2.6
Polyelectrolyte-Multilayers

The most common procedure for the production of polyelectrolyte multilay-
ers (PEMs) at solid substrates is the layer-by-layer technique [3]. Cationic
and anionic polyelectrolytes are deposited alternately from aqueous solu-
tions to a target surface. The method is extremely versatile because, in addi-
tion to polyelectrolytes, numerous charged nanosized objects such as mole-
cule aggregates, clusters, proteins and colloids can be deposited as multilay-
ers. The internal structures of these multilayers is a target area of interest for
working groups using or being involved in the PEM concept.

A model was proposed by Ladam and Decher [98], whereby the multilayer
phase is divided into 3 zones : The inner core zone I close to the substrate
consists of few (4-5) inhomogeneously adsorbed PEL layers and zone I is a
homogeneous isotropic layer phase, in which a 1:1-stoichometry and high
entanglement prevails. The outermost zone III consists again of a few (4-5)
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PEL layers whose charges are not completely compensated. The uppermost
PEL layer it is claimedis released into zone II, when a new oppositely
charged polyelectrolyte is adsorbed on top. The isotropic unordered internal
structure of zone II might be described theoretically by the Random-Phase-
Approximation (RPA) [99], according to which the complexed and entangled
PELs are modeled by Gaussian coils. This model was supported by Castelno-
vo and Joanny [100], who gave a mechanism for the overcharging as the
driving force for the multilayer built up.

Generally, Zone (II) of PEMs is seen to be identical with the inner zone of
dispersed polyelectrolyte complexes (PECs, see above), whereas the zone III
of PEMs might be analogous to the outer shell zone of PECs.

2.6.1
Dissociation degree of PEMs and PECs

In Fig. 7 IR spectra of PEM-5 and PEM-6 of PEI/PAC and of solution cast
PECs of PEI/PAC (n—/n+=0.80 and 1.25) prepared at pH=4 (PAC) and 6
(PEI) are shown. Both the spectrum of the polycation terminated PEM-5 and
that of PEC-0.8 of PEI/PAC were comparable, since they contain PEI in ex-
cess. The PEM-5 spectrum showed only a minor v(C=0) and a major
v(COO7) band, since all COOH groups were consumed by the overlaying
PEI layer, whereas the PEM-6 spectrum showed a major v(C=0) and minor
v(COO™) band. From these two bands the dissociation degree of PAC can be
calculated using the relation

which was described in [93]. Using this formula, the ajg values of differently
deposited PAC containing multilayers or PECs can be calculated, which will
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Fig. 7 ATR-FTIR spectra of the consecutively adsorbed PEM-5 and PEM-6 and of solu-
tion casted PECs of PEI/PAC with n—/n+=0.80 (PEC-0.8) and 1.25 (PEC-1.25)
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Table 1 Dissociation degree ag of several samples of PEMs and PECs composed of PAC and
PEI or PDADMAC deposited or mixed at pH 6 (PEI) and 4 (PAC)

OIR OIR QIR OIR

PEM-5 PEM-6 PEC-0.80 PEC-1.25
PEI/PAC 0.89+0.03 0.26+0.03 0.4010.05 0.20%0.05
PDADMAC/PAC 0.70+0.03 0.13+£0.03 low low

be reported more detailed in [101]. In the Table 1 oy values are given for
the samples introduced in Fig. 7. Significantly, for the polycation terminat-
ing PEM-5 of PEI/PAC the dissociation degree gets close to unity, which
means all COOH groups are deprotonated by the reacting ammonium
groups of the polycation. Whereas for the PAC terminating PEM-6 the disso-
ciation degree was ag<0.3. From this we can learn that nearly all underlying
COOH groups of the PAC were consumed by PEI and a newly adsorbed PAC
provides again for new COOH groups to be dissociated by the next PEI lay-
er.

For the PEM-5 of PDADMAC/PAC, not all COOH groups of the underly-
ing PAC layer were consumed by PDADMAC (0;zg=0.70) and ojr was signifi-
cantly lower in the PEM-6 (og=0.13). From this we can learn that in PDAD-
MAC/PAC multilayers, fewer COOH groups are consumed than in PEI/PAC
multilayers. This may be explained by the higher flexibility of PEI and the
higher stiffness of PDADMAC. Since PAC at pH 4 should be in a coiled state,
the stiffer PDADMAC might be not able to match all the carboxylic acid
groups of PAC in a sufficient way, which is possible to a higher extent for the
flexible PEI. PEMs of PDADMAC/PAC may therefore deviate more from 1:1
charge stoichiometry having higher uncompensated loop contributions,
whereas PEMs of PEI/PAC are closer to 1:1 stoichiometry having fewer
loops.

Similar relative results were found for the polyelectrolyte complexes: the
orr of PEC-0.8 of PEI/PAC (0.4) was significantly higher than that of PEC-0.8
of PDADMAC/PAC. Also, according to Table 1, the ajr of the PEC-0.80 was
higher than that of the PEC-1.25 (0.20), which might be qualitatively analo-
gous to the higher agg of the polycation terminated PEM-5 compared to
PEM-6, respectively.

2.6.2
Multilayers of PECs

As a further surface modification, concept PEMs may be deposited using
negatively and positively charged PECs. Recently, the consecutive adsorption
of PEC* (n—/n+=0.6) of PDADMAC/PMA-MS with the respective PEC™ (n—/
n+=1.6) was reported [94]. In contrast to oppositely charged polyelec-
trolytes, a lateral growth of the PECs was obtained, which was evident from
ATR-FTIR spectral data. Obviously, the oppositely charged PEC nanoparti-
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cles were growing laterally at the surface in contrast to the vertically growth
of polyanions and polycations on top of eachother in PEMs from the 5th lay-
er on, in which a homogeneous surface layer is established. These data illus-
trate that using spherical oppositely charged PECs, homogeneous polyelec-
trolyte layers can be built up. As it is previously shown (Fig. 6) this is not
the case for uniquely charged ones (either PEC* or PEC™) on oppositely
charged surfaces, since there is a general jamming limit of adsorbing parti-
cles of about 55% as it is reported in [102]. However this surface modifica-
tion concept might actually be too sophisticated at the moment for industri-
al applications and has to be simplified by experiment.

Furthermore, negatively charged PEC particles (PEC-1.6) of PLL and
PMA-P can be consecutively adsorbed with PEI as the polycation to give ho-
mogeneous surface coverages, which is reported in [95].

26.2.1
Anisotropic Multilayers

A major challenge today is how to improve the orientation and the stability
of the multilayers and how to characterize them properly.

Laschewsky et al., for example, formed organic-inorganic hybrid multilay-
ers of polyelectrolytes and a clay that were stabilized by photocrosslinking
[103]. Miiller deposited cationic poly(r-lysine) (PLL) and polyanions like
poly(maleic acid-co-a-methylstyrene) (PMA-MS) or poly(vinylsulfate) (PVS)
by consecutively adsorbing on unidirectionally scratched silicon substrates
[104]. The poly(r-lysine) formed a-helical rods in the multilayers that are
aligned along the scratching direction of the substrate. He applied attenuat-
ed total reflection-Fourier transform spectroscopy (ATR-FTIR) using polar-
ized light for the determination of the orientation within the films.

Representative dichroic ATR-FTIR spectra of consecutively adsorbed mul-
tilayers of PLL/PMA-MS in contact with an a-helix inducing 1m NaClO4-so-
lution are given in Fig. 8 for the untexturized substrate (A) and the textur-
ized one (B). A significant variation of the relative amide I and amide II peak
heights in the p and s-polarized ATR-FTIR spectra can be observed for the
texturized substrate. From the dichroic ratios R of the amide I and amide
II peak heights taken from the p-polarized and s-polarized spectra (i.e.
Ramide 1=Ap(amide I)/Aj(amide I) and Rmide n=Ap(amide II)/Ag(amide II)),
respectively, an order parameter S could be determined as it is described in
[104]. Order parameters for a-helical PLL were found ranging from $=0.4 to
0.7 (S is equal to 1 for perfect orientation) in dependence of the chosen
polyanion and parameters like the number of adsorption steps and the hy-
dration state (dry/wet) of the sample. The degree of texturization and the
molecular weight of PLL were found to be of main importance for the uniax-
ial alignment of the complexed a-helical rods [105]. Surfaces of anisotropi-
cally oriented o-helical polypeptides are interesting for biomimetic purpos-
es. Further, oriented optically active rigid-rod polyelectrolytes [106] can be-
come an essential building-block in nanosized electronic devices [107].
ATR-FTIR spectroscopy has proved itself to be very useful for a quantitative
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Fig. 8 p- and s-polarized in-situ-ATR-FTIR spectra of PLL/PMA-MS multilayers record-
ed after 10 deposition cycles on the untexturized (A) and on the uniaxially scratched Si
substrate (B) in the presence of 1m NaClOy4 (wet state) in the range 4000-1200 cm ™

in situ detection of the multilayer deposition and molecular changes within
the multilayer phase induced by external stimulation [93]. Well investigated
stimuli are the changing the pH [108], organic solvents [109], and humid air
[93].

Concerning the latter, PEM composed of PEI and PMA-MS were de-
scribed, which were deposited on silicon substrates and the water uptake
from humid air (90% rel. hum.) of the dry sample was measured by ATR-IR
spectroscopy. In Fig. 9, band areas of the v(OH) band, which were normal-
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Fig. 9 Water uptake of the PEM-PEI/PMA-MS at 90% r.h in dependence of the adsorp-
tion step. The v(OH) band area of difference spectra between hydrated and dry films

was normalized by the v(COO™) at 1580 cm™! (PMA-MS) to obtain a measure for thick-
ness independent water uptake of the PEM
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ized by the v(COO™) of the PMA-MS, are shown. By this normalization, the
effect is compensated in that thicker layers absorb more water, so that the
plotted data are a direct measure of thickness-independent water uptake. A
modulated course of the water uptake can be observed in dependence on the
adsorption step, whereby all polycation-terminated PEMs show a higher wa-
ter uptake than that of the polyanion terminated ones. Moreover, wetting
measurements (sessile drop) revealed a lower contact angle for the PEI-ter-
minated PEM (43°) compared to the PMA-MS-terminated one (67°).

Similar results to these were found by Schwarz and Schonhoff [110] on
nanopartlcles coated by the PEM composed of poly(allylamine) (PAA) and
PSS via 'H NMR relaxation measurements. There, an increased water immo-
bilization is reported for all odd polycation (PAA) terminating PEMs in con-
trast to even polyanion (PSS) terminating PEMs, which was found to be not
just a property of the last adsorbed layer but more of the whole multilayer
phase.

2.6.2.2
Protein/PEM Interaction

The possibility of a selective interaction between proteins and the outermost
surface of polyelectrolyte multilayers [108] may become of outstanding im-
portance in the development of engineering protein resistant surfaces for
various biomedical applications by wet chemical surface modification.

As an example, results on the adsorption of human serum albumin (HSA)
at a hydrophobic polypropylene (PP) film, which was modified by PEI/PAC
multilayers are shown in Fig. 10 [111]. Based on ATR-FTIR spectra in the
amide I region of the adsorbed protein layer the medium kinetic course
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Fig. 10 Adsorbed amounts of the proteins HSA, FGN, IGG and LYZ at PAC (4) or PEI
(5) terminating PEI/PAC multilayers in dependence of their IEP
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Fig. 11 Adsorbed HSA amounts on an unmodified and multilayer modified polypropyl-
ene (PP) film: (a) bare PP film, (b) CO,-plasma treated PP-Film, modified by PEI (5)
terminating PEM of PEI/PAC, (c) CO,-plasma treated PP-Film, modified by PAC (4) ter-
minating PEM

shows the moderate adsorption of HSA at the bare PP film, the lower the
small adsorbed amount at the PP film modified by the polyanion capping
multilayer and the upper course at the high adsorbed amount at the polyca-
tion terminating layer, respectively. Hence it is possible to modify hydropho-
bic polymer substrates by the PEM concept using commercial polyelec-
trolytes like PEI/PAC in order to control the protein affinity mainly by elec-
trostatic interactions. In that framework especially weak polyanions are ob-
viously very suitable to improve the protein resistance of surfaces towards
negatively charged blood plasma proteins. As previously reported in [108],
strong polyanions such as poly(vinylsulfate), whose linear charge density is
not pH dependent, are not so repulsive as weak ones such as PAC, which are
pH dependent. This might be explained by proteins being composed of ami-
no acids with weakly charged groups because proteins do not contain amino
acids with strong acids in their side chain groups. Therefore the carboxylate
(Asp, Glu) or ammonium groups (Lys) containing amino acids of proteins
are influenced in approximately the same way as the weak polyelectrolytes
by the pH of the medium causing electrostatic attraction or repulsion.

An example how differently charged proteins are selectively adsorbed by
PEI/PAC multilayers is given in Fig. 11. There, the adsorbed protein amount
is plotted against the magnitude of the difference between the solution pH
and the isoelectric point of the respective proteins (HSA, IGG, LYZ, FGN)
[108] for both the electrostatically repulsive and the attractive case. Obvi-
ously the attractive interaction between the outermost surface of PEI/PAC
multilayers and oppositely charged proteins scaled with the protein IEPs in
contrast to the repulsive protein interaction, which showed no such depen-
dence.
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3
Polyelectrolyte-Surfactant Complexes (PE-surfs)

The complexation of polyelectrolyte with surfactants, which include numer-
ous low and medium weight amphiphiles as well as lipids, has been investi-
gated for many years nearly exclusively in solution as reviewed by Goddard
[112]. Since 1994, starting with work by Antonietti et al. [15], polyelectro-
lyte-surfactant complexes (PE-surfs) in the solid state have also become of
increasing interest. For some reviews see [1, 4-7, 113].

3.1
PE-Surfs in the Solid State

The most characteristic feature of solid-state PE-surfs is that they form a
large number of mesomorphous structures which are liquid crystalline-like.
These range from flat lamellar structures [114, 115] and discotic columnar
structures [116] to periodic structures-within-structures [117]. The latter
were first described by ten Brinke et al. [118]. The major factor that deter-
mines the type of the mesophase is the surfactant while the polyelectrolyte
acts as a kind of glue between the charged surfactant head groups. There-
fore, the polymer has normally the major influence on the mechanical prop-
erties of PE-surfs and not on the type of the mesophase [119]. But this is
only a general rule. Chu et al. have shown that the charge density of the
polyelectrolyte can also have a significant structural effect [120]. It has fur-
ther been shown that the number of perforations increases in a perforated
lamellar PE-surf system when the charge density of the polyelectrolyte in-
creases [121].

In addition to the tuning of the structures, much attention is currently be-
ing paid to the physical properties. Tieke, for example, has produced meso-
morphous photoluminescent PE-surfs [122] and we have reported PE-surfs
that display electroluminescence [123]. In one case it was found that the
electroluminescence spectrum can be tuned simply by varying the surfac-
tant [124]. Faul et al. have shown recently that optically functionalized com-
plexes can form highly organized nanostructures even when the polyelectro-
lyte is substituted by dyes that contain three or four charges [125, 126]. They
show that the binding of surfactant molecules to a polycharged dye is a co-
operative process as is known from typical PE-surfs. This proves that the
concept of forming highly ordered mesomorphous structures from PE-surfs
by a cooperative binding process can be transferred to dye-surfactant com-
plexes. Similarly, GSSG, a charged oligopeptide, was complexed with surfac-
tants to form well-ordered structures [127].
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3.2
Dispersions and Nanoparticles

Three different ways have been developed to produce nanoparticle of PE-
surfs. The most simple one is the mixing of polyelectrolytes and surfactants
in non-stoichiometric quantities. An example for this is the complexation of
poly(ethylene imine) with dodecanoic acid (PEI-C12) . It forms a solid-state
complex that is water-insoluble when the number of complexable amino
functions is equal to the number of carboxylic acid groups [128]. Its struc-
ture is smectic A-like. The same complex forms nanoparticles when the
polymer is used in an excess of 50% [129]. The particles exhibit hydrody-
namic diameters in the range of 80-150 nm, which depend on the prepara-
tion conditions, i.e., the particle formation is kinetically controlled. Each
particle consists of a relatively compact core surrounded by a diffuse corona.
PEI-C12 forms the core, while non-complexed PEI acts as a cationic-active
dispersing agent. It was found that the nanoparticles show high zeta poten-
tials (approximate to +40 mV) and are stable in NaCl solutions at concentra-
tions of up to 0.3 mol 1”1, The stabilization of the nanoparticles results from
a combination of ionic and steric contributions. A variation of the pH value
was used to activate the dissolution of the particles.

The second way of forming nanoparticles of PE-surfs is to use water-solu-
ble block-copolymers with one complexable (ionic) block and one non-com-
plexable (nonionic) block. For example, the mesomorphous complexes (sol-
id state) between poly(ethylene oxide)--b-poly(ethylene imine)s and dode-
canoic acid can easily by dispersed in water to form nanoparticles [117].
The nanoparticles are of core-shell type and have sizes around 200 nm.
Their cores are formed by poly(ethylene imine) dodecanoate while their
shells consist of poly(ethylene oxide). It was found that the shapes of the
nanoparticles depend on the PEI block. They are, for example, prolate if the
PEI is linear and spherical if the PEI is branched.

A variation of this approach towards redispersible PE-surf nanoparticles
was presented by Hentze et al. [130]. Their particle formation procedure is
as follows: in a first step they prepared core-shell particles with a weakly
cross-linked core of poly(styrene) and a shell of poly(ethylene oxide). Sec-
ondly, the cores were sulfonated to poly(styrene sulfonate). The cores were
complexed with cationic surfactants in the third and final step. They became
mesomorphous due to the complexation and show a characteristic length
that varies between 2 and 4 nm depending on the alkyl chain length of the
surfactant. The mean size of the whole particle is around 400 nm.

The third way to PE-surf nanoparticles is based on the use of polyam-
pholytes, i.e. polyelectrolytes that contain cationic and anionic groups. Ex-
amples are long-term stable fluorinated nanoparticles, prepared by the com-
plexation of polyampholytes with perfluorododecanoic acid [131]. The
polyampholytes are statistic copolymers of styrylmethyl(trimethyl)ammoni-
um chloride, methacrylic acid, and methyl methacrylate having more cation-
ic monomers (28-100 mol %) than anionic monomers (0-16%). The cationic
monomers form a complex with perfluorododecanoate ions to create neutral
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entities that aggregate while the negatively charged methacrylic monomers
prevent a macroscopic precipitation such as normally observed in fluorinat-
ed complexes. Negatively charged nanoparticles, which have zeta potentials
of about —40 mV, are formed as a result of the combined complexation and
stabilization. Small-angle X-ray scattering investigations reveal that the par-
ticles are anisotropic. For example, disk-shaped particles with a diameter of
D greater than or equal to 30 nm and a height of 2.2 nm were formed for a
high number of complexing groups (79 mol %). Cylindrical-shaped particles
with lengths of H greater than or equal to 25 nm and radii of 1.5 nm were
produced for a medium number of complexing groups (57 mol %). Fluores-
cence spectroscopy with pyrene as the probe was used to determine the crit-
ical aggregation concentrations of the particles which are in the range 0.01-
0.06 g

The smallest known particles are prepared by using polyampholytes, that
have short chain lengths, and with alternating cationic and anionic mono-
mers along the polymer chain [132]. Fatty acids (dodecanoic acid and per-
fluorododecanoic acid) were used for complexation. The formation of the
polyelectrolyte-fatty acid complexes is self-assembled and generates
nanoparticles with sizes in the range of 3-5 nm that are named dressed mi-
celles. A defined arrangement of the ionic charges of three polyampholytes
was achieved by the copolymerization of a cationic vinyl monomer (N,N’-di-
allyl-N”’N-dimethylammonium chloride) and anionic vinyl monomers
(maleamic acid, phenylmaleamic acid, and 4-butylphenylmaleamic acid).
The zeta potentials of the dressed micelles were adjusted in the range of —56
to 25 mV. They increase when replacing the alkylated dodecanoic acid by its
perfluorinated counterpart, and they also increase when enhancing the hy-
drophilicity of the polyampholyte.

33
Drug Carriers

In addition to a better basic understanding of self-assembly processes one of
the most attractive aims of the preparation nanoparticles of PE-surfs is the
development of new drug delivery systems. These can be either simple drug
carrier systems-or even more challenging-drug targeting systems. Promising
candidates for drug carriers are complexes of poly(ethylene imine)s and fat-
ty acids. They show loading capacities of hydrophobic drugs (e.g.,triiodothy-
ronine and Q) in the range of 15 to 20% (w/w) [129].

Polyelectrolyte complexes of retinoic acid have been well investigated,
they are pharmaceutically active surfactants. In the following, we will there-
fore discuss the physicochemical properties of drug carriers formed by syn-
thetic polyamino acids, polyethyleneimine, double hydrophilic block copoly-
mers and retinoic acid.

Vitamin A and its analogues, in particular retinoic acid, are involved in
the proliferation and differentiation of epithelial tissues and have continued
to be used in the treatment of dermatological disorders such as acne, psoria-
sis and hyperkeratosis [133, 134]. Currently, much effort is being focused on
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how to understand the role of retinoic acid in cell differentiation. This is
done by investigating the binding properties of retinoids on specific pro-
teins [135] Their role in malignant-tumor inhibition [136, 137] and in their
regulation of brain functions [138]. Natural retinoids need to be bound to
specific retinoic-binding proteins in order to ensure their protection, solu-
bility, and transport by body fluids. Immobilization is a major problem in
administering retinoic acid as a pharmacological agent. One way of achiev-
ing such immobilization and protection of retinoic acid is by binding it to a
protein as is the case in nature. A successful example for mimicking nature’s
strategy was shown by Zanotti et al. [139] when he cocrystallized transthyr-
etin and retinoic acid. This, however, is a difficult and costly procedure. An
easier and less expensive method for the required immobilization by the
complexation of retinoic acid with synthetic cationic polyelectrolytes such
as poly(ionene-6,3), poly(N-methyl-4-vinyl-pyridinium) and poly(dial-
lyldimethylammonium) has been developed [140, 141].

The work presented in the next section concerns the immobilization of
retinoic acid by three polyamino acids: poly(-L-lysine), poly(-L-arginine)
and poly(-L-histidine). The mesomorphous structure of these complexes,
which are prepared as nano-particles, has been examined. Then we will re-
port on the physicochemical characteristics of water-soluble complexes
formed between PEO-PLL block copolymers and retinoic acid. The structure
in the solid-state and solution are discussed. Further the dissociation of the
complex when changing the pH is reported. Finally, the immobilization of
retinoic acid by PEI with different molecular weights is presented.

3.3.1
Immobilization of Retinoic Acid by Polyamino Acids [142]

The retinaote complexes of poly(r-arginine) (PLA), poly(vL-histidine) (PLH)
and poly(r-lysine) (PLL) were precipitated from aqueous solutions, purified
and cast from solution in 2-butanol in order to form films. A drawing of the
compounds used is shown in Fig. 12. In comparison to complexes of retinoic
acid with other poly cations, such as poly(ionene-6,3), poly(N-methylene-4-
vinylene-pyridinium) and poly(diallyldimethylammonium) [140], the disso-
lution rate of the polyamino acid complexes was significantly slower. In ad-
dition, films prepared from the former are flexible, have glass-transition
temperatures in the range of -19 to 28 °C and show viscoelastic mechanical
properties, whereas those of PLA, PLH and PLL are brittle. Differential scan-
ning calorimetry showed no glass-transitions. The difference in the solubili-
ty and mechanical properties of retinoate complexes of polycations contain-
ing an atactic backbone and complexes with basic poly(L-amino) acids may
be explained by the stereo-chemically unique polymer backbones of the lat-
ter, which enhance the stiffness of the retinoate complex. It has already been
stated that no glass-transitions were found in solid-state complexes of
poly(L-lysine) with alkyl sulfates [143] or soylecithin [144]. Therefore, at
least for poly(L-lysine), the absence of a glass transition may be assumed to
be a characteristic property of its solid-state complexes with surfactants.
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Fig. 12 Substances used for complex formation and nanoparticles. (retinoic acid) All-
trans retinoic acid, (PLA) poly(-L-arginine), (PLH) poly(-L-histidine), (PLL) poly(-L-ly-
sine). As dispersing agent a tri-block copolymer was used. It consisted of ethylene oxide
and propylene oxide (Poloxamer 188). Reprinted with permission from [142]. Copyright
2000 American Chemical Society

3.3.1.1
Chain Conformation

The conformational state of the polymeric backbone of the complexes was
examined by circular dichroism (CD). Figure 13 shows the CD spectra of
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Fig. 13 Circular dichroism spectra of poly(r-arginine) retinoate (a), poly(r-histidine)
retinoate (b), and poly(L-lysine) retinoate (c). The complexes were prepared as films on
quartz slides. Reprinted with permission from [142]. Copyright 2000 American Chemi-
cal Society
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complex films prepared on quartz slides. A maximum at 191 nm and two
minima at 210 and 222 nm were found for poly(rL-arginine) retinoate (curve
a in Fig. 13) and poly(L-lysine) retinoate (curve c in Fig. 13). The spectra of
complex solutions in 2-butanol show the same characteristics. Therefore, it
was concluded that the conformation of the polymeric chains of both com-
plexes in the solid state and in a solution of 2-butanol is an a-helix [145,
146]. By contrast, a minimum at 193 nm and a maximum at 222 nm was ob-
served in the CD spectrum of poly(r-histidine) retinoate (curve b in Fig.
13). This proves that there is a predominantly coil conformation for poly(L-
histidine) retinoate. Since the pK, of the imidazole group of histidine resi-
dues is around 6.6 [147], the uncharged forms of histidine were present at
the complex preparation condition (pH 9). By contrast the poly(L-arginine)
and poly(r-Lysine) are charged at pH 9. The pK,-values of the basic groups
are 12.48 and 10.53, respectively [148]. On the basis of this data, it may be
assumed that the charging of the polyamino acid leads to an a-helix confor-
mation of the complex.

3.3.1.2
Solid-State Structures

Information about the molecular packing of the retinoate moieties was ob-
tained by wide-angle X-ray scattering (WAXS). The WAXS pattern of retino-
ic acid (curve a in Fig. 14) is characterized by a number of sharp reflections
resulting from the high degree of crystallinity. Retinoic acid crystallizes in
two similar crystalline modifications (triclinic and monoclinic) [149], which
produce the reflex pattern observed. As shown in Fig. 14, curves b and d,
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Fig. 14 Wide-angle X-ray diagrams of crystalline all-trans retinoic acid (curve a) and its
complexes with polyamino acids. In the curve of poly(r-arginine) retinoate and poly(r-
lysine) retinoate (curves b and d, respectively) no crystalline reflections were found.
However, three weak crystalline reflections are present in the curve of poly(r-histidine)
retinoate at s=1.69, 2.48 and 2.73 nm™! (curve c). This is indicative of a partially crystal-
line complex structure. Reprinted with permission from [142]. Copyright 2000 Ameri-
can Chemical Society
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the crystallinity of retinoic acid was prevented by complexation with poly(r-
arginine) and poly(L-lysine). As is the case in complexes with polydiallylam-
onium chloride, ionene-3,6 and poly(N-methyl-4-vinylpyridinium chloride)
[140], the maximum of the broad wide-angle reflection corresponds to a
Bragg-spacing of 0.52 nm. The absence of sharp reflections in the wide-angle
region proves the lack of crystallinity. Again, the properties of poly(L-histi-
dine) retinoate differ from that of the others. Weak but significant reflec-
tions at s=1.69, 2.48 and 2.73 nm~' were observed which are indicative for
the partial crystallinity of the complex (curve c in Fig. 14). The scattering
patterns remained constant for several months, and therefore it was assumed
that the complexes are likely to be thermodynamically stable. The absence
of crystallinity, is an interesting aspect, both from a material science as well
as from a pharmaceutical point of view, because the weight percentage of the
crystallizable retinoic molecules in all complexes is about 70%. The strong
reduction of crystallinity was explained as follows: In order to maintain elec-
trostatic neutrality, any diffusion of retinoic moieties must be accompanied
by a correlated movement of charged polymer chains, such that no phase
separation, and consequently no crystallization, can occur.

33.13
Nanoparticles

It was expected that the retinoate complexes of PLA, PLH and PLL form la-
mellar nanostructures similar to those reported earlier [140].The films of all
complexes are optically anisotropic, as found during examination between
crossed polarizers. Obviously the complexes are mesomorphous, but an un-
ambiguous identification of the mesophases on the bases of the optical prop-
erties was not possible. Therefore, the state of order on a length scale of sev-
eral nanometers was investigated by small-angle X-ray scattering measure-
ments carried out on freeze-dried complex nano-dispersions. Aqueous
nano-dispersions were prepared from powder of the complex with the aid of
poloxamer 188, a triblock copolymer consisting of two polyethyleneoxide
blocks and a polypropyleneoxide (see Fig. 12). Poloxamer 188 is a common
non-ionic surfactant frequently used as a steric stabilizer in pharmaceuticals
and already proved to be capable of stabilizing nanoparticles [150-152].

The size of the complex particles as determined by dynamic light scatter-
ing was in the range of 300 to 380 nm in diameter with a polydispersity of
about 0.20. It was found that the complex dispersions could be redispersed
after freeze-drying. As a result of this procedure the particle sizes increases
slightly to about 400 nm and the polydispersity increases to values of about
0.3. The simplicity of the preparation of these nanoparticles seems to be an
attractive feature of these complexes. As in these complexes, in the small-an-
gle X-ray scattering diagrams of nano-dispersions of retinoate complexes
equidistant reflections are also present (see Fig. 15). It can be seen that the
positions and the sharpness of the scattering peaks are different for the com-
plexes. In the case of poly(L-arginine) retinoate, a lamellar repeat unit of
3.62 nm was determined by fitting a Lorentzian peak profile onto the (001)
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Fig. 15 Small-angle X-ray scattering curves of poly(L-arginine) retinoate (a), poly(L-his-

tidine) retinoate (b) and poly(L-lysine) retinoate (c). The dashed lines are fits using a

Lorentzian peak profile. Repeat units are 3.62 nm, 3.27 nm, and 3.10 nm. Reprinted with
permission from [142]. Copyright 2000 American Chemical Society

reflection. The corresponding values for poly(r-histidine) and poly(r-lysine)
are 3.27 nm and 3.10 nm, respectively. Obviously the size of the repeat unit
increases with an increasing mass of the monomer. In addition, the increase
of the size of the repeat unit is linear with respect to the mass of the mono-
mer unit (+0.0185 nm per mass unit). This linear scaling is indicative of the
smectic A-like structures of the three complexes.

The correlation lengths of the structures were determined from the recip-
rocal width of the reflections; they were 27+1, 15+3 and 38+1 nm (arginine,
histidine and lysine). The correlation length values can be explained by an
increasing stacking order of the smectic layers from poly(r-histidine) retino-
ate, poly(L-arginine) retinoate to poly(rL-lysine) retinoate. Such differences
may be the result of packing constraints due to their different molecular ge-
ometry, which may lead to different degrees of frustration [15]. The question
arises as how to characterize the internal lamellar particle structure in de-
tail. Parameters which are easily available are only the size of the particles
and the size of the repeat units within them. In earlier works on polyelectro-
lyte surfactant complex films, it was found that a good model for the de-
scription of their mesophase structures could be made by the microphase
separation of the ionic rich and hydrophobic rich regions. Often, the density
transition between these regions is given by a step function, which is similar
to that found for strongly segregated block copolymers and can be identified
by the presence of Porod’s law [182,183]. With such ideal phase-separated
lamellar sheets within the complex nanoparticles, two limiting cases for
their internal structures were assumed: an ’onion’-like and a ’tart’-like struc-
ture. As demonstrated earlier [142] it must be stated that currently the poly-
dispersity (20%) of the complex nanoparticles is too large to produce de-
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Fig. 16 Typical TEM pictures of a dried dispersion on a copper grid. (a) At lower resolu-
tion spherical complex particles are shown surrounded by a halo consisting of block
copolymers (scale bar=500 nm). (b) At higher resolution, the internal structure of the
particle is revealed to be tart-like (scale bar=200 nm). Reprinted with permission from
[142]. Copyright 2000 American Chemical Society

tailed information about the nature of their internal structures such as
onion- or tart-type by small-angle X-ray scattering.

For more insight into the internal particle structure, electron microscopy
experiments were carried out. In TEM pictures of dried complex nano-parti-
cle dispersions (Fig. 16 a) it can be seen that the nanoparticles consist of a
core with a high contrast, which is surrounded by a shell of lower contrast.
It was believed that the core consists of the complex and the shell of the dis-
persing agent, Poloxamer 188. At a higher resolution (Fig. 16b) it can be
seen that the internal structure of a dried particle is split into discrete layers,
extending form one side of the particle to the other. This is very much in-
dicative of a more tart-type particle structure. Therefore, on the basis of
electron microscopy data it seems to be very likely that the kind of finite la-
mellar particle structure is much more of a tart-type than an onion-type
[142]. As is the case in small-angle X-ray investigations currently being un-
dertaken, it was not possible to determine the values of the lamellar thick-
nesses d; and d, by electron microscopy. The reason for the formation of the
tart-type particles is not understood yet but may be due to their preparation
from films. In films the lamellar domain size is likely to be much larger than
the size of the nano-particles and tart-type.

In conclusion it was shown that the solid-state complexes formed by
poly(rL-arginine), poly(L-histidine) and poly(r-lysine) cations and retinoic
acid can be prepared as films and nano-particles. The high content of retino-
ate moieties, the absence of crystallinity and low particle sizes could make
these complexes interesting as a new carrier for the delivery of retinoic acid,
either transdermal or in body fluids. It may be speculated that supramolecu-
lar structures such as the smectic A-like nano-particles of the tart-type pre-
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sented here can lead to interesting release profiles of pharmaceutically active
agents.

3.3.2
Block copolymers [153]

Micelles formed by amphiphilic block copolymers have been the subject of
intense research during the last decade. In addition to their interesting phys-
icochemical properties, they are promising as carriers for hydrophobic
drugs. A recent review was given by Eisenberg et al. [154] In an aqueous en-
vironment, the hydrophobic blocks of the copolymer form the core of the
micelle while the hydrophilic blocks form the corona. The hydrophobic mi-
celle core serves as a microenvironment for the incorporation of lipophilic
drugs, while the corona serves as a stabilizing interface between the hydro-
phobic core and the external medium. It was shown that complexation of
poly(ethylene oxide)-b-poly(r-lysine)s (PEO-PLL) with DNA as an opposite-
ly charged polyelectrolyte leads to the formation of water-soluble complexes
in an aqueous environment [155]. PEO-PLL block copolymer micelles were
used to explore the feasibility of polymeric micelles as a novel vector system
for genes and oligonucleotides [156, 157]. Supramolecular association of a
block copolymer consisting of PEO and polyamino acids through hydropho-
bic or electrostatic interaction leads to the formation of core-shell type mi-
celles in which drug molecules are hydrophobically or electrostatically in-
cluded in the core of the particle which is surrounded by the PEO outer shell
[158]. The proper micelle size of about 50 nm and the hydrophilicity of the
outer-shell PEO seem to contribute to an extension of the period for which
the drug circulates in the blood. Exceptionally high accumulations in a solid
tumor were demonstrated for copolymer micelles with an entrapped anti-
cancer drug (doxorubicin) [159, 160]. Kabanov et al. proposed a similar sys-
tem, the complex of poly(ethylene oxide)-g-polyethyleneimine and biological
active surfactants, as a novel drug delivery system [161]. Such complexes
form ’micellar microcontainers’ with retinoic acid, a molecule which is high-
ly optically active and is considered to be a surfactant from the physico-
chemical point of view. In the previous chapter it was shown that nanoparti-
cles of complexes of synthetic polyamino acids with retinoic acid contain an
internal smectic A-like structure.

This section reports on the physicochemical characteristics of water-solu-
ble complexes formed between PEO-PLL block copolymers and retinoic
acid. Two block copolymers were used. The lengths of the PEO blocks in
both are identical, the molecular weight was 5000 g/mol (M,/M,=1.1). This
corresponds to a degree of polymerization of 114. The length of the PLL
block varies: PEO-PLL18 has 18 L-lysine monomer units and PEO-PLL30
has 30. A sketch of the molecular structures is given in Fig. 17.
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Fig. 17 The molecular structure of a poly(ethylene oxide)-b-poly(L-lysine) retinoate
complex and a sketch of the polymeric backbone with an a-helical poly(r-lysine) block.
Reprinted with permission from [153]. Copyright 2000 American Chemical Society

3.3.21
Crystallinity

DSC traces of the copolymers and of their complexes with retinoic acid in
the solid state showed that the two non-complexed polymers undergo first-
order transitions upon heating with a maximum at 561 °C. Upon cooling
the transitions were found at 3512 °C. The DSC traces of the complexes dif-
fer significantly from those of the polymers. A weaker transition is present
in the curve of PEO-PLL18 retinoate at 47 °C when it is heated and at 23 °C
when it is cooled. In the DSC curves of PEO-PLL30 retinoate, a very weak
transition at 38 °C was detected on heating, while it was not found during
cooling. No other transitions were observed in the temperature range of 0 to
150 °C. Homopolymers of poly(ethylene oxide) are known to form lamellar
crystals with melt transitions that depend significantly on their molecular
weights. As an example, the melting points of poly(ethylene oxide)s with
narrow molecular weight distributions are found at 48, 58 and 64 °C for mo-
lecular weights of 1500, 3000 and 6000 g/mol respectively [162]. Earlier no
melt transition had been found for the complex of a homopolymer of
poly(r-lysine) and retinoic acid and the melting point of retinoic acid is 181
°C [163]. Therefore, the transitions in the copolymers and in their complexes
were regarded as due to the melting of the crystalline poly(ethylene oxide)
segments. Compared to a poly(ethylene oxide) homopolymer with a molecu-
lar weight of 5000 g/mol, its co-polymerization with a poly(L-lysine) block
lowers the melting transition of poly(ethylene oxide) by about 5 °C. Here the
melting point depression does not depend on the length of the lysine block.
For the complexes the lowering of the melt transition temperature is much
stronger and depends on the length of the lysine block (17 °C and 26 °C for
PEO-PLL18 retinoate and PEO-PLL30 retinoate, respectively). The measured
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enthalpies of the melt transitions were compared with the perfect heat of fu-
sion of PEO (203 J/g) [164] in order to estimate the degree of the bulk crys-
tallinity. Taking into account the different amount of PEO in the compounds,
the crystallinity of the PEO chains was found to be about 50% (PEO-PLL18),
45% (PEO-PLL30), 30% (PEO-PLL18 retinoate) and 10% (PEO-PLL30 re-
tinoate). Compared to neat PEO whose crystallinity is in the range of 70 to
80% [164], the copolymerization with lysine reduces the degree of crys-
tallinity by 20 to 30%. This is similar to the effect of blending PEO with
PMMA [164]. In contrast to the copolymerization, the complexation reduces
the degree of crystalline PEO even more strongly. Probably the complexed
moieties disturb the formation of the extended chain conformation and the
integral number of folded chain conformations, which are typical for the
crystalline form of PEO [165]. The conclusion that crystalline PEO segments
are the origin of the endothermic transitions was confirmed by wide-angle
X-ray experiments. It was found that the X-ray scattering intensities of the
PEO reflections at scattering vectors of s=2.18 nm™! and 2.65 nm™! decrease
in the series PEO-PLL18, PEO-PLL30, PEO-PLL18 retinoate and PEO-PLL30
retinoate. This sequence of the intensities is in agreement with a decreasing
amount of crystalline PEO segments in the samples derived by DSC.

3322
Nanostructures in the Solid State

Small-angle X-ray scattering techniques were used to investigate the struc-
ture of the PEO-PLL polymers and their complexes on length scales in the
range of 1 to 50 nm. The small-angle scattering diagrams of the PEO-PLL18
and PEO-PLL30 are essentially identical and show two Bragg peaks whose
positions have a ratio of 1:3'? (not shown). This suggests a hexagonal ar-
rangement of the poly(r-lysine) chains in a two-dimensional lattice with a
center-to-center distance of 1.53 nm. This value is close to the chain spacing
in poly(r-lysine) hydrochloride crystals (1.50 nm) [166]. In contrast to the
pristine polymers, Bragg peaks with relative positions of 1:2 were found in
the small-angle scattering diagrams of PEO-PLL18 retinoate and PEO-PLL30
retinoate, which indicate lamellar structures (see Fig. 18a,b). The long peri-
ods are 3.37 nm+0.05 nm (PEO-PLL18 retinoate) and 3.32 nm#*0.05 nm
(PEO-PLL30 retinoate), which is slightly larger than that found for a com-
plex of a poly(L-lysine) homopolymer (M,=15,000 to 30,000 g/mol) and re-
tinoate, which is 3.10 nm [142]. This was attributed to a better packing of
the latter as a result of the absence of packing constraints caused by PEO
blocks. It can be seen in the scattering diagrams that the peaks of the PEO-
PLL18 retinoate are broader than that of the PEO-PLL30 retinoate. The cor-
relation lengths were 10 nm and 12 nm as determined from the width of the
first order reflection. When taking into account the relative shortness of the
lysine chains, the high degree of mesomorphous ordering is surprising.

Well defined conformations of the poly(L-lysine) chains have to be taken
into account. It was found that in the solid state form of the non-complexed
polymers, the poly(r-lysine) chains adopt mixtures of a-helix and S-sheet
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Fig. 18 Small-angle X-ray scattering curves of PEO-PLL18 retinoate (a) and PEO-PLL30
retinoate (b). Curves are given for the materials in the solid state (upper curves) and for
dispersion in aqueous solution (lower curves). Reprinted with permission from [153].
Copyright 2000 American Chemical Society

conformations as shown by the position of the amide I and amide II vibra-
tions in the FTIR spectrum [167] (see Fig. 19). It can be seen that the amide
I vibrations of the a-helix is represented with a band at 1652 cm™ and that
of the B-sheet with a band at 1624 cm™'. The individual amide II vibration
bands overlap but the band at 1539 cm™! is strongly indicative of significant
amounts of f-sheet conformations. It was found that the intensity of the
bands and consequently the amount of a-helix and S-sheet conformations
depend to a significant degree on the preparation conditions such as solvent,
temperature and drying time. Therefore it was not possible to identify dif-
ferences in the conformations between PEO-PLL18 and PEO-PLL30. In con-
trast to the non-complexed polymers the positions of the amide I and amide
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Fig. 19 FTIR spectra of the PEO-PLL18 (a) and the PEO-PLL30 retinoate (b) in the

amide region. Reprinted with permission from [153]. Copyright 2000 American Chemi-
cal Society
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II bands were found to be independent of the preparation conditions at 1652
cm™! and 1544 cm™!' for PEO-PLL18 retinoate and PEO-PLL30 retinoate
(Fig. 19b). This proves that the poly(r-lysine) chains strictly adopt an a-he-
lix in the complexes. It was suggested that the o-helix in the PEO-PLL retino-
ate complexes is energetically more stable than the f-sheet conformation,
which is probably due to a better spherical arrangement of the retinoate
moieties when bound to an o-helix. Tirrell et al. reported on the structure of
poly(r-lysine) complexes with alkyl sulfates which form lamellar structures
[168]. They found that the a-helical and B-sheet portions of the poly(L-ly-
sine) chains in their complexes depend to a great extent on the conditions of
the preparation of the solid-state complexes from solution. The exact reason
for the adjustment of the different chain conformation is not clear yet, but it
was assumed that the formation of inter chain hydrogen bridges, which fa-
vors the f3-sheet formation, is strongly suppressed for the two PEO-PLL re-
tinoate complexes but not for the complexes of poly(-L-lysine) with alkyl
sulfates.

33.23
Core-Shell Nanoparticles

Block copolymers containing a PEO block as a water-soluble segment and a
second, water insoluble block, are known to be suitable for the formation of
core-shell micelles, where the cores can be loaded with hydrophobic drugs
[154]. Following this hydrophilic-hydrophobic concept the double hy-
drophilic PEO-PLL18 and PEO-PLL30 block copolymers were converted into
hydrophilic-hydrophobic systems by their complexation with retinoic acid,
which resulted in micellar solutions of the complexes. The solutions were in-
vestigated by X-ray scattering in an aqueous medium in the concentration
range of 0.5 to 5% (w/w). The absence of reflections in the wide-angle scat-
tering diagrams proved that no crystalline retinoic acid was formed during
the complexation and that the PEO blocks are dissolved. In contrast to the
wide-angle region sharp reflections were found in the small-angle diagrams
of the micelles (see Fig. 15a,b) with Bragg spacings of 3.94 nm (PEO-PLL18
retinoate) and 3.83 nm (PEO-PLL30 retinoate). This was interpreted as re-
sulting from mesomorphous core-shell micelles. The core which contain the
PLL-retinoate moieties is of a lamellar structure and the shell is formed by
PEO segments. The higher long period in the micelles compared to those of
the complexes in the bulk material was explained by the incorporation of
water in the core. From the differences of the long periods between the solid
state complexes and the dispersed complexes the water content of the cores
was estimated to be 17% (v/v) for PEO-PLLI18 retinoate and 15% (v/v) for
PEO-PLL30 retinoate. These values are close to the water uptake (18%) of a
polyelectrolyte fluorosurfactant complex, in which the water is predomi-
nantly located around the polymeric backbone [169]. The location of the in-
corporated water and its mobilizing effect on the molecular dynamics is giv-
en in a detailed solid-state NMR investigation on polyelectrolyte-surfactant
complexes [170].



Polyelectrolyte Complexes 149

From the widths of the reflections of the micellar solutions (Fig. 18) the
correlation lengths of the mesophases within the cores were determined to
be 6 nm (PEO-PLL18 retinoate) and 10 nm (PEO-PLL30 retinoate). It is
known that, in a helical poly(amino acid), the amino acid monomer expands
over 0.15 nm [171, 172]. In the case of poly(L-lysine)s (the polymerization
degree of lysine is 18 and 30) the helical end-to-end distances were calculat-
ed to be 2.7 nm and 4.5 nm. Tentatively an a-helical conformation was as-
sumed for the complexed PLL in the core of the micelles, the maximum la-
mellae stack size is about the same magnitude as the correlation lengths.
Therefore it is probable that each micellar core contains a lamellar mon-
odomain. Ten Brinke et al. have shown that a hierarchy of two different
length scales (4.8 nm and 35.0 nm) can be produced when combining cova-
lent bonding (block copolymer)s, proton transfer and hydrogen bonding
[173]. PEO-PLL18 retinoate and PEO-PLL30 retinoate in the solid state could
be considered to be similar to their block copolymer complexes. But in addi-
tion to the lamellar structuring of the PLL retinoate a regular structure with
a larger long period (10 to 50 nm) could not be identified, which would have
been expected from a microphase separation of PEO and PLL retinoate.

33.24
Helix-Coil Transition

A detailed investigation of the helix-coil transition of the non-complexed
PEO-PLL18 has been reported on by Kataoka et. al [145]. By using circular
dichroism they have shown that the PLL blocks of PEO-PLL18, which them-
selves cannot form an a-helix structure due to substantially lower molecular
weight, form an o-helix structure in solution when they are bound to PEO.
Their work shows clearly that the copolymerization with PEO has a stabiliz-
ing effect on the a-helical conformation of PLL. Bearing this in mind it was
asked how the complexation of the PEO-PLL polymers affect the conforma-
tion of the PLL blocks. Circular dichroism was used as a sensitive method
for the detection of the PLL chain conformations within the micelles. It was
found that the shape of the circular dichroism spectra were neither depen-
dent on the concentration of the complexes in a concentration range of 0.05
to 0.5% (w/w) nor does it depend on the storage time after preparation (1 h,
24 h, 72 h). In addition the spectra of PEO-PLLI18 retinoate and PEO-PLL30
retinoate are identical within the range of experimental error. But, as expect-
ed, the spectra change with the variation of the pH value. This is shown in
Fig. 20. It can be seen that a right handed a-helix structure, which is charac-
terized by a maximum at 191 nm and two minima at 210 and 222 nm, is
present at pH 9. A sketch of the polymer conformation is given in Fig. 17.
The circular dichroism spectra change gradually when lowering the pH and
adopt the form of a random coil at pH 3.7, the spectrum of these is charac-
terized by a minimum at about 201 nm and a maximum at about 220 nm.
The crossover wavelength remained at 204 nm. It should be noted that this
crossover wavelength agreed well with that of the pH-induced helix-coil
transition for poly(r-lysine) and PEO-PLL reported in the literature [145,
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Fig. 20 Circular dichroism spectra of PEO-PLL18 retinoate as a function of the pH value.
Reprinted with permission from [153]. Copyright 2000 American Chemical Society

174, 175]. Contributions of 3-sheet structures to the spectra were not found
to be present. It was concluded that the PLL conformation in the PEO-PLL18
retinoate and PEO-PLL30 retinoate micelles adopts an a-helix for pH values
higher than 9.0 and a random coil at a pH lower than 3.7, while between
these limiting values a mixture of a-helical and random coil structures is
present.

According to Greenfield and Fasman [175], the content of a-helices was
estimated from the mean molar ellipticity at a wavelength of 222 nm. It can
be seen in Fig. 21 that the a-helix content decreases gradually in the range
from pH 9 (95%) to pH 7 (70%). This is followed by a steep decrease occur-
ring between pH 7 and pH 5, from 70 to 20% and approaches zero at about
pH 3.7. The stability of the a-helix within the complexes is remarkable when
bearing in mind that the helix-coil transition of poly(r-lysine) homopoly-
mers is found at pH 10.3 and 25 °C where the polymer is 35% charged [176].
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Fig. 21 Variation of the content of the complex in an a-helical state (circles) and the par-
ticle diameters of the PEO-PLLI18 retinoate (squares) depend on the pH value. Reprinted
with permission from [153]. Copyright 2000 American Chemical Society
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Fig. 22 AFM amplitude picture of a PEO-PLL30 retinoate dispersion (pH 9) dried on
mica. Reprinted with permission from [153]. Copyright 2000 American Chemical Soci-
ety

It was assumed that the a-helix of the complexes is stabilized, firstly by the
PEO corona, and secondly by protecting retinoate molecules. This process
ends when the retinoate moieties become protonated. This assumption is
supported by the pK, of retinoic acid which is in the range of 6 to 8 and de-
pends strongly on its surroundings, concentration and microenvironment
[177, 178]. In order to characterize the size of the micelles, samples of micel-
lar solutions were stored and analyzed by dynamic light scattering directly
after the circular dichroism measurement. It was found that the mean parti-
cle size was dependent on the pH value. The particle sizes of PEO-PLL18 re-
tinoate and PEO-PLL30 retinoate are essentially the same. At a high pH,
where the a-helical conformation of the PLL is predominant and where the
retinoic acid has a deprotonated form, the smallest particle sizes are ob-
served. In the range form pH 11 to pH 6 the mean particle diameter increas-
es slightly from 50 nm to 60 nm. Then at pH 5.5 the mean diameter increas-
es to values higher than 250 nm and it decreases constantly down to values
of about 180 nm at a pH of 1.

The pH dependency of the particle sizes was confirmed by AFM measure-
ments. An example of PEO-PLL30 retinoate at pH 9 is shown in Fig. 22. The
core-shell morphology leads to significantly different AFM amplitudes at the
center of the micelles than those in their corona. Exact measurements of the
core diameters are not possible on the basis of the AFM data due to the soft-
ness of the PEO but the micellar sizes are relatively uniform and agree essen-
tially with the correlation lengths determined by small-angle X-ray scatter-
ing. It is interesting that the particle sizes increase considerably within a
small range of variation of the pH, namely from 6.0 to 5.5. This is exactly in
the region where the content of o-helical conformation decreases most
rapidly. The interpretation is that the retinoic acid is bound ionically to the
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PLL segments when the pH is higher than 6. This leads to small core-shell
micelles with a compact core. At a pH of 5.5 the ionic bonds are broken, the
micellar core dissolves or the distinct core-shell structure becomes more dif-
fuse in the sense that a broad core-shell transition develops. Due to the low
cmec of retinoic acid of about 2x107® mol/L (pH 7) in aqueous environment,
it is probable that the retinoic acid clusters within the micelles and does not
diffuse into the aqueous surroundings. The micelle is the most lipophilic en-
vironment for the retinoic acid in its protonated form. On the other hand,
the dissolution of the compact micellar core into a number of hydrophobic
fragments could explain the considerable increase in the particle sizes. It
was found that the largest particle sizes are found around pH 5. When the
pH is lowered the particle sizes decrease significantly. This is probably due
to a rearrangement of retinoic acid clusters due to the lowering of the pH.

In conclusion, it was found that complexes of poly(ethylene oxide)-b-
poly(L-lysine) with retinoic acid with short poly(L-lysine) segments of 18
and 30 monomers form core shell micelles. The cores of the micelles contain
a lamellar smectic A-like structure, formed by a poly(r-lysine) retinoate
complex, which is surrounded by a corona of poly(ethylene oxide). Although
the poly(L-lysine) chains are relatively short, they adopt an a-helical confor-
mation to a pH as low as 9. This effective stabilization of the a-helix struc-
ture seems to be due to the formation of a protective surrounding coat of
retinoate and a shell of poly(ethylene oxide).

3.3.3
Polyethyleneimine [179]

The immobilization of retinoic acid by branched PEI with different molecu-
lar weights (6 10% to 2x10° g/mol) is described in the following section. The
main interest is on the formation of mesomorphous structures, the release
of retinoic acid from its complexes and the formation of nanoparticles.

3.33.1
Nanostructures

The optical micrographs of the PEI-retinoate complexes observed between
crossed polarizers show that all complexes are highly birefringent, with tex-
tures that are independent of their molecular weights [179]. Similar textures
are known for some lyotropic lamellar systems of phospholipids [180]. They
originate from bilayers that were initially horizontal and corrugate in one or
two dimensions to form domes and basins, and each appears as a ‘Maltese
cross’. In contrast, typical textures of elongated crystals are found in the mi-
crograph of non-complexed all-trans-retinoic acid when it is prepared in the
same way as the complexes. It was found that a ratio of amino functions to
carboxylic acid groups of about 2:1, or higher, is necessary to prevent the
crystallization of parts of the retinoic acid. This finding is in agreement with
earlier studies in which it was reported that only the primary and the sec-
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Fig. 23 The correlation length of the lamellar mesophase of the PEI-retinoate complexes
depending on the molecular weight of the PEI. Reprinted with permission from [179].
Copyright 2000 American Chemical Society

ondary amino functions could be complexed by surfactants but not the ter-
tiary groups [181]. The amount of the tertiary groups is around 25% in the
PEIs used for complexation. This explains why an excess of amino functions,
with respect to the carboxylic acid groups, has to be achieved for a complete
complexation of the retinoic acid and to avoid crystallinity. Small-angle X-
ray scattering measurements, which were carried out on films with thick-
nesses in the range of 0.05 mm to 1 mm, were used for a quantitative com-
parison of the complexes. An intense Bragg reflection was found in the scat-
tering curves of all complexes at a scattering vector of about 0.3 nm™!. The
shapes of the curves were independent of the thicknesses of the films but
they vary with the molecular weight of the PEI. Although no higher order
reflections were observed for the complexes in the bulk material, together
with the results from polarization microscopy and the fact that in earlier
studies only lamellar structured complexes of retinoic acid were found [140]
a lamellar structured mesophase for the PEI-retinoate complexes was pro-
posed This assumption will be confirmed later in the section on thin films.
The lamellar spacings increase slightly with the increasing molecular weight
of the PEI and were determined to be 3.3 nm (PEI-600), 3.4 nm (PEI-2000),
3.4 nm (PEI-25000), and 3.5 nm (PEI-750000). This indicates higher ordered
structures of the complexes with the lower molecular weight PEIs than the
complexes with higher molecular weight PEIs.

The correlation lengths of the complexes, which were determined from
the widths of the reflections, decrease with increasing molecular weight,
from about 55 nm to 41 nm (see Fig. 23). This is a further indication for a
higher order of the complexes with the PEI of low molecular weight. A prob-
able reason for this influence of the molecular weight PEI on the
supramolecular order is that a higher molecular weight would lead to higher
packing constraints than a lower molecular weight would do. In addition to
the reduction of the order of the lamellar structures this may lead to differ-
ent degrees of frustrations [15]. The relations between the order and release
profiles of retinoic acid from the complex films will be discussed later. In
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Fig. 24 Small-angle X-ray scattering intensity in a s*I(s)-s-plot (circles). The solid line
represents the best fit according to Porod’s law at scattering vectors in the range of 0.4
to 0.8 nm™'. The insert shows an idealized model of smectic A-like PEI retinoate struc-
tures, consisting of well-separated supramolecular lamellar sheets: (a) ionic layers with
thicknesses of 0.6 nm (PEI-600), 0.7 nm (PEI-2000 and PEI-25000) and 0.8 nm (PEI
750000); (b) nonionic layers with thicknesses of 2.7 nm (PEI-600, PEI-2000, PEI-25000
and PEI-750000). Reprinted with permission from [179]. Copyright 2000 American
Chemical Society

earlier works on polyelectrolyte surfactant complexes it was found that a
good model for the description of their mesophase structures could be made
by placing the microphase separation into ionic and hydrophobic regions.
Often the density transition between these regions is sharp and is similar to
that found for strongly segregated block copolymers. Sharp phase bound-
aries are identified by the application of Porod’s law [182, 183]. The values
of s*I(s), as shown in Fig. 24, were found to be constant for a scattering vec-
tor in the range of 0.4 to 0.8 nm™'. This proves that the structures of the
complexes are consistent with Porod’s law. A broader transition or a statisti-
cal structuring of the domain boundary, as typically observed in mi-
crophase-separated block copolymers [182], can be excluded. Small devia-
tions from a sharp boundary would indicate a significant deviation from
Porod’s law [183]. Therefore it was concluded that the phase boundaries of
the complexes are of the order of 1 to 2 atomic distances. Using Eq. (1.2) in
Ref [1], the average chord lengths were calculated to be 0.93 nm (PEI-600),
1.06 nm (PEI-2000), 1.10 nm (PEI-25000), and 1.22 nm (PEI-750000). These
values are similar to the polymeric complexes of siloxane surfactants inves-
tigated earlier [184]. The simplest complex structure, which is in agreement
with these numbers is a microphase-separated model constructed from a
smaller ionic phase (polyelectrolyte plus ionic head groups) and a larger
nonionic phase (hydrophobic moieties). The slight increase of [, with the in-
creasing molecular weight of the PEI is consistent with the assumption that
the packing of the structure of the complexes is better for the low molecular
weight complexes than for the high molecular weight complexes. The thick-
nesses d; and d, of the lamellae within the smectic A-like structures of the
complexes were calculated using Eq. (1.12) in Ref [1]. The values are d,=0.6



Polyelectrolyte Complexes 155

nm, d,=2.7 nm (PEI-600), d,=0.7 nm, d,=2.7 nm (PEI-2000), d,=0.7 nm,
d,=2.7 nm (PEI-25000) and d;=0.8 nm, d,=2.7 nm (PEI-750000). d; was as-
signed to the ionic lamellae, which are enriched in the polyelectrolytes plus
the carboxylic head groups, and d, to the nonionic lamellae, which are en-
riched in the retinoic acid tails. As expected, the value of d; increases slightly
with the molecular weight of the PEI, while the value of d, do not depend on
the weight of the PEI used for complexation. A sketch of the structure is giv-
en in Fig. 24 (insert).

3332
Thin Films

Thin films of the complexes on silicon wafers were prepared by the spin-coat
technique from solutions of the complexes. The film structures were investi-
gated by X-ray reflectivity. Reflectivity curves of thin films are shown in Fig.
25. Similarly to complexes of a fluorinated surfactant [1], well-defined dou-
ble-layer stacks developed within a few seconds simply as a result of the de-
position of droplets of the solutions of the complex. The molecular weight of
the PEI increases in the line from curve a to d. The presence of Kiessig
fringes in curves a and b indicate smooth films for the complexes PEI-600-
retinoate and PEI-2000-retinoate. No Kiessig fringes were observed for the
complexes with the PEI of the higher molecular weights (curves ¢ and d). A
clear second order maximum is present in the reflectivity curve of PEI-600-
retinoate, which proves the assumptions of a lamellar structure of the com-
plex. The long periods of the structures in the films are 3.3 nm (PEI-600),
3.4 nm (PEI-2000), 3.4 nm (PEI-25000) and 3.6 nm (PEI-750000). Within the
experimental errors these values are in good agreement with those deter-
mined for the structures of the complexes in bulk form.
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Fig. 25 X-ray reflectivity curves of thin films of PEI-retinoate complexes at the silicon
wafer surfaces. The molecular weights of the PEI used for complexation are 600 g/mol
(a), 2000 g/mol (b), 25000 g/mol (c) and 750000 g/mol (d). Reprinted with permission
from [179]. Copyright 2000 American Chemical Society
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Because the same mesomorphous structure was developed in a slow film
forming process (solvent casting) and in a fast film forming process (spin
coating), it was concluded that the time which is necessary for the formation
of the mesophase is shorter than the time necessary for the formation of
films. The latter is in the order of one second. The thicknesses of the films
formed by the lower molecular weight PEIs were 80+2 nm (PEI-600) and
47+2 nm (PEI-2000) as calculated from the angular positions of the fringes
[185]. The reflectivity curves were explained as resulting from about 25
(PEI-600) and 15 double layers (PEI-2000) respectively. Here the double lay-
er is defined as a structure building block with an ionic sheet covered by
nonionic sheets. The latter are formed by the tails of the retinoic acid. In
contrast to the complexes of the lower molecular weight PEI, the film sur-
faces obtained by the complexes of the higher molecular weight PEIs are not
sufficiently smooth to produce Kiessig fringes in their reflectivity curves.
The correlation length of the lamellar structure in the direction vertical to
the wafer surface was determined, from the width of the Bragg peaks, to be
6615 nm (PEI-25000) and 32+5 nm (PEI-750000). The structure of the films
can be explained as consisting of multi-layers aligned parallel to the wafer
surface.

The observation of the macroscopic orientation of the complexes to mul-
ti-layers with a variability in their order which were produced in a single-
step procedure represents a significant step in the progress of using self-as-
sembly for the preparation of thin organic films. Mechanical fields, present
at the spin coating procedure, are probably the reason for the macroscopic
orientation of the lamellar stacks parallel to the underlying substrate sur-
face. Such films, when highly loaded with an effective drug, may be useful as
a colloidal pharmaceutical formulation.

3333
Release Properties

Films of the complexes are stable in water at a pH of 7 while they dissolve at
pH 5. This can be explained by the pK, value of retinoic acid, which is, for
example, 6.05 in 150 mM NaCl and 6.49 in 5 mM NaCl [163]. Therefore, the
anionic retinoic moieties within the complexes will be protonated at pH val-
ues lower than the pK, which lead to the cleavage of the ionic bonds in the
complexes. The first experiments to evaluate the release properties of retino-
ic acid from thin films of the complexes were performed by using FTIR and
surface tension measurements. Films were immersed in solutions of 0.15 m
sodium chloride at pH 5 for both methods. The increase of the absorbance
at 1255 cm™! (C-O stretch vibration) [186] in the FTIR spectra was used as a
qualitative measure for the release of retinoic acid from the PEI-retinoate
complexes. For comparison, the spectra of the complex and of the non-com-
plexed retinoic acid are shown at wave numbers around 1255 cm™ (Fig. 26,
insert curves a and b). The time-dependency of the absorbance, which is a
relative measure of the amount of released retinoic acid, is shown in Fig. 26.
It can be seen that the increase of the absorbance, and therefore the release
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Fig. 26 Time-dependency of the FTIR spectra of the PEI retinoate complexes at a wave
number of 1255 cm™'. The samples are PEI-600 retinoate (diamonds), PEI-2000 retino-
ate (circles), PEI-25000 retinoate (squares) and PEI-750000 (triangles). The insert shows
the transmission of a complex (a) and of non-complexed retinoic acid (b) around a
wavelength of 1255 cm™ . Reprinted with permission from [179]. Copyright 2000 Ameri-
can Chemical Society

of retinoic acid from the complexes, increases in the line PEI-600, PEI-2000,
PEI-25000, PEI-750000.

Obviously the release from the complexes with the higher molecular
weight PEIs is faster than that from the complexes with the lower molecular
weight PEIs. Because the ratio of primary to secondary to tertiary amino
functions in all PEIs is approximately the same, it was suggested that the dif-
ferent release profiles probably originate from the different supramolecular
ordering of the complexes and are not due to the minor differences in their
molecular composition. Together with the results from the X-ray reflectivity
measurements it has been concluded that the release of retinoic acid from a
complex film is relatively slow for the higher ordered films and relatively
fast for the less ordered films. This explains why the release from the com-
plexes with higher molecular weight PEIs is faster than it is from the com-
plexes with the lower molecular weight PEIs.

The molecular structure of retinoic acid is typical for an amphiphilic
compound that is concentrated at interfaces. Further, the carboxylic acid
groups allow such compounds to adjust their amphiphilic character by the
degree of their dissociation. Surface tension measurements were carried out
in order to determine the surface activity of retinoic acid [179]. The surface
tension with respect to the concentration at pH 5 decreases more strongly
than at pH 9. This reflects the fact that the protonated form of retinoic acid
is more efficient in its surface activity than the deprotonated form. The crit-
ical micelle concentrations are 3.7+0.5 mg/L (pH 5) and 1942 mg/L (pH 9).
The limiting surface tension values in both curves is about 35 mN/m. Due to
the precipitation of retinoic acid, the highest concentration in the surface
tension curve at a pH of 5 was 20 mg/L. By contrast the solubility at pH 9 is
at least 1 g/L. In order to verify the results from the FTIR measurements,
films of the complexes were immersed in a solution of 0.15 mol/L sodium



158 Andreas F. Thiinemann et al.

— 70
£
s 652?58
c 1R
© 60{ O
7]
§ | 2o
— 551 Ag
3 |
£ 501 E@mm
o
%)
45, : . , : ‘ . .

t [ hours]

Fig. 27 The effect of the molecular weight of PEI retinoate complexes on the surface ten-
sion of 0.15 m/L sodium chloride solutions as a function of time. The samples are PEI-
600 retinoate (diamonds), PEI-2000 retinoate (circles), PEI-25000 retinoate (squares)
and PEI-750000 retinoate (triangles). Reprinted with permission from [179]. Copyright
2000 American Chemical Society

chloride at pH 5. It can be seen in Fig. 27 that the surface tension decreases
with time when the films were inserted in the solutions. The decrease is
steeper the higher the molecular weight of the PEI is. The final value of the
surface tension for all films is around 48 mN/m. This corresponds to a max-
imum concentration of about 2 mg/L, which is below the critical micelle
concentration for retinoic acid. We interpret the reduction of the surface
tension to be due to the release of retinoic acid from the films. The release is
faster for the higher molecular weight PEI complexes than for the lower. Be-
cause the limiting values of the surface tensions are independent of the mo-
lecular weight of the PEIs, it was concluded that the kinetics of the release
are affected by the PEI used, but not the overall amount of released retinoic
acid. This is consistent with the results from the FTIR spectroscopy, and
with the assumption that the complexes differ only in their supramolecular
orders.

3334
Nanoparticles

The formation of the nanoparticles of the complexes was carried out with
the aid of poloxamer 188, a triblock copolymer, consisting of two polyethyle-
neoxide blocks and a polypropyleneoxide block (see Fig. 12). The diameters
of the particles, as determined by dynamic light scattering, are shown in Fig.
28. Surprisingly, the diameters decrease with the increasing molecular
weight of the PEI as follows: 580 nm (PEI-600), 240 nm (PEI-2000), 185 nm
(PEI-25000), 160 nm (PEI-750000). The polydispersities are about 0.25. The
sizes were checked by electron microscopy (not shown). Park and Choi
[187] have shown that the structures of the PEIs are randomly branched but
they become more compact with increasing molecular weight. Probably the
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Fig. 28 The molecular weight dependency of the mean diameter of particles of the PEI-
retinoate complexes. The molecular weight is the weight average of the PEI used for
complexation. Reprinted with permission from [179]. Copyright 2000 American Chemi-
cal Society

unexpected size-dependency of the nanoparticles reflects the structural
properties of branched PEIL On the basis of this hypothesis it must be ex-
pected that PEI-750000 retinoate forms a significantly more compact parti-
cle structure than PEI-600 retinoate. AFM measurements, carried out on
dried PEI retinoate particles, confirmed the expectation of an increase in
compactness of the particles with increasing molecular weight. Examples
are shown in Fig. 29. It was found that the higher the molecular weight of
the PEI, the more compact the particles. The height profiles of PEI-750000
retinoate (Fig. 30b), for example, are those of typical rigid spheres. The di-
ameters of the particles determined by AFM are about 50 nm smaller than
those determined by dynamic light scattering. The higher radii in solution
can be explained as an effect of the Poloxamer corona that surrounds the
particles, which is swollen in aqueous solution, leading to higher radii in so-
lution than in the dry state. The AFM pictures of the PEI-600 retinoate
nanoparticles are unique in their appearance. Here, the particles are col-
lapsed and surrounded by crystalline Poloxamer 188. For comparison the
pure Poloxamer, which was prepared from aqueous solution on mica in the
same way as the particles, was investigated. It can be seen in Fig. 29d that
Poloxamer 188 forms structures which are very similar to those found in the
corona of the particles in Fig. 29a. A characteristic detail of the PEI-600 re-
tinoate particles is that there are holes in the centers of many of them. These
are indicated in the 2x2 um large bird’s eye view of Fig. 29b, pointed by ar-
rows. A typical cross-section profile is shown in Fig. 29a. Obviously, the PEI-
600 retinoate particles in solution were not homogeneous spheres. Probably
these particles may have a doughnut-shape-or toroid-structure in solution,
such as described recently by Forster et al. for polyelectrolyte block copoly-
mer micelles [188]. A different morphology of the PEI-600 retinoate parti-
cles can explain why the mean diameter of the particles is significantly high-
er than that of the other complexes.
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0 5 jm
Fig. 29 AFM images of PEI-retinoate particles dried on mica surfaces. (a) and (c) are
top-view images of the PEI-600 retinoate and the PEI-750000 retinoate, respectively. The
bird’s-eye view (b) is a magnification of (a) enclosed in the plotted rectangle. Arrows in
(b) indicate the depressions in the center of the particles. (d) is the top view of Poloxam-
er 188 after the aqueous solution had been dried out. Reprinted with permission from
[179]. Copyright 2000 American Chemical Society

30
(a) (b)

20 1

Height [nm]

0 e oLl
0 200 400 600 800 1000 0 200 400 600 800 1000
Distance [nm]

Fig. 30 Height profiles of the cross section of nanoparticles formed by PEI-600 retinoate
(a) and PEI-750000 retinoate (b). Reprinted with permission from [179]. Copyright 2000
American Chemical Society
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In conclusion, it was shown that the complexes formed by PEI and the
amphiphilic drug retinoic acid are lamellar structured materials, which can
be processed as lamellar layered ultra-thin films as well as nanoparticles.
The film forming properties of the complexes are the better the lower the
molecular weight of the PEI is. All complexes are stable in physiological sa-
line at pH 7, whereas retinoic acid is released at pH 5. The higher the molec-
ular weight, the faster its release. With the help of a water-soluble block co-
polymer, nanoparticles were formed, the size of which decreases with the in-
creasing molecular weight of the PEIL. This was explained as a phenomenon
induced by the pristine PEI structure. The shapes of the particles from the
complexes of the high molecular weight PEI are compact spheres, whereas
those of the lowest molecular weights are probably of doughnut-shape or
toroid structure.

4
Theory of Polyelectrolyte Complexation

Although the experimental body of work on polyelectrolyte complexation is
very large, there are very few quantitative theoretical approaches. If the
polyelectrolytes are weakly charged which is not the case in most of the ex-
periments discussed in this review, the electrostatic interactions are weak
and a theory similar to the Debye-Hiickel theory of electrolytes can be pro-
posed. This was first done by Borue and Erukhimovich [189]. In this short
section, we review the results that have been obtained for the phase diagram
of symmetric polyelectrolyte complexes [190], for polyelectrolyte multilay-
ers [191] and for block-polyampholytes which are diblock copolymers with
one sequence carrying positive charges and one sequence carrying negative
charges [192]. Finally we briefly describe the concept of the effective interac-
tion between two polyelectrolyte complexes.

4.1
Debye-Hiickel Theory of Polyelectrolyte Complexes

In a simple mean field theory, the charge density in an electrolyte solution
vanishes and the electrostatic contribution to the free energy of the solution
also vanishes. The electrostatic free energy is therefore an effect of the
charge density fluctuations. The starting point of the Debye-Hiickel theory
of electrolytes is to assume that these fluctuations are small and can be treat-
ed as an expansion which is limited to quadratic order in the free energy.
We use here the same description for polyelectrolyte complexes. It is consis-
tent only if the fractions of charged monomers f, and f- on the two polymers
forming the complex are small. A polyelectrolyte complex in solution is at
least a 5 component system comprising the solvent, the two polymers at con-
centrations c; and ¢ and their respective counterions at concentrations 7_
and n,. We consider as counterions any small ions in the solution; if there is
added salt, its ions have the same chemical nature as the polymer counteri-
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ons. The only constraint on the concentrations is then the macroscopic elec-
troneutrality of the solution, n.+c,=n_+c_. For a sake of simplicity, we con-
sider here only symmetrical complexes where the same very large number of
monomers N, the same fraction of charged monomers f and the same con-
centrations, ¢,=c_=c and n,=n_=n.

The calculation of the electrostatic free energy is done by expanding the
solution free energy in a given configuration at lowest order in powers of the
4 concentration fluctuations and then by summing over all possible concen-
tration fluctuations. As an example, we discuss first here the simple case
where the added salt density is large (n>>c). We define the Debye Hiickel
screening length counting only the small ions as x?=87 zn where I g%/
(47ekT) is the so-called Bjerrum length. The electrostatic interactions are at-
tractive and provoke the precipitation of the complex. The precipitation
gives a phase separation between the complex phase rich in polymer and a
dilute phase containing essentially no polymers but containing small ions
(salt). The results are very similar to the standard Debye-Hiickel theory, the
electrostatic osmotic pressure difference between the complex and the dilute
phase can be written as I1,=—kT/,” where &, is the electrostatic correlation
length given by

fel ~

Ka

(47lefzc)1/2 G)

At equilibrium the osmotic pressure is equal in the two phases and the
electrostatic osmotic pressure is balanced by the excluded volume osmotic
pressure in the complex that for Gaussian polymers (at the 6 point) reads
I1,,=w?c*2 The concentration in the complex then reads

2

(4)

It increases with the charge of the polymers and as expected, decreases
with the ionic strength. So far, we have ignored the translational entropy of
the polymer chains that tends to zero in the limit where N tends to infinity.
If N is smaller, the translational entropy of the polymer chains must be in-
cluded in the pressure balance and stabilizes a homogeneous solution when
it becomes of the order of the electrostatic attractive pressure. Complex for-
mation thus only occurs if

Cecomp ™~ 2n W3/4

ntatw/t

If the molecular weight is too small or if the fraction of charged mono-
mers is too low, the mixture of positively charged and negatively charged
polyelectrolytes is soluble in water.

A more detailed study of the phase diagram of the polyelectrolyte com-
plex must take into account the non-electrostatic interactions between the
two polymers characterized by the Flory interaction parameter . This inter-
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Fig. 31 Theoretical phase diagramm for a symmetric mixture of positive polyelec-
trolytes. s measures the effect of ionic strength and ¢ that of the incompatibility

action most often leads to a macroscopic phase separation into two phases
each containing mostly one of the polymers. There is thus a competition be-
tween a complexation transition and a demixing transition. In order to have
a qualitative idea of the phase diagram, we have calculated the concentration
correlation matrix in the solution at the same level of approximation (the
so-called one-loop approximation in the field theory language). The signa-
ture of a phase transition is a divergence of this matrix. For the complexa-
tion transition, the order parameter is the total polymer concentration c,+c.
and for the demixing transition it is the charge density p=c,_c_. The spin-
odal line associated to the phase transitions occurs when the corresponding
correlation function diverges in the macroscopic limit of zero wave vector.
We also looked for divergences at finite wave vectors that corresponds to the
formation of mesophases in the solution where the polymer composition of
the solution oscillates periodically with space. The theoretical phase diagram
for a symmetric mixture of positive polyelectrolyte is presented in Fig. 31.
The two dimensionless variable are

1/2
(Y e 2 ¢
fe a(4nlfc) /

s measures the effect of ionic strength and ¢ that of the incompatibility, all
other quantities being kept constant. There are 4 phases, a complex phase at
low values of y, a demixing region at high values of y, a homogeneous solu-
tion, and a mesophase region at small ionic strength and intermediate y. If
the fraction of charged monomers is increased as in the experiments of Dja-
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doun et al. [193], at low fraction of charged monomers, the solution demixes
into two phases it then becomes homogeneous and at large fraction of
charged monomers, it forms a complex as indicated by the arrow.

4.2
Polyelectrolyte Multilayers

Over recent years, a major development in the field of polyelectrolyte com-
plexes has been the introduction of polyelectrolyte multilayers by Decher
[194]. Some of their properties are described in this paper and they have be-
come one of the very efficient and versatile ways of making surface coatings.
We very briefly discuss here the implications of the Debye-Hiickel properties
of polyelectrolyte complexes for the formation of polyelectrolyte multilay-
ers.

The first layer is obtained by adsorbing a polyelectrolyte layer (say with a
positive charge) on an oppositely charged substrate (a negative substrate).
One wants to strongly inverse the substrate charge upon adsorption [195]
and this may require a non-electrostatic attraction between polyelectrolyte
and substrate. The first layer is, for this reason, often made of another poly-
electrolyte than the rest of the build up. We assume here that the structure
of this adsorbed layer is the thermodynamic equilibrium structure and that
it is made at a given high ionic strength (a salt concentration n). For the rest
of the build up, we will suppose that the multilayer is never dried and that it
is always in contact with an ionic solution at the same ionic strength. This is
not how the layers are made in practice but this insures that the polymer re-
mains liquid and close to thermodynamic equilibrium at each step. We also
assume that the adsorption is irreversible in the sense that the adsorbed
polymer amount remains constant but that the polymer chain conforma-
tions at each step can equilibrate. The polyelectrolyte is then in a con-
strained thermodynamic equilibrium. We call T'; the adsorbed monomer
amount in the first layer per unit area.

After rinsing in a salt solution, the first layer is put in contact with a di-
lute solution of polyelectrolyte of opposite charge at the same ionic strength
(negatively charged). The negatively charged polymer in the solution forms
a complex that neutralizes the already adsorbed positively charged polymer
(as above, we only consider the symmetric case where the two polymers
have the same degree of polymerization and the same fraction of charged
monomers). The density of this complex is equal to the density ccomp of a
symmetric polyelectrolyte complex in solution. However there is an excess
of negatively charged polyelectrolyte in the solution and the negatively
charged polyelectrolyte can form loops dangling from the multilayer into
the solution. The loop structure is very similar to that of an adsorbed poly-
mer layer and the monomer concentration in this loop layer decays as
c(z)-1/(z+d)* from the edge of the multilayer. The charge of this loop layer
overcompensates the charge of the originally adsorbed polymer, it allows for
a new charge inversion and can serve to complex the following layer. The
quantity of monomers in this non compensated layer is
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The build up process can the be iterated and at each step the amount of
polymer added to the layer is of order AI. It increases weakly with ionic
strength. This is in qualitative agreement with the experiments of Laddam et
al. [196] that were performer in conditions that are as close as possible as
the one described here.

This approach is a purely thermodynamic approach in the sense that lo-
cally, the polymer is at thermal equilibrium. The density inside the layer is
homogeneous and is equal to the complex density ccomp. One of the impor-
tant experimental results is that, in the multilayers, each layer strongly inter-
mixes with its neighbors but that it keeps its identity in the sense that it does
not mix with layers far apart. This “freezing” of the structure must be due to
an extremely slow diffusion between the layers that our model is not able to
study.

4.3
Block Polyampholytes

Another interesting application of the complexation model is to block
polyampholytes. These are diblock copolymers composed of a positive poly-
electrolyte block of Np monomers and a negative polyelectrolyte block of Ny
monomers. If the two blocks are symmetric (same molecular weight and
same fraction of charged monomers), a copolymer solution precipitates as a
standard polyelectrolyte complex, the connection between the two chains
playing only a small role. If the copolymer is very asymmetric, Np>>Ny it
can form aggregates such as spherical micelles. The core of the micelle is
made of the negative block and of Np monomers of the positive block and
has a concentration c.omp; the corona of the micelles is made of the Np—Ny
remaining monomers, it behaves as a polyelectrolyte corona [197]. The geo-
metrical characteristics of these micelles can then be calculated using a stan-
dard theory of micellization that estimates independently the free energies
of the two blocks. We find an aggregation number

3/5
NM/ f16/5

[n2w2/3a4}4/5

It increase with the charge fraction f and decreases with ionic strength.

This is consistent with experiments on block polyampholytes where the pH
is varied [198].
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4.4
Effective Interaction Between Two Polyelectrolyte Complexes

Let us finally discuss the concept of effective interactions between two poly-
electrolyte complexes which is particularly useful if the architecture of the
complexes is known a priori, for a review, see [199, 200]. One typically starts
with two complexes choosing their center-of-mass distance r as the statisti-
cal variable which is kept fixed while all other statistical degrees of freedom
such as solvent molecules, counter- and salt ions and monomers are inte-
grated out. The resulting quantity V(r) is the (pair) potential of mean force
between two complexes which can be used as a further input in a simple
many body theory for many complexes at finite concentration. There have
been several attempts to calculate the effective pair interaction theoretically,
the most widely known is the classical Debye-Hiickel theory of counterion
screening resulting in screened Coulomb interactions between the charged
monomers [201]. Following the standard approach of Oosawa [202], these
can be combined with Flory arguments for polymer flexibility, polymer self-
avoidance, and counterion condensation along the charged monomers. An-
other important contribution comes from the translational entropy of the
microions.

A variational theory which includes all these different contributions was
recently proposed and applied for completely stretched polyelectrolyte stars
(so-called “porcupines™) [203, 204]. As a result, the effective interaction V(r)
was very soft, mainly dominated by the entropy of the counterions inside
the coronae of the stars supporting on old idea of Pincus [205]. If this pair
potential is used as an input in a calculation of a solution of many stars, a
freezing transition was found with a variety of different stable crystal lattices
including exotic open lattices [206]. The method of effective interactions has
the advantage to be generalizable to more complicated complexes which are
discussed in this contribution-such as oppositely charged polyelectrolytes
and polyelectrolyte-surfactant complexes-but this has still to be worked out
in detail.
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P2VP
P4VP
PAA
PAi

PB
PCEVE
PEE
PEO
PMAA
PMMA
PtBS
PPO
PS
PnBA
PSSH
PSSNa
P2VPHCI
P2VPMel
P4VPQ
DLS
FFF
MALS
SANS
SEM
SFM
SLS
TEM

insoluble polymer block

soluble polymer block

grafting distance

salt concentration

Bijerrum length

aggregation number

degree of polymerization of the soluble block
degree of polymerization of the insoluble block
Avogadros number

packing factor

micellar core radius

overall micellar radius

micellar charge

Debye length

Flory exponent
poly(2-vinylpyridine)
poly(4-vinylpyridine)

poly(acrylic acid)
poly(N,N-dimethylaminoisoprene)
poly(butadiene)

poly(chloroethyl vinylether)
poly(ethylethylene)
poly(ethyleneoxide)
poly(methacrylic acid)
poly(methyl methacrylate)
poly(tert-butylstyrene)
poly(propyleneoxide)
poly(styrene)
poly(n-butylacrylate)

poly(styrene sulfonic acid)
poly(Na-styrenesulfonate)
poly(2-vinypyridinium hydrochloride)
poly(N-methyl-2-vinylpyridinium iodide)
quaternized poly(4-vinylpyridine)
dynamic light scattering

field flow fractionation
multi-angle light scattering
small-angle neutron scattering
scanning electron microscopy
scanning force microscopy

static light scattering
transmission electron microscopy
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1
Introduction

Polyelectrolyte block copolymers combine structural features of polyelec-
trolytes, block copolymers, and surfactants. It is thus not surprising that
they possess quite unusual and unique properties which make them a fasci-
nating and challenging subject for researchers. Many of these properties are
taken advantage of in technological applications and play an important role
in physico-chemical properties of biological cell structures. This has moti-
vated a comprehensive investigation so that today a much clearer picture of
the behavior of polyelectrolyte block copolymers has developed.

The present review deals with the association behavior of polyelectrolyte
block copolymers which is the most outstanding feature of this class of poly-
mers. It leads to the formation of micelles, strings, and networks of some-
times quite complicated topology. The association behavior depends on
many external parameters, among them pH, temperature, and salinity, which
are of relevance in many technological and biological processes.

The following Sect. 2 deals with the association of diblock copolymers
and discusses micelles, vesicles, micellar aggregation and interaction. In
Sect. 3 recent work on micelle and vesicle formation of triblock copolymers
is presented, whereas in Sect. 4 more complicated architectures such as graft
copolymers, cylindrical brushes and Janus micelles are discussed.

2
Micelle Formation of Polyelectrolyte Diblock Copolymers

In dilute aqueous solutions, polyelectrolyte block copolymers self-assemble
into micelles consisting of a hydrophobic core and a polyelectrolyte shell.
The study of their structural properties is expected to provide a basic under-
standing of the properties of dense polyelectrolyte layers, electro-steric sta-
bilization mechanisms, and actuator functions based on variations in the
electrostatic interactions.

The first systematic investigation of micelle formation of polyelectrolyte
block copolymers in aqueous solutions goes back to Selb and Gallot [1].
They noted the surprisingly low solubility of most of these polymers, when
directly dissolved in water [1, 2]. Since the hydrophobic domains were in
most cases glassy (e.g., in the case of polystyrene), thermal energy was insuf-
ficient for spontaneous dissolution. It then became common practice to use
organic co-solvents (DMF, dioxane, THF) for the dissolution of the poly-
mers, followed by dialysis to obtain stable, albeit “frozen” micelles in pure
aqueous solutions [3]. Only in a few cases, was it possible to dissolve the
polymers directly in water by using very short hydrophobic blocks [4] or by
heating the solutions at 100 °C over a long period of time [5, 6]. “Frozen” mi-
celles remain a major problem when investigating micellar properties since
they do not correspond to the state of thermodynamic equilibrium. On the
other hand, since their structure is “frozen”, their micellar state can be kept
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constant when varying external parameters like salinity or temperature.
Only in recent years, with the use of hydrophobic blocks with low glass tran-
sition temperatures (“soft blocks”), was it possible to investigate micellar
properties under equilibrium conditions.

Systematic studies on micellar size and structure have been published
for poly(styrene-b-acrylic acid) (PS-PAAc) [7, 8], poly(styrene-b-sodium
acrylate) (PS-PAAcNa) [9], or quaternized poly(styrene-b-4-vinyl-pyridine)
(PS-P4VPMel) [10, 11]. It was concluded that the polyelectrolyte chains in
the micellar corona are almost fully stretched [8]. The effect of salt concen-
tration was investigated by Guenoun et al. on poly(#-butylstyrene-b-sodium
styrene sulfonate) (PtBS-PSSNa) who observed a weak decrease of micellar
size and aggregation number when the salt concentration was increased be-
yond 0.01 mol/l [12]. Using small-angle neutron scattering (SANS), the au-
thors could provide additional support for the rod-like conformation of the
polyelectrolyte chains in the micellar corona [13].

2.1
Micellar Structure

Important parameters that control the size of micelles are the degree of poly-
merization of the polymer blocks, N4 and Nj, and the Flory-Huggins inter-
action parameter y. The micellar structure is characterized by the core radi-
us R,, the overall radius R,,, and the distance b between adjacent blocks at
the core/shell-interface as shown in Fig. 1. b is often called grafting distance
for comparisons to polymer brush models. b* is the area per chain which
compares to the area per head group in case of surfactant micelles. In the
case of spherical micelles, the core radius R, and the area per chain b* are
directly related to the number of polymers per micelles, i.e., the aggregation
number Z=47R?/b%.

Aggregation numbers and core radii have been investigated in detail for
many block copolymer/solvent systems [1, 14-18]. The core/shell structure

% selective solvent
_ >

Ny Ne. % Z,R, R,

Fig. 1 Important parameters in the micellization of block copolymers. A is the insoluble
block forming the micellar core, B is the soluble block forming the micellar shell or co-
rona. Symbols are explained in the text
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Fig. 2 TEM-image of spherical polyelectrolyte block copolymer micelles (PB-P2VP.Mel).
The pronounced contrast of the polyelectrolyte shell is due to the counterions (I7) [19]

can well be observed using transmission electron microscopy (TEM) [19] as
shown in Fig. 2 in case of micelles formed by PB-P2VPMel in water. In this
case the core consists of the hydrophobic PB-blocks whereas the corona con-
tains the polycationic P2VPMel-blocks with the iodine counterions provid-
ing sufficient contrast for the TEM-image.

The free energy of a micelle is mainly determined by (1) the interfacial
energy of the core/shell interface, and (2) the energy needed to stretch the
block copolymer chains. The minimum of the free energy corresponds to an
equilibrium grafting distance b(Ny, Np, ) which depends on block lengths
and salt concentration (via y). In the case of uncharged block copolymers,
the grafting distance depends on the soluble block length as boN?/°; with
bp~1 nm. From this follows a simple relation for the aggregation number Z
as a function of Ny and Njp

Z=ZyN>Ng* (1)

with Zy~1 and ~0.8 [20, 21]. As shown in Fig. 3 this equation successfully
describes the micellization for uncharged diblock-’[22, 44], triblock- [45],
graft- [23], and heteroarmstar copolymers [24, 25] as well as for low molec-
ular cationic, anionic, and non-ionic surfactants over three orders of magni-
tude in block length Ny.

The first theories on the micellization of polyelectrolyte block copolymers
were published by Marko and Rabin [26], Dan and Tirrell [27] and Shusha-
rina et al. [28]. They predict a strong influence of the polyelectrolyte blocks
on the micellization behavior. Thus not unexpectedly, a qualitatively differ-
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Fig. 3 Aggregation numbers Z as a function of the degree of polymerization of the in-
soluble block for uncharged block copolymers. Open symbols correspond to different
diblock-, triblock-, graft- and star polymers. Filled symbols are low molecular weight
surfactants [20, 21]

ent behavior is experimentally observed compared to uncharged block
copolymers. The grafting distance shows a characteristic b=b,N"/?-depen-
dence as shown in Fig. 4 [29]. An increase in salt concentration lowers the
value of R,, without affecting the 1/2-slope. This indicates that mutual repul-
sion of the polyelectrolyte chains leads to strong stretching of the core-
blocks.

40 100 600

Fig. 4 Experimentally determined grafting distance b as a function of the degree of poly-
merization of the insoluble block for polyelectrolyte block copolymers at different salt
concentrations [49]: (@) salt free, (O) 0.3 mol/l, () 1 mol/l
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2.2
Salt Dependence

The addition of salt screens electrostatic interactions and thus has a strong
influence on the conformation and interactions of polyelectrolyte chains
[30, 31]. For polyelectrolyte block copolymer micelles, the effects are partic-
ularly pronounced because the polyelectrolyte chains are closely assembled
in the micellar shell. When polymer chains are densely tethered to a surface
to form a layer, they are described as a polymer brush. Theories for polyelec-
trolyte brushes have been developed using self-consistent field theories [32-
36] and scaling theories [37, 38]. They describe how the brush thickness
changes as a function of added salt concentration and grafting density b. It
is found that depending on the added salt concentration, two regimes can be
distinguished, in each of which the brush thickness shows a characteristic
behavior. When the added salt concentration is larger than the concentration
of counterions in the brush, the regime is called “salted brush”. If on the oth-
er hand the added salt concentration is smaller than the brush counterion
concentration, it is called “osmotic brush”.

In the “osmotic brush” the osmotic pressure of the counterions leads to
strong stretching of the polyelectrolyte chains. An increase in the added salt
concentration or a decrease in grafting density has no effect on the brush
height. The effect of added salt becomes considerable when the salt concen-
tration in the bulk solution becomes comparable to or larger than the intrin-
sic ionic strength of the brush. In the respective “salted brush” regime the
brush thickness D should decrease with increasing added salt concentration
according to a D~c '3-scaling law. These concepts have been used to de-
scribe the properties of polyelectrolyte block copolymers micelles.

The analogy to polyelectrolyte brushes was investigated by Guenoun in
the study of the behavior of a free-standing black film drawn from a
PtBS,cPSSNay;3-solution [39]. The thickness of these charged planar brushes
as measured by X-ray reflectivity was found to decrease D~c™3; when the
salt concentration exceeded 0.2 mol/l. The analogy to charged brushes was
further investigated by Harihanan et al. who studied the absorbed layer
thickness of PtBS-PSSNa block copolymers onto latex particles [40, 41]. Sim-
ilarly, the layer thickness was observed to correspond to the dimensions of
fully stretched corona chains at low salt concentrations. When the salt con-
centration exceeded a certain limit, a weak decrease of the layer thickness
with increasing salt concentration was observed. Similar results have been
obtained by Tauer et al. [42] when investigating electrosterically stabilized
latex particles. Recent experiments on charged planar brushes are in good
agreement with theoretical predictions in the osmotic and salted brush re-
gimes [43, 44].

The internal structure of polyelectrolyte block copolymer micelles such
as their core radius R, and micellar radius R,, can be determined by a variety
of methods involving static and dynamic light scattering (SLS, DLS), small-
angle X-ray (SAXS) and neutron scattering (SANS) as well as imaging tech-
niques such as transmission electron microscopy (TEM) or atomic force mi-
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Fig. 5 Cryo-TEM images of polyelectrolyte block copolymer micelles (PEE-PSSH) at a
NaCl-concentration of 0.003 mol/l (a) and 3 mol/l (b). The core/shell-structure is well
visible in Fig. 5b [49]

croscopy (AFM) [45-49]. Using cryo-TEM one obtains direct images of poly-
electrolyte micelles in their solvated state.

Figure 5 shows cryo-electron micrographs of micellar solutions of PEE-
PSSH at two different salt concentrations ¢,=0.003 (a) and 3 mol/l (b). Con-
trast arises from the electron density difference between micellar core, coro-
na and the surrounding salt solution. In Fig. 5a (c,=0.003 mol) the micellar
cores appear as gray spherical domains. The radius of the micellar core is
R~=9.1 nm in good agreement with results from the SANS-experiments [49].
Addition of salt increases the electron density in the surrounding solution
leading to contrast inversion. At a salt concentration of ¢,=3 mol/l (Fig. 5b)
the micellar cores appear as bright spherical domains surrounded by the
dark interior micellar corona which contains a high concentration of ionic
species (=SO;*, Na*, CI7). The contrast directly corresponds to the spatial
distribution of these ions. The measured radii are R=13.4 nm and
R,,=26.3 nm which are also in good agreement with SANS. The images indi-
cate a sharp, nearly discontinuous drop of the density at R,,.

From the measured core radii the grafting distance b can be calculated.
Its variation as a function of added salt concentration is shown in Fig. 6 a. In
the “osmotic brush” regime at low added salt concentrations the grafting dis-
tances are practically constant. At concentrations above c'=0.05 mol/l
(“salted brush”) the grafting distances decrease with increasing salt due to
screening of the repulsive interactions between the corona chains [49].

According to theories in the salted brush-regime the layer thickness
should decrease with increasing salt concentration. This is confirmed by ex-
perimental results shown in Fig. 6b, where above ¢¢~0.05 mol/l the thick-
ness decreases according to a D~c *3-scaling law. This is in agreement
with results from Guenoun et al. who reported a D~c %!*.-dependence for
PtBS,sPSSNay, and a D~c *!'-dependence for PtBS,;PSSNays; [12]. Ad-
sorbed layers of PtBS,;PSSNays; on polystyrene latices exhibited a Dy~c™ %7
-dependence [41]. These values of the exponent are much smaller compared
to theoretical predictions of D~c™3. It is interesting to note in Fig. 6 that
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Fig. 6 Experimentally determined grafting distance b (a) and shell thickness D (b) as a
function of NaCl-concentration for PEE-PSSH. Different behavior at low salt (“osmotic
brush”) and high salt concentration (“salted brush”) can well be distinguished [49]

for a given salt concentration the layer thickness is similar for spherical mi-
celles and planar brushes formed by the same polyelectrolyte block copoly-
mer [43-45].

2.2.1
Donnan Equilibrium

From SANS-experiments it is possible to determine the ionic strength inside
the polyelectrolyte shell, ¢;in. Its dependence on the added salt concentra-
tion is shown in Fig. 7 [49].

At low ionic strength the local ion concentration is essentially constant
and increases at larger added salt concentration. The c,-dependence follows
a trend that is characteristic for the Donnan equilibrium. As derived by
Hariharan et al. [41] there should be a simple relation

3
E 1
E .
|d" - - -— &
0.001 0.01 0.1 1 10

c, (molfl)

Fig. 7 Ionic strength of the micellar polyelectrolyte shell as a function of added salt concen-
tration. The solid line is a fit to a simple Donnan equilibrium as described by Eq. (2) [49]
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(2)

Cs,int = Cs

between ¢,y and the added salt concentration ¢; which allows to determine
Cs,0» the intrinsic concentration of ionic species in the polyelectrolyte brush.
From a fit of Eq. (2) to the data in Fig. 7, ¢;o can be determined to be
€50=0.53 mol/l [49]. Experimentally, changes in micellar structure are ob-
served above an added salt concentration of ¢'~0.1 mol/l. This value is low-
er than the value of ¢,y and indicates counterion condensation which re-
duces the effective ionic strength in the micellar corona. The Debye length
in the corona, calculated from the interior salt concentration as k*=87Nylpcs
is k7'~0.4 nm. It is much smaller than the grafting distance b or the smallest
blob size of the spherical brush and indicates that the local electroneutrality
condition which requires k™ '<<b is well fulfilled.

It was already noted in previous studies, that added salt affects the micel-
lar structure only above a certain value of the salt concentration ¢',. In stud-
ies of PtBS-PSSNa block copolymers a dependence of the brush dimension
on the added salt concentration appeared above ¢,=0.01 mol/l. The thickness
of a free-standing black films drawn from a diblock polyelectrolyte solution
exhibited a steady drop above ionic strengths of 0.2 mol/l [39].

2.3
Micellar Association Structures

It is usually assumed that the micellar corona is a continuous phase extend-
ing from the micellar core to the micellar radius R,,. The internal structure
of the micelle can be described by a density profile as shown in Fig. 8. The
micellar core is a homogeneous melt or glass of insoluble polymer blocks.
For hydrophobic blocks in aqueous solutions, the polymer volume fraction
in the micellar core is ¢~1. The micellar shell is swollen with water or aque-
ous salt solution and has a polymer segment density that is expected to de-
crease in the radial direction as @(r)~r"“ as typical for star polymers or

outer
domain

R, R '
Fig. 8 Schematic density profile of a block copolymer micelle. Uncharged micelles ex-
hibit a simple core/shell structure whereas polyelectrolyte block copolymer micelles can
show phase separation of the corona into a dense interior and a dilute outer domain
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spherical polymer brushes. At the core/shell interface there is a certain vol-
ume fraction of polymer chains, ¢i,; which is directly related to the interfa-
cial distance b. Depending on the shell density at the outer periphery, the hy-
drodynamic radius is Rj>Ry,.

For quite some time, there have been indications for a phase-separation
in the shell of polyelectrolyte block copolymer micelles. Electrophoretic mo-
bility measurements on PS-PMAc [50] indicated that a part of the shell ex-
hibits a considerable higher ionic strength than the surrounding medium.
This had been corroborated by fluorescence studies on PS-PMAc [51-53]
and PS-P2VP-heteroarm star polymers [54]. According to the steady-state
fluorescence and anisotropy decays of fluorophores attached to the ends of
the PMAc-blocks, a certain fraction of the fluorophores (probably those on
the blocks that were folded back to the core/shell interface) monitored a
lower polarity of the environment. Their mobility was substantially restrict-
ed. It thus seemed as if the polyelectrolyte corona was phase separated into a
dense interior part and a dilute outer part. Further experimental evidence
for the existence of a dense interior corona domain has been found in an
NMR/SANS-study on poly(methylmethacrylate-b-acrylic acid) (PMMA-PAAc)
micelles [55].

The corona phase separation was predicted by Misra et al. [33] and
Shusharina et al. [28] for charged brushes in poor solvents. Poor solvent con-
ditions arise from the hydrophobic backbone of the polyelectroyte chain, for
which water is a non-solvent. For charged brushes in poor solvents, phase
separation should be most pronounced for spherical brushes because of the
strong variation of segment density in the radial direction. According to de
Gennes n-cluster theory, this phase separation is a consequence of a hierarchy
of long-range repulsive forces (electrostatic), medium-range attractive forces
(binary attraction of hydrophobic backbone) and short range repulsive forces
(hard-core repulsion of backbone segments). As such the phase separation
should be expected especially for small spherical polyelectrolyte brushes.

A detailed density profile for polyelectrolyte block copolymer micelles
was obtained from a combination of SLS, DLS, and SANS together with
cryo-TEM [49]. There is a phase separation in the corona with a dense inte-
rior part between R.<r<R,, (R~10 nm, R,,~25 nm) and a dilute outer part
between R,,;,<r<R,,~240 nm. The volume fractions in the interior part are in
the range 0.06<¢<0.35, depending on salt concentration. The outer part of
the corona has lower volume fractions 0.0071t;¢,,,1t;0.04. There is a sharp
drop of the segment density at R,, which is evident in the cryo-electron mi-
croscopy images (Fig. 9b) and gives rise to neutron scattering at the corre-
sponding interface.

From the scattering studies it is not possible to determine further details
of the outer micellar part of the corona. Cryo-TEM studies provided further
and rather surprising details [56]. In this study PB-P2VPHCI was investigat-
ed. Since the contrast is solely due to the counterions (Cl”) the images re-
present a density map of the counterion distribution. Figure 10a shows a
cryo-electron micrograph of isolated spherical micelles. The micellar cores
appear as bright spherical domains due to the low electron density of the
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Fig. 9 Density profiles of PEE-PSSH micelles for varying salt concentrations. The pro-
files were obtained by a combination of static and dynamic light scattering, small-angle
neutron scattering and cryo-TEM [49]

PB-core. The micellar core has a radius of R;=17 nm in good agreement with
scattering experiments. It is surrounded by a thin dark layer which repre-
sents the dense interior part of the polyelectrolyte corona containing a high
concentration of condensed counterions.

In Figure 10b thin filaments are observed that extend from the interior
shell into the surrounding solution, i.e. in the dilute outer part of the corona.
The filaments have an average thickness of 2 nm and length of up to 50 nm
which is close to the contour length of the polyelectrolyte chains (66 nm).
They probably consist of polyelectrolyte chain bundles containing condensed
counterions giving rise to the strong contrast observed in transmission elec-
tron microscopy. Where filaments merge with the interior layer, they have a
characteristic catenoid shape. Catenoids are minimal surfaces with zero
mean curvature and appear e.g. when pulling an elastic rubber membrane.

In Figure 10c the filaments connect adjacent micelles to form a random
filament network with mesh sizes of 60 nm. Connected micelles form trian-
gular or quadratic meshes that resemble the spectrin/actin network of eryth-
rocyte cell membranes [57]. Micelles are completely separated and only con-
nected by the filaments. Only in a few cases adjacent micelles are in direct
contact with overlapping shells thereby forming doublets or triplets. Such
clusters are also observed in Fig. 10d where micelles with overlapping shells
are connected to form micellar strings that are surrounded by a single ion
cloud or polyelectrolyte shell similar to electrons forming a molecular orbit-
al around the atomic nuclei of a molecule.

There are weak attractive forces that lead to the formation of temporarily
stable doublets, clusters and strings. Such forces are described by the theo-
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Fig. 10 Cryo-TEM images of polyelectrolyte block copolymer micelles (PB-P2VPMel)
with unperturbed spherical corona (a), corona filaments (b), filament networks (c), and
micellar strings. The scale bar is 50 nm [56]

filament network

~ . _—outer shel
Q\ inner shell

micellar network

strings core
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r

Fig. 11 Schematic view of a possible mechanism for the formation of micellar and fila-
ment networks. Different states of association are shown as function of intermicellar
distance r
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ries that predict phase separated corona structures. Accordingly, short-range
attractive forces arise from transient fluctuations in the periphery of the co-
rona, leading at times to attractive interactions between micelles. The effect
of weak attractive interactions can be experimentally observed at intermedi-
ate added salt concentrations where the electrostatic repulsion between mi-
celles is partially screened.

The formation of filaments, filament networks, and micellar strings is
schematically shown in Fig. 11 as a function of the intermicellar distance r.
Upon collisions small repulsive interactions are overcome to overlap adja-
cent micellar shells to form a shared ion cloud. The disruption of strings
leads to the formation of filaments which can lead to a filament network.
Further increase of intermicellar distance disrupts filament connections to
form single micelles.

Using dynamic scanning force microscopy (SFM), it is possible to image
the micellar strings and networks in more detail. SFM has become an effi-
cient tool to investigate block copolymer micelles [58-60]. The micellar
structures of PEE-PSSH are adsorbed from highly dilute solutions (50 mg/1)
onto different substrates (graphite, mica) and are imaged with SFM in the
Tapping Mode [45]. Aggregated states, i.e., strings and networks, can be in-
duced by increasing the added salt concentration.

At no added salt there are spherical micelles (Fig. 12a) with an average
micellar radius of 20 nm. Increasing the salt concentration to ¢;=0.05 mol/l
leads to the formation of micellar strings that exhibit a strong tendency to
form crosslinks and loops or toroids (Fig. 12b). The toroids have diameters
between 80 and 110 nm. At an added salt concentration of c,=1 mol/l large
networks are formed (Fig. 12c). The networks consist of connected toroids
forming large loops with diameters covering all length scales similar to a
fractal structure like the Sierpinski gasket. Further increase of salt concen-
tration eventually leads to very large networks and macrophase separation
into a dilute micellar phase and a concentrated gel phase [45, 46].

2.4
Electrosteric Interactions

Block copolymer micelles with their solvent swollen corona are a typical ex-
ample of soft spheres having a soft repulsive potential [61]. The potential has
been derived by Witten und Pincus for star polymers [62] and is of form
u(r)~In(r). It only logarithmically depends on the distance r and is therefore
much softer compared to common r~*-potentials such as the Lennard-Jones
potential (x=12). The potential is given by

<

Fig. 12 AFM-images of polyelectrolyte block copolymer micelles (PEE-PSSH) at no
added salt (a), 0.1 mol/l (b) and 1 mol/l (c). The formation of strings, loops and net-
works occurs with increasing salt concentration [45, 46]
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Fig. 13 Measured shear modulus G’ as a function of the reduced intermicellar distance.
at 7/2R,,<1 the shells of adjacent micelles start to overlap. The linear behavior in the
semi-logarithmic presentation is characteristic for a simple Debye-Hiickel type interac-
tion potential [63]

Usteric (1) = VKTZIn <L> &G (r) %pmvaZ3/zi (3)
2R, r2

where p,, is a packing factor and z the micellar charge. It is experimentally
difficult to directly determine the interaction potential u(r). However, it is
straightforward to determine its second derivative, i.e., the shear modulus
G'(r) as a function of distance for micellar gels. For uncharged block copoly-
mer micelles the predicted G'(r)~r"* behavior is experimentally observed
and there is nearly quantitative agreement between theory and experiment
[61]. The potential u(r) corresponds to the steric interaction potential of
polymer- or sterically stabilized colloids.

Since neutral block copolymer micelles are a convenient model system
for the investigation of the steric stabilization potential, polyelectrolyte
block copolymer micelles may serve to study electro-steric interaction. Simi-
lar to the case of neutral block copolymer micelles, the interaction potential
u(r) can be probed by measuring the shear modulus of micellar gels as a
function of distance. Assuming a simple Debye-Hiickel potential yields for
the shear modulus by taking the second derivative

—KT Kr
e

<G (r) %pmzlekT(2+21cr+ic2r2)% (4)

uelectro(r) = ZlekT ;

This is the dependence expected for purely electrostatic stabilization of
polyelectrolyte layers. Electro-steric interactions involve steric contributions
[Eq. (3)] and electrostatic contributions [Eq. (4)]. For high ionic strength as
in the interior of the polyelectrolyte shell the measured shear modulus
should exhibit a characteristic G'(r)~e™"-dependence which is apparent in a
semi-logarithmic presentation of the data as in Fig. 13. The measured shear
moduli are plotted as a function of the reduced distance #/2R,, which is



Polyelectrolyte Block Copolymer Micelles 189

equal to 1 at contact of adjacent micellar shells [63]. Electrostatic interac-
tions are approximately one order of magnitude larger compared to purely
steric interactions. Sample #1 has only very weak repulsive forces at the pe-
riphery indicating very weak electro-steric stabilization. If the interactions
are further weakened, e.g., by the addition of salt, this leads to weak aggre-
gation into micellar clusters and strings as outlined in Sect. 2.3.

25
Polyelectrolyte Vesicles

Spherical micelles are not the only association structure that is formed by
polyelectrolyte block copolymers. With increasing hydrophobic block length
there is a tendency to form block copolymer vesicles. A vesicle formed by
PB-P2VP.HCI is shown in the cryo-TEM image in Fig. 14a. The bilayer struc-
ture is clearly resolved which shows that block copolymer vesicles are struc-
turally very similar to lipid vesicles. Vesicles can be also imaged by AFM
(Fig. 14b) where they exhibit a characteristic outer rim because the interior
solution of the vesicle has evaporated during sample preparation leaving a
shape that resembles that of an empty football. Vesicles typically have diam-
eters of 100-300 nm and a bilayer thickness of 10-20 nm.

In the cryo-TEM image (Fig. 14a), vesicles have a grainy bilayer surface
due to a large number of filaments. They are surrounded by shell of micelles
and filament networks. There is a coexistence of spherical micelles and vesi-
cles over a wide concentration range from very dilute to concentrated, gel-
like solutions. By using a sol-gel templating technique, thin sections of these
gels can be microtomed and imaged by TEM. With this method it is possible
to obtain a clearer picture of the vesicle interior. As seen in Fig. 14c, many
vesicles contain spherical micelles. In some cases onion-type multilamellar
vesicles (liposomes) are formed [64].

Also vesicles of P2VP-PEO block copolymers can be prepared in aqueous
solutions [65]. It is possible to form giant vesicles with diameters of 5-
10 um which can be imaged with optical microscopy. An interesting proper-
ty of these vesicles is their pH-dependent stability. Vesicles are stable down
to pH 4.5, below which the P2VP-block is protonated and the vesicles dis-
solve. The dissolution process can be followed with video microscopy as
shown in Fig. 15. A front of dilute acetic acid with pH 4 is moving in from
the right hand to the left hand side. Within seconds the vesicles rupture
and completely dissolve. This is of relevance in the chemotherapy of cancer
cells which due to their high metabolism have slightly acidic cytosols. If
such vesicles are used as drug carriers, they only release the drug inside
these cells.
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Fig. 15 Video microscopy snapshots of the rupture and dissolution of block copolymer
vesicles (P2VP-PEO) upon addition of acetic acid. Such vesicles may be used for the
pH-controlled delivery of drugs [65]

3
Triblock Copolymer Micelles and Vesicles

So far, micelles and vesicles of amphiphilic block copolymers with two dif-
ferent blocks have been described. In this section the work on amphiphilic
block copolymers and block copolyampholytes composed of three different
blocks will be reviewed. Much less work has been carried out on these sys-
tems and there are less systematic studies available. Focus will be laid on
block copolymers with at least one polyelectrolyte block. While in the case
of amphiphilic diblock copolymers questions like the influence of block
lengths on the size of micellar aggregates have been studied in great detail,
in ternary block copolyampholytes other properties have attracted greater
interest, such as the influence of the block sequence on the solution proper-
ties and aggregate formation.

<

Fig. 14 Cryo-TEM (a), AFM- (b), and TEM images of polyelectrolyte block copolymer
vesicles (PB-P2VP.Mel). The image (c) is taken from a silica-template which was ob-
tained by a sol/gel-process of a concentrated micellar solution [47, 56, 64]
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Patrickios et al. investigated the solution properties of a system composed
of an insoluble, a partially soluble, and a soluble block in water, namely
poly(ethyl vinyl ether), poly(methyl vinyl ether) and poly(methyl tri(ethylene
glycol) vinyl ether) with varying block sequences [66]. While in aqueous so-
lutions only unimers were found, addition of salt led to aggregates. The ten-
dency to form micelles was most pronounced when a block sequence with
increasingly soluble blocks was chosen. Kriz et al. [67] found spherical core-
shell structures for poly(2-ethylhexyl acrylate)-block-poly(methyl methacry-
late)-block-poly(acrylic acid) in water. While in that system the water-
soluble endblock poly(acrylic acid) was the major component, Yu et al
[68] studied polystyrene-block-poly(methyl methacrylate)-block-poly(acrylic
acid) with the water insoluble endblock polystyrene being the major compo-
nent. They used different solvents (dioxane, THF, or DMF) which were con-
tinuously diluted by addition of water and found micelles of different shapes
and vesicles as a function of the water content. Moreover, the finally ob-
tained structure of the aggregates depends on the initially chosen solvent
mixture, which indicates the freezing of non-equilibrium morphologies.
Ishizone et al. [69] synthesized ABC triblock copolymers containing 2-(per-
fluorobutyl)ethyl methacrylate, tert-butyl methacrylate and 2-(trimethylsily-
loxy)ethyl methacrylate with various block sequences. The block copolymers
then were converted into amphiphilic systems by removing the trimethylsilyl
protecting group to give a poly(2-hydroxyethyl methacrylate) block. 'H-
NMR spectra of the resulting triblock copolymers suggested the formation
of their micelles in selective solvents.

Amphiphilic block copolyampholytes in which two of the blocks possess
opposite charges besides a third, hydrophobic block constitute a small and
scarcely investigated but highly interesting class within the amphiphilic
block copolymer family. Patrickios et al. [70, 71, 72] studied ABC triblock
copolyampholytes consisting of 2-(dimethylamino)ethyl methacrylate, meth-
yl methacrylate or 2-phenylethyl methacrylate, respectively, and methacrylic
acid with similar molar fractions. Rather low molecular weight materials
were studied and no influence of the block sequence on the isoelectric point
was found. However, depending on the block sequence, different sizes were
found for the micellar superstructures in aqueous solution. The largest mi-
celles were found for the two systems with a hydrophobic poly(methyl meth-
acrylate) end block, while the block copolymer with a centered PMMA block
separating the polycationic and poly anionic blocks displayed a smaller di-
ameter.

Giebeler et al. [73] investigated the polyelectrolyte complex formation of
triblock copolyampholytes, polystyrene-block-poly(2 or 4)-vinylpyridine)-
block-poly(methacrylic acid). By potentiometric, conductometric and turbi-
dimetric titrations of acidic THF/water solutions the formation of an inter-
polymer complex at the isoelectric point was found, in which most likely the
hydrophobic polystyrene cores are embedded in a mixed corona of the two
polyelectrolyte blocks.

Bieringer et al. [74] studied poly(5-(N,N-dimethylamino)isoprene)-
block-polystyrene-block-poly(methacrylic acid) (AiSA) triblock copolyam-
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pholytes. In this system the first block forms a polycation at low pH, while
the last block forms a polyanion at large pH. The center block remains al-
ways neutral. Investigations of the pH-dependent solution properties of the
AiSA triblock copolyampholytes in solution had to be performed in solvent
mixtures due to a complex solubility behavior of these materials. The hydro-
chloride of poly(5-(N,N-dimethylamino)isoprene) and the sodium salt of
poly(methacrylic acid) are only soluble in water; poly(methacrylic acid) is
best soluble in lower alcohols whereas poly(5-(N,N-dimethylamino)iso-
prene) as well as polystyrene dissolve in organic solvents like THE, toluene,
chloroform, or cyclohexane. For the investigation of the AiSA solution be-
havior THF/water mixtures proved most valuable. The rather viscous solu-
tions indicated the formation of aggregates. These systems could not be dis-
solved in pure water, even dialysis of THF/water solutions failed and lead to
precipitation.

The different situations of the block copolyampholyte as a function of pH
are depicted in Scheme. 1. The same order of deprotonation was observed in
copolymers of poly(methacrylic acid) and poly(2-(diethylamino)ethyl meth-
acrylate) [70, 71, 72, 75-77]. In copolymers of poly(methacrylic acid) [78]
and poly(2/4-vinylpyridine), on the other hand, deprotonation of the pyri-
dine hydrochloride takes place prior to deprotonation of the carboxyl [79-
83] because in comparison to carboxylic functionalities amine hydrochlo-
rides are the weaker acids and vinylpyridinium hydrochlorides the stronger
ones. Thus, in the latter systems an isoelectric point (iep) is not observable,
while in the first case polyzwitterions are formed which possess the highest
amount of charges at that pH resulting in a polyelectrolyte complex (PEC).
In the second case polymers with a minimal net charge built the PEC which
is stabilized by hydrophobic interactions often accompanied by hydrogen
bonding [79, 84-88].
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Schemel pH Dependence of the functional groups of the triblock copolyampholytes
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Fig. 16 Potentiometric titrations of three different triblock copolyampholytes [74]

As the charge density on the polymer backbone increases during the titra-
tion of poly(methacrylic acid) with sodium hydroxide, deprotonation be-
comes more difficult in the course of titration and the pKa value increases
[89-91].

Potentiometric titration curves of AiSA triblock copolyampholytes in
THF/water (2:5 weight/weight) are shown in Fig. 16 for three copolymers
possessing identical mole fractions of hydrophobic polystyrene but different
amounts of acidic and basic end blocks.

Independent of the composition all triblock copolyampholytes displayed
two inflection points at pH~25.5 and 9 which correspond to the deprotona-
tion of the acid and amine hydrochloride functionalities, respectively.

Dynamic light scattering of an AiSA triblock copolyampholyte in THF/
water (2:5 weight/weight) solution showed that essentially one defined parti-
cle type with low polydispersity can be assumed. The hydrodynamic radius
of this species is found to vary with pH and ranges from 260 to 120 nm
showing that highly aggregated structures were obtained. In Fig. 17 the titra-
tion curve of Ais;S;1A3; [37] together with the hydrodynamic radii at differ-
ent pH values is shown. The indices denote the weight fractions whereas the
superscript is the molecular weight in kg/mol.

The decrease in the hydrodynamic radius coincides with the first inflec-
tion point of the potentiometric titration; a further and significantly smaller
decrease might be assumed at the second inflection point. At pH 4 spherical
structures with a maximal radius of approximately 120 nm are observed. As
the contour length of the polymer chain is only 140 nm these spherical ag-
gregates most probably do not represent simple spherical micelles. More
likely vesicles are formed. At pH 10 also spherical aggregates are found,
which appear to be less uniform than the ones formed under acidic condi-
tions. at basic conditions the maximal radius was determined to be about
100 nm.
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Fig. 17 Titration curve of Ais;S;1A3; [37] and dependence of the hydrodynamic radii on
pH [74]

Suggestions of possible vesicular structures under the two pH conditions
are shown in Fig. 18. Under acidic conditions both end blocks are soluble
and the insoluble shell is formed by the polystyrene block. On the contrary,
at basic conditions both polystyrene and poly(5-(N,N-dimethylamino)iso-
prene) are insoluble and only the deprotonated poly(methacrylic acid) block
keeps the vesicular structure in solution.

As the solutions at pH other than 4 were prepared from the correspond-
ing acidic solutions by adding sodium hydroxide solution until the desired
pH was reached it is not surprising that the vesicle dimensions are not found
to depend on the pH of the solution to a great extent. The glassy polystyrene
center-block defines the pH-independent diameter of the inner vesicle shell,
i.e., the structure is frozen in terms of the aggregation number of involved
chains (frozen vesicles). at higher pH values the PAi precipitates on the PS
shell (Fig. 18b). The only way the diameter of the vesicle can vary with pH is
by a change in the conformation of the soluble end block(s) due to changing
of the charge density.

a) b)

Fig. 18 Possible vesicular structures at pH 4 (a) and 10 (b) [74]
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Fig. 19 Effect of pH on the size of the micelles (PS core as a sphere, P2VP chains in blue,
PEO chains in black) [92]

Gohy et al. studied the solution properties of micelles formed by two
polystyrene-block-poly(2-vinylpyridine)-block-poly(ethylene oxide) (PS-b-
P2VP-b-PEO) copolymers in water by dynamic light scattering and trans-
mission electron microscopy [92]. Spherical micelles were observed that
consist of a PS core, a P2VP shell and a PEO corona. The characteristic sizes
of core, shell and corona were found to depend on the copolymer composi-
tion. The micellar size increased at pH<5 due to P2VP block protonation
(Fig. 19).

This change was found to be reversible if the corona block is not too large
and may become of interest for controlled drug delivery applications. It was
also shown that these systems can host gold nanoparticles in the P2VP shell
[93].

4
Nonlinear Topologies and Nanoparticles

Polymeric colloids or nanoparticles are an interesting class of materials. Be-
sides microgels of crosslinked homopolymers, also other chain topologies
can be used to generate nanoparticles. For example, block copolymers can
act as precursors of nanoparticles, spherical or cylindrical micelles formed
by block copolymers in solution can be crosslinked in the shell or in the
core, leading to spherical or cylindrical nanoparticles. However, only the re-
maining polymer has flexible polymer chains. Crosslinking of the B block
of a core-shell-corona micelle of an ABC triblock copolymer is a way to sta-
bilize structures with two different kinds of polymer chains which can be
further modified. For example, hollow structures can be generated in a sub-
sequent selective degradation of the core (A) domain, as was shown by Liu’s
group [94]. These structures were discussed also in terms of their potential
as compartments for guest molecules, like drugs or dyes. An interesting al-
ternative to these centrosymmetric structures are non-centrosymmetric,
surface-compartmentalized micelles, in which a core is surrounded by two

F
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different corona hemispheres, so-called Janus micelles. These will be re-
viewed in Sect. 4.1.

Starblock (or radial star) copolymers form another kind of amphiphilic
nanoparticles which can be regarded as unimolecular micelles. Alternatively,
cylindrical core-shell brushes can be regarded as unimolecular cylinder mi-
celles. Due to the covalent attachment of the block copolymers at one end,
“frustrated” micellar structures can be made which would never form spon-
taneously. The cylindrical systems will be reviewed in Sect. 4.2.

Finally, amphiphilic graft copolymers will be reviewed and compared to
the linear block copolymer structures of the same composition and it will
be shown that micellization depends not only on composition, pH, and
ionic strength, but also significantly on the topology of the polymer mole-
cule.

4.1
Janus Micelles

Janus micelles are non-centrosymmetric, surface-compartmentalized nano-
particles, in which a cross-linked core is surrounded by two different corona
hemispheres. Their intrinsic amphiphilicity leads to the collapse of one
hemisphere in a selective solvent, followed by self-assembly into higher or-
dered superstructures. Recently, the synthesis of such structures was
achieved by crosslinking of the center block of ABC triblock copolymers in
the bulk state, using a morphology where the B block forms spheres between
lamellae of the A and C blocks [95, 96]. In solution, Janus micelles with poly-
styrene (PS) and poly(methyl methacrylate) (PMMA) half-coronas around a
crosslinked polybutadiene (PB) core aggregate to larger entities with a sharp
size distribution, which can be considered as supermicelles (Fig. 20). They
coexist with single Janus micelles (unimers) both in THF solution and on
silicon and water surfaces [95, 97].

By hydrolysis of the ester groups of the PMMA arms, an amphiphilic
polyelectrolyte was obtained with PS arms and poly(methacrylic acid)
(PMAA) arms. [98, 99] These particles are soluble in water, when using sev-
eral sequential dialysis steps (starting from 1,4-dioxane). However, due to
the non-polarity of both PB core and PS hemi-corona they collapse to a core

—\ ( PAMA
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Fig. 20 Scheme of the synthesis of a PS-PB-PMMA Janus micelle. Reprinted with per-
mission from ref [95]. Copyright (2001) American Chemical Society
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Fig. 21 Synthesis and tentative structure of amphiphilic Janus micelles and their super-
micelles. Reprinted with permission from ref [99]. Copyright (2003) American Chemical
Society

Fig. 22 Cryogenic transmission electron micrograph of supermicelles in solution.
Reprinted with permission from ref [99]. Copyright (2003) American Chemical Society
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Fig. 23 Scanning electron micrograph of supermicelles deposited on a silicon wafer.
Reprinted with permission from ref [99]. Copyright (2003) American Chemical Society

which is fully or partially surrounded by the swollen PMAA arms. The vast
majority of these particles self-assembles to larger, spherical entities of well-
defined size (and thus aggregation number). Most likely, the non-polar com-
ponents form the core and the PMAA arms are stretched into the surround-
ing solution. This situation is comparable to classical surfactant micelles in
which the building entities are replaced by polar spheres, as schematized in
Fig. 21.

These structures were proven by various methods. Cryogenic transmis-
sion electron microscopy confirmed the existence of the supermicelles in so-
lution (Fig. 22), while scanning electron microscopy (Fig. 23) and scanning
force microscopy could prove larger particles with a non-uniform size of still
unknown nature besides the supermicelles and unimers.

Static and dynamic light scattering as well as asymmetric flow field-flow
fractionation (AF-FFF) indicate the presence of supermicelles and of signifi-
cantly larger structures in aqueous solution. Figure 24 shows the results of
AF-FFF, coupled with a multi-angle light scattering (MALS) detector. The
eluogram clearly shows two distinguishable species, especially at low scatter-
ing angles. The very strong angular dependence for the second species indi-
cates its large size, whereas its amount is so small that it is almost invisible
in the concentration signal. The radii of gyration of two species were deter-
mined to be R;=63 nm and 118 nm, respectively, and from the molecular
weight of the first peak a number of 37 Janus micelles per particle was calcu-
lated.
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Fig. 24 AFFFF-MALS measurements of Janus micelles in water with 1 wt-% NaCl. (—):
LS 90%(- - -): LS 35% (-+): RI; (A):radius of gyration. Reprinted with permission from

ref [99]. Copyright (2003) American Chemical Society

The pH-dependence of the hydrodynamic radii of both supermicelles
and the much larger entities is shown in Fig. 25. For acidic conditions the
hydrodynamic radius of the supermicelles is smaller than for basic condi-
tions, which is due to the ionization of the PMAA arms leading to their

stretching.
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Fig. 25 Hydrodynamic radius of supermicelles in water with 1 wt-% NaCl as a function
of pH. Reprinted with permission from ref [99]. Copyright (2003) American Chemical

Society
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4.2
Core-Shell Cylinders

Cylindrical wormlike micelles have been investigated by many groups in re-
cent years [100] most of them being formed by aggregation of surfactants.
As an example, cetyltrimethylammonium bromide reversibly assembles into
long, flexible wormlike micelles in 0.1 M KBr aqueous solution. These aggre-
gates may dissociate or undergo structural changes under changed condi-
tions. Similarly, block copolymers can form spherical or cylindrical micelles
in selective solvents [101, 102, 103]. Although spheres are the most common
morphology for block copolymer micelles, other types of supramolecular
structures such as cylinders have also been found. For example, polyferro-
cenylsilane-block-poly[2-(N,N-dimethylamino)ethyl methacrylate] with a
block ratio of 1:5 formed cylindrical micelles in aqueous solution [104]. The
cylindrical structures can be stabilized in a covalent way by synthesizing
core-shell cylinder brushes, moreover, core-shell structures can be made
which would never form by self-aggregation and their length can be much
better controlled.

Generally, there are three methods to synthesize cylindrical polymer
brushes. The first one, which was widely used in the past decade, is the con-
ventional radical polymerization of macromonomers [105-111]. However,
these polymerizations normally yield polymer brushes with a broad chain-
length distribution. Aiming at better-defined brushes, living anionic [112]
and ring-opening metathesis polymerization (ROMP) [113-115] of macro-
monomers were also performed, however, high molecular weight polymers
have not been prepared, so far. The second method is the “grafting onto”
technique [116-118]. For example, coupling living polystyryllithium chains
with poly(chloroethyl vinyl ether) (PCEVE) resulted in a polymer brush with
PCEVE as backbone and polystyrene (PS) as side chains [116, 117]. However
grafting efficiency was often insufficient. Finally, in the “grafting from” pro-
cess, the side chains of the brush are formed via atom transfer radical poly-
merization (ATRP) [119], initiated by the pendant initiating groups on the
backbone [120-122. By this method well-defined polymer brushes with high
grafting density and rather narrow distributions of both backbone and side
chains can be obtained, and the purification of resulting polymer brushes is
much simpler comparing to the other two methods.

So far, there have been only few reports about the synthesis of amphipolar
polymer brushes, i.e. with amphiphilic block copolymer side chains. Gna-
nou et al. [115] first reported the ROMP of norbornenoyl-endfunctionalized
polystyrene-b-poly(ethylene oxide) macromonomers. Due to the low degree
of polymerization, the polymacromonomer adopted a star-like rather than a
cylindrical shape. Schmidt et al. [123] synthesized amphipolar cylindrical
brushes with poly(2-vinylpyridine)-block-polystyrene side chains via radical
polymerization of the corresponding block macromonomer. A similar poly-
mer brush with poly(a-methylstyrene)-block-poly(2-vinylpyridine) side
chains was also synthesized by Ishizu et al. via radical polymerization [124].
Using the “grafting from” approach, Miiller et al. [121, 125] synthesized
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Fig. 26 SFM Tapping Mode images of the brush, [(AA)3;-b-(nBA)4g]1500, dip-coated from
dilute CH;0H/CHCl; (1/1) solution on mica: (left) height image (z-range: 6 nm) and
(right) phase image (range: 40 °). Reprinted with permission from ref [99]. Copyright
(2003), with the permission from Elsevier Science

core-shell cylindrical brushes with polystyrene (PS) or poly(n-butyl acry-
late) (PnBA) core and poly(acrylic acid) (PAA) shell as well as the inverse
unimolecular micelles.

The core-shell cylinder brushes can be visualized by scanning force mi-
croscopy (SFM). Figure 26 shows cylinders with 1500 side chains with 31
AA and 48 nBA units each, which have a very uniform size distribution
[125].

The ability of the hydrophilic PAA core of the amphiphilic core-shell
brushes to coordinate with different metal cations can be used for the syn-
thesis of novel nanosized organic/inorganic hybrids or for the generation of
gold clusters or cobalt nanowire [126].

The unimolecular cylinder micelles undergo an anisotropic change of di-
mension by changing the solvent quality. Figure 27A presents a 'H-NMR
spectrum of a brush with PS core and PAA shell, obtained in CD;0D, which
is a good solvent for the PAA shell, but a poor solvent for the PS core. The
signals of the PAA shell are readily observed indicating an extended confor-
mation, while no signals of PS are observed, implying the complete collapse
of the PS core. By adding increasing amounts of CDCl; to this solution, one
can restore the PS signals in the spectrum. (Fig. 27b). The PS core is solvated
by CDCl; and therefore remains in an extended conformation. However, the
worm-like structure of the micelle is preserved because of the covalent at-
tachment of the PS-b-PAA side chains to the backbone. This behavior is very
different from that of conventional dynamic micelles from linear amphiphi-
lic diblock copolymers [127] which are expected to de-aggregate or form in-
verse micelles by changing the solvent quality.
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Fig. 27 'H-NMR spectra of [Sy;-b-(AA) 56Br]310, (A) in CD;0D, and (B) in CD;0D/CDCl,
(volume ratio=1/1). Reprinted with permission from ref [99]. Copyright (2003) Ameri-
can Chemical Society

4.3
Graft Copolymers

The structure of graft copolymers is determined by three parameters: (i) the
length of the backbone, (ii) the length and (iii) the average spacing of the
side chains. Similar to the core-shell brushes, “grafting onto”, “grafting
from”, or “grafting through”, i.e., copolymerization of macromonomers with
low-molecular-weight monomers can be used to synthesize graft copoly-
mers. Living polymerizations techniques allow for controlling all three pa-
rameters. However, no convenient technique is available to control the spac-
ing distribution which typically is quite broad.

Amphiphilic graft copolymers can be have either a hydrophobic backbone
and hydrophilic/ionic side-chains or, inversely, a hydrophilic/ionic backbone
and hydrophobic side-chains. The latter structures can form reversible hy-
drogels above a critical concentration and may find use as associative thick-
eners. Poly(acrylic acid)-graft-polystyrene (PAA-g-PS) graft copolymers
were synthesized via condensation of NH,-termitated PS with PAA, and the
micellar behavior of these copolymers in aqueous media were investigated
by Webber’s group [128]. Light scattering and TEM investigations revealed
that the micelle size relatively weakly depends on the grafting density, but
strongly depends on the ionic strength of aqueous media. This type of poly-
mers is reviewed in detail in the preceeding volume [129].
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Not very much has been reported about the solution behavior of amphi-
philic graft copolymers with hydrophobic backbone and ionic side-chains.
Selb and Gallot [130, 131] synthesized polystyrene-graft-poly(4-N-ethyl
vinylpyridinium bromide), PS-g-P4VPQ, via a coupling reaction of partially
chloromethylated polystyrene with poly(4-vinylpyridine) anions, followed
by quaternization of the pyridine units with ethyl bromide. The side-chains
are strong cationic polyelectrolytes. The authors studied the viscosity in wa-
ter/methanol mixed solutions and compared the data to those obtained with
the corresponding block copolymers. With increasing water content the au-
thors found micelle formation of the block copolymers whereas only unim-
ers were observed for the graft copolymers. The authors assumed that the
side-chains efficiently screen the collapsed backbone and thus keep it in so-
lution in unimeric form. However, since polystyrene forms glassy, “frozen”
micellar cores it is not clear whether these unimers are the thermodynami-
cally stable forms in water. Non-quaternized PS-g-P2VP graft copolymers
were also synthesized in the same way, and their aqueous solutions were
characterized by Gauthier’s group [132]. They found that these copolymers
have a highly compact structure and expand much more in aqueous solution
than the linear homologous polymers of poly(2-vinylpyridine) when proto-
nated with HCL. This phenomenon is attributed to the higher charge density
of the branches.

Poly(ethylene oxide)-block-poly(propylene oxide)-block-poly(ethylene
oxide)-g-poly(acrylic acid) (PEO-b-PPO-b-PEO-g-PAA, Pluronic-PAA) graft
copolymers were synthesized by free radical grafting copolymerization of
acrylic acid monomers onto PEO-b-PPO-b-PEO (Pluronic F127) and the
aqueous solution properties were characterized by Bromberg [133, 134].
Chiu et al. [135] reported on the micellization of (non-ionic) poly(stearyl
methacrylate)-graft-poly(ethylene glycol) graft copolymers.

Recently, Miiller et al. studied block and graft copolymers poly(n-butyl
acrylate)-block/graft-poly(acrylic acid), PnBA-b/g-PAA [136]. The non-polar
block/backbone has a low glass transition temperature, thus dynamic mi-
celles were expected; the ionic block/side-chains are weak anionic polyelec-
trolytes, thus a strong dependence of micellization on pH could be expected.
The graft copolymers were synthesized by ATRP copolymerization of poly(-
tert-butyl acrylate) macromonomers with n-butyl acrylate, followed by hy-
drolysis of the tert-butyl acrylate side-chains to PAA [137]. The length of the
PAA side chains was varied from 20 to 85 monomer units and their number
from 1.5 to 10, whereas the length of the backbone was kept at ca. 130 units.

Tensiometry, fluorometry, dynamic light scattering (DLS) and small-angle
neutron scattering (SANS) studies revealed a strong dependence of the mi-
cellar size and the number of molecules per micelle on concentration, pH,
ionic strength, and topology. Typically, micelles are only formed for pH<6,
as can be seen from the hydrodynamic radii obtained by DLS (Fig. 28). This
is easily explained by the fact that PAA is virtually non-ionized for pH < 5,
decreasing the solubility of the side-chains. This onset is at a somewhat
higher pH for block copolymers. As expected, the micelle sizes increase with
ionic strength due to screening of charges. Comparison of the number of
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Fig. 28 pH dependence of the aggregation behavior of PnBA-g-PAA graft copolymers in
0.1 M NaCl aqueous solution at room temperature; (@) nBA;34-g-(AAgs),; () nBAps-g-
(AA2)s (V) nBA170-g-(AAz)3, (A) nBA150-g-(AAs)1s

molecules per micelle, Nagg, (obtained by SANS at pH 5 in water with 0.1 M
NaCl) for different fractions of acrylic acid unambiguously demonstrates
that this number is significantly higher for block copolymers than for graft
copolymers (Fig. 29). The explanation is based on the assumption that the
collapsed hydrophobic core of unimers is better stabilized by many short
arms than by one long block. In addition, the size of the core is limited by
the size of the segments between two side-chains which is smaller than that
of one block.

X, (mol%)

Fig. 29 Dependence of the degree of micellisation on the molar fraction of acrylic acid
and topology: (¢) AAy, side chains, ([J) AAjz; side chains, (A) AAgs side chains, (H)
block copolymers
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5
Conclusions and Outlook

The properties of polyelectrolyte block copolymer micelles have been inves-
tigated in detail in recent years. Due to the synthesis of well-defined poly-
electrolyte block copolymers and the use of a variety of different experimen-
tal techniques the knowledge about polyelectrolyte block copolymer micelles
and vesicles has well advanced.

Of central interest was the question of how the micellar core and polyelec-
trolyte shell structure depend on parameters such as block lengths, ionic
strength and pH. It is observed that the grafting distance b has a characteris-
tic dependence on the block length and decreases with addition of salt as it
screens the electrostatic repulsion between polyelectrolyte chains. Depend-
ing on the added salt concentration the polyelectrolyte shell shows either the
characteristic “osmotic brush” or “salted brush” behavior. In the “osmotic
brush” regime the polyelectrolyte chains are strongly stretched and the mi-
cellar properties do not depend on the added salt concentration. In the “salt-
ed brush” regime where the added salt concentrations exceeds the internal
concentration of counterions, the thickness of the polyelectrolyte shell de-
creases. The relation between added and internal salt concentration follows
the classical Donnan equilibrium.

Due to the hydrophobicity of the polyelectrolyte backbone and the strong
curvature of the polyelectrolyte layer the shell shows a tendency to phase
separate into a dense, nearly homogeneous interior part and a dilute, diffuse
outer part. The hydrophobic interactions together with fluctuations in the
segment density lead to short-range attractive interactions. This can lead to
the formation of micellar networks were micelles are either connected by fi-
laments or are directly connected via overlapping layers forming doublets,
higher multiplets or strings. at high micelle and salt concentration the net-
works grow in size and eventually (macro)phase separate into an isotropic
micellar gel and a dilute micellar phase. Not only spherical micelles and net-
works, but also vesicles are formed by polyelectrolyte block copolymers.
Vesicles can be dissolved by a decrease of the pH which is of relevance for
the controlled release of drugs.

The range where repulsive interactions are dominant is the regime of elec-
trosteric stabilization. The corresponding interaction potential can reason-
ably been assumed to be of a simple Debye-Hiickel form. Measurements of
the shear modulus of micellar gels as a function of micellar distance can well
be described by this potential. The repulsion is one order of magnitude larg-
er compared to purely steric interactions.

The results presented in literature so far on micelles of ABC triblock
copolymers (or other superstructures of ABC triblock copolymers in solu-
tion) can only considered to be preliminary ones. In order to get a better un-
derstanding (and possibly control!) on these superstructures more systemat-
ic investigations are required. Due to the difficult synthesis and the very
complicated solution behavior such tasks will not be easy, in general. An im-
portant question for future research is the establishment of scaling laws for
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the micellar diameter as a function of the degree of polymerization of the
core, shell and corona blocks, respectively. Other questions deal with the in-
terplay of the cationic and anionic blocks in dependence of their respective
charge density which makes studies on block copolymer systems containing
blocks with different acidity/basicity essential. Another important issue in
this field is the unambiguous characterization of the solution morphologies.
So far, mostly aqueous solutions have been investigated. However, also su-
perstructures in organic solvents are interesting to study and so improve-
ments in cryo-TEM will be helpful for their characterization. Recently cryo-
TEM investigations of phospholipids in oil were published by Talmon’s
group [138].

Finally, it is shown that non-linear amphiphilic structures show different
aggregation behavior as compared to block copolymers. Graft copolymers
with non-polar backbone polyelectrolyte side chains have a smaller tenden-
cy to form micelles than their block copolymer analogs which is attributed
to the more facile stabilization of unimers by the sidechains. In contrast,
unimolecular micelles are the only possibility for core-shell nanoparticles.
Janus micelles, on the other hand, form unique non-centrosymmetrical
micelles that have a strong tendency to form centrosymmetrical supermi-
celles.
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Differential scanning calorimetry Hydrodynamic radius/diameter 119, 136,
(DSC) 138 194, 200

Dilute solutions 73 Hydrophobic effect 86

Diluted system 120

Discotic columnar structure 135 Imidazole group 140

Disk-shaped particle 137 Immobilization 124, 138

Dispersion 113 Integral equation 8

Disproportionation 117 Interaction, non-electrostatic 162

DNA 3,125 -, specific 29, 31

Dodecanoic acid 136, 137 Interpolymer complex 116

Donnan equilibrium 181 Iodine 23

Double-layer stack 155 Ton distribution function, integrated 17

Doughnut-shape 159 Ionic strength 118, 121, 165

Doxorubicin 144

Drug delivery/targeting system 137 Janus micelle 197, 199, 207

Dynamic light scattering (DLS) 119, 179,
194, 196, 199, 204 Kerr’s law 10

Kiessig fringes 155
Effective potential 75

Einstein-Stokes equation 119 Ladder-egg structure 113

Electric birefringence 1, 10 Ladder-like structure 117

Electron density, radial excess 21 Lamellar particle structure 142

Ellipticity, molar 150 Lamellar structure/thickness 135, 141, 143
Langevin thermostat 102

Fatty acid 137 Latex 128

Filaments 184 Layer-by-layer technique 115, 128

Flocculation 118, 120, 122, 128 Light scattering 203

Flory interaction parameter 162, 166 Limiting law, Manning 7

Flow field-flow fractionation, asym- Lipid 135

metric 199 Liquid-like order 73

Fluorescence spectroscopy 137 Local density approximation 71

Fluorometry 204 Lorentzian peak profile 141

Fluorosurfactant complex 148 Low-dielectric substrate 107

Force extension relation 93 Lysine 142

Form factor 100

Free energy 161 Macroion 116

Freeze-drying 141 Maleamic acid 137

Frozen structure 120 Manning condensation 70

Frustration 142 Manning parameter 7, 17
Mesomorphous structure 135

Gaussian chain 97 Mesophase 113, 135

- polyelectrolyte 95 Methacrylic acid 136

- polymer 162 Methyl methacrylate 136

Glass-transition temperature 138 Micellar networks, formation 185

Globular conformation 87 Micelles 144, 175-176, 191-196, 201-203

Good solvent 95 -, core-shell 144, 148, 152

Graft copolymer 177, 197, 203-205, -, cylinder 202

207 -, cylindrical 12

Grafting distance 176

, density profile 182
-, dressed 137

Helix-coil transition 140, 147, 149-151 -, frozen 175

Histidine 140, 142 -, supermicelle 197-200, 207
Human serum albumin 133 -, triblock coplolymer 191
Hybrid 202 -, unimolecular 197

Hydratation shell 20 -, wormlike 201
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Micellization 165

Microgel 123

Microphase-separated block copolymer
154

Mixing ratio, molar 116, 118

Molar ellipticity, mean 150

Molar mixing ratio 116, 118

Molecular dynamics (MD) 4

Monte Carlo (MC) 98

Multilayer 113, 128, 133, 156

Nanodispersion 141

Nanoparticle, fluorinated 136

—/nanostructure 113, 115, 136, 141-142,
161, 196-197

Nanostructure, lamellar 141

Na-polystyrene sulfonate 20

Network 93, 184, 189

NMR, 'H-NMR relaxation 133

Oligopeptide 135

One component plasma (OCP) 71
One-loop approximation 163
Ornstein-Zernike equation 72
Osmotic brush 179

- coefficient 4, 16, 17, 43-45, 49
- pressure 7, 162

Overcharging 116, 122

P3M 102

Particle formation/structure 136, 143
PB, linearized 8

PB-cell model 22

PB-theory 18-19
Pearl-necklace 97

PEC formation 113,115, 120
PEE-PSSH micelles, density profiles 184
PEI structure 136, 152, 161
PEI-retinoate complex 152
PEO 136, 145

- corona 151

PEO-PLL 138
Perfluorododecanoic acid 136
Perturbation approach 78
PE-surf 113,135

- nanoparticle 136

pH 98

Phase separation 71, 183
Phenylmaleamic acid 137
Photocrosslinking 131
Photoluminescence 135
PLA 141

Plasma, one-component 71
PLH 141

PLL 141

PMMA 192
Poisson-Boltzmann (PB) theory 1,5, 19,

67,70
Polarizability, anisotropy 13
Poloxamer 188 141, 158
Poly(acrylic acid) 125-126
Poly(allylamine) 133
Poly(L-arginine) 138
- retinoate 140
Poly(diallyldimethylammonium chloride)

118, 126, 138
Poly(ethylene imine) (PEI) 136-137, 152
Poly(ethylene oxide) (PEO) 136, 145
Poly(ethylene oxide)-b-poly(r-lysine)

144, 152
Poly(ethyleneimine) 126
Poly(r-histidine) 138
- retinoate 140
Poly(ionene-6,3) 138
Poly(N-isopropylacrylamide) 123
Poly(r-lysine) 125, 131, 138, 145
- retinoate 140
Poly(maleic acid-co-ethylene) 125
Poly(maleic acid-co-methylstyrene)

126, 131
Poly(N-methyl-4-vinyl-pyridinium) 138
Poly(styrene) 136
Poly(styrene sulfonate) 20, 118, 136
Poly(vinyl sulfate) 125, 131, 134
Poly(4-vinylbenzyl-trimethylammonium

chloride) 118
Polyacid 116
Polyampholyte 136
Polyanion/polycation 115
Polybase 116
Polydispersity 141-142
Polyelectrolyte 69, 115, 135
-, annealed 94-98
- block copolymer 175
-, cationic 1
- complex 113,122, 161, 193
- corona 165
-, flexible 76
-, Gaussian 95
-layer 131
- multilayer 128, 161, 164
-, rigid-rod 131
-, rod-like 1, 3,18, 25
- star 166
-, strong 94
-, strongly charged, ion distribution 101
- vesicles 189
-, weak 94
Polyelectrolyte-surfactant complex 113,

135, 166
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Polyethyleneimine (PEI) 136, 152

Polyions, equilibrium properties, MC 98

Polypropylene 133

Polystyrene sulfonate

Porod’s law 154

Potential, effective 75

-, medium-induced 77

Potentiometry 118

PPP 3,4,9,18

Precipitation 162

Precursor polymer 10

Primitive model 72

— —, restricted 4,7

PRISM (polymer-reference-interaction-site
model) 72

Protein 124, 133

- resistance 134

Proton transfer 149

PS-P4VPMel 176

PS-PAAc 176

PtBS-PSSNa 176

Pyrene 137

20, 118, 136

Qo 137

Radial distribution function 70
Radial excess electron density 21
Radius of gyration 119
Random-phase approximation 129
Rayleigh instability 87

Resonant contribution 22

Retinoic acid 113, 137, 145, 151, 156
Rigid rod 99, 131

Rod-like molecule 9

RPM cell model 16

Salted brush 179

Salting in/out 29, 31, 37, 46, 49-50, 54

SAXS measurement 1, 18, 21

Scaling 67, 82

Scanning electron microscopy (SEM)
199

Scanning force microscopy (SFM) 199,
202

Scattering function 92

Scattering intensity I(q) 21

Schulz-Flory distribution 11

Scrambled-egg model 113, 117

Secondary aggregation 120-123

Self-assembly 115

Semiflexible chain 77

B-Sheet 147, 150

Silica surface 126

Simulation 98

Single chain form factor 91

Small-angle neutron scattering
(SANS) 176, 179, 204

Small-angle X-ray scattering (SAXS)
4,137, 143, 146, 151, 153, 179

Solid-state complex 138

Solid-state structure 115

Solvent 22

-, poor 97,104

Soy lecithin 138

Spheres, soft 187

Spin-coat technique 155

Star, polyelectrolyte 166

Static structure factor 82

Statistic copolymer 136

Steric interaction 188

Stop flow measurement 117

Structure function 84

Structures-within-structures 135

Styrylmethyl(trimethyl)Jammonium
chloride 136

Substitution reaction 117

Supermicelle 197-200, 207

Superstructure 207

Supramolecular order 158

Surface-compartmentalized nanoparticle
197

Surfactant 138

Surfactant, fluorinated 155

Suzuki coupling 9

Swelling 120

Tart-type particle structure 143

TEM, cryogenic 183, 199

-, polyelectrolyte micelles
196, 203

Tensiometry 204

Thermodynamic equilibrium 117

Titration, potentiometric 194

Topology, nonlinear 196

Toroid structure 159

Transfection 125

Translational entropy 162, 166

Transmission electron microscopy
(TEM) 177,179, 184, 196, 203

Triblock copolyampholyte 192-194

Triblock copolymer 141, 177

Triiodothyronine 137

Turbidity 118

177, 179, 184,

Ultracentrifuge 20
Ultra-thin film 161
UV spectroscopy 118

Variational theory 166
Vesicles 189, 191, 194
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Virus, rod-like 25 X-ray scattering/reflectivity 1
Viscometry 119

Zeta potential 136-137
Water immobilization 133 Zipper mechanism, cooperative 115, 117
Water-soluble complex 138
Wide-angle X-ray scattering (WAXS) 140
Wormlike micelle 201
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