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Abstract Polyelectrolytes (PEs) find applications in many fields of modern life
starting from food additives to flocculation and solubility enhancers, down to
viscosity adjusting agents in cosmetics and subterranean gelling or drug delivery
agents. Most of these properties are related to the PE charge density, structure,

counterions, temperature or counter PE. This book chapter gives an overview of

the current state of understanding of the thermodynamical properties of PEs in

solution. The theoretical predictions and results are compared with current state of

the art computer simulations (with a focus on molecular dynamics) as well as

experiments on PE structure, complex formation and viscosity properties.

Nomenclature

e Valence of PE monomer group
kgT Thermal energy

kg Boltzmann constant

€ Dielectric constant

&L Local dielectric constant

Ip Debye length

k Inverse Debye length

lo Persistence length

Ip Bjerrum length

Iy Length between two monomers
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Length of dipole

Length of fully elongated PE

Length of collapsed PE

Correlation length

Distance between 2 PE chain centers

Length of string between globules

Size of a globule/bead

Salt concentration

PE concentration

Crossover concentration

Local concentration of counterions next to PE
Fraction of charged monomers

Monomer length/diameter

Reduced coupling constant (Based on thermal energy)
Reduced coupling constant (based on excluded volume)
Excluded volume per monomer

Local volume close to monomer

Elongation per monomer

Size of electrostatic blob

Volume of electrostatic blob

Total length of PE

Hydrodynamic radius

Number of monomers

Number of charged groups in PE
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Number of monomers in the diameter D of a rodlike molecule

Number of monomers in string

Number of monomers in a bead

Number of monomers in entangled region
Number of P-bonds in strong PE

Amount of PE molecules

Amount of solvent molecules

Amount of solvent molecules inside v
Amount of solvent molecules outside vy
Number of counter ions

Number of \ bindings

Effective diameter of the rod-like molecule
Degree of dissociated charges

Mol

Liter

Charge density

Valence of counterions

Reaction constant

Volume fraction of solvent

Volume fraction of PE
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V3
Vi
ve
VPE
Vi
Vs
x
AH
H,
AS
Su
Sk
Sc
F,
Fa
Fo

Volume fraction of counterion
Molecular volume of solvent

Molecular volume of counterion
Molecular volume of PE

Molar volume of solvent

Molar volume of PE

Number of gratings used in Flory lattice
Free enthalpy

Electrostatic enthalpy

Free entropy

Entropy of mixing

Kuhn entropy

Counter ion entropy

Free energy of electrolyte

Free energy of ionic atmosphere

Non electrostatic part of free energy
Free energy

Flory Huggins solution parameter
Electrostatic based energies

Debye electrostatic energy of the PE chain
Energy of the counterion adsorbed on the PE
Elastic energy of the stretched, charged PE
Fraction of free counter ions

Fraction of condensed counter ions
Charge density parameter

Constant related to k»

Concentration parameter ~ — log cp
Charge density parameter

Euler number e*

Electron charge

Effective expansion factor

Strength parameter for short ranged effects
A

Positive ion cloud scaling factor
Negative ion cloud scaling factor

Ideal gas constant

Entropy of condensed counterions
Translational entropy of ions
Fluctuations between PE and ions

Ion pair energy

Free energy term for partly charged PE
Correlation term (ion pair PE)

Viscosity of the solvent

Viscosity of the solution
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Trz,Trr ~ Zimm and Rouse relaxation time

T Time

D; Diffusion coefficient

Dz, Dg Zimm and Rouse diffusion coefficient
Zp Friction coefficient of the polymer
Zp Friction coefficient of the beads

oy Shear stress

P Shear rate

Pr Reduced shear rate

¢ Volume fraction

L, Tube diameter

Tr Reduced temperature

0 Theta temperature of solvent/PE

X Concentration dependent parameter, which depends on concentration
(values used for X are shown below the equations)

1 Introduction

Polyelectrolytes (PEs) are polymers with charged monomer groups that can dis-
sociate into a charged macroion and small counterions when the PE is dissolved in
a polar solvent [1, 2]. These charged polymers are, in many cases, employed in
nature, and not only DNA [3] but also proteins and cellulose can be classified as
PEs [1]. Technical applications of PEs include, for example, PE-DNA drug
delivery complexes called polyplexes [4, 5]. PEs are also frequently used in
industry. For example, polyethylenimine (PEI) is used in wastewater treatment [6],
or biodegradable PEs like dextransulphate and gelatin PE are used in food science
[7]. For the past 20 years, PEs have also been used to fabricate nanofilms [8] and
nanostructures [9], called polyelectrolyte multilayers (PEM) which are now being
introduced into common products [6]. Due to the existence of excellent review
papers on the broad field of cellulose, which is used in the fields of food, medicine,
paper, cosmetics, viscosity adjustment and clothing, we omit most of the appli-
cations of this type of PE and refer to the other excellent reviews and publications
[10-13].

Other fields of application for PEs, which especially rely on the viscosity, are
drilling and fracking [14]. In these fields a controlled gelation point and gelation
times are also necessary [14]. Due to the growing importance of this field, the
basics of this field will also be discussed and references given.

Although PEs and PE solutions have been investigated for a long time [2, 15], a
clear understanding of PEs has only emerged within the last decade [16]. The
reason that the understanding of this kind of polymer has taken so long is due to
the fact that the interaction between charged groups (which can be additionally
shielded by counterions), hydrophobic forces and hydrogen bonds occur at the
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same time [1]. This interplay between forces leads to several interesting effects of
PE solutions which include:

1. Decreasing viscosity upon increasing PE concentration for some strong PEs,
whereas the viscosity increases in the case of neutral polymers [2, 17].

2. Formation of electrostatic and Gaussian blobs, necklace-like structures or

linear rods, depending on the solvent quality and PE charge [2, 18].

. Formation of complexes with oppositely charged PEs [19].

4. Due to the release of counterions, the osmotic pressure of PEs is much higher
than that of neutral polymers [16].

5. Crossover from dilute to semidilute concentration regions occurs at lower
concentrations than in the case of neutral polymers [16].

6. Due to the emerge of regular PE structures in homogeneous solutions, the PE
solutions exhibit a peak in the scattering function [2], the intensity of which
correlates with C'’? of the PE concentration [16]. In the case of neutral polymers,
the lack of regular structure prevents such a peak [16].

[O8]

This book chapter contains a review of the current state of research in the field
of the thermodynamics and viscosity of PEs in solution. In Sect. 2 an overview of
the coupling constants in the PE, defining the degree of electrostatic interaction
between the PE ionic groups is given. It also contains a review of the interaction
and coupling strength between the PE ionic groups and their counterions, and
gives definitions of weak and strong PEs. Section 3 reviews the enthalpy of PEs
and PE complexes in solution, and Sect. 3.1 contains an overview of the Flory-
Huggins solution parameter, which is based on mean field theory and is frequently
used to estimate the solution enthalpy and solvent quality. In subsequent parts, this
section contains an introduction of enthalpy driven processes that mainly occur in
weak PEs. In contrast to weak PEs, entropic processes are the driving force in the
case of strong PEs. Section 3 closes with a discussion of the thermodynamic
properties of PE complex formation.

Recent results of computer simulations and structure determinations are sum-
marized in Sect. 4. Since Monte Carlo simulations will be reviewed in Sect. 4.1,
only a short abstract of the recent state of research of this simulation method
relevant to the chapter can be found in Sect. 4.1, along with recent developments
in the polymer field theory which has made big advances recently. The recent state
of molecular dynamics simulations (Sect. 4.2) is the main focus of Sect. 4.

The experimental results in Sect. 5 are also compared with the simulation
methods and thermodynamic calculations. The viscosity and rheology measure-
ments in Sect. 5.1 are the focus of the experimental section, with additional
contributions of scattering measurements for PE structure determination in
Sect. 5.2 and spectroscopic measurements in Sect. 5.3.

Regarding the layout of each chapter except Sect. 6, it is worth noting that each
chapter is structured in such a way that first the PEs are evaluated in solution and
then the PE complexes are discussed. Since PE multilayers (and 2D PE com-
plexes) have been reviewed extensively [6, 16, 20], they are only mentioned
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briefly in this book chapter and the focus of this chapter is shifted to O dimensional
gels and dissolved PE complexes. Osmotic pressure and conductivity measure-
ments are omitted in this chapter.

PE complexes and gel properties are mentioned in each section, and their
explicit properties and applications are summarized in Sect. 6. For convenience,
this book chapter focuses on summarizing the basic properties of PEs. For readers
convenience several excellent review papers are cited and recommended for fur-
ther reading.

2 Weak and Strong Electrostatic Coupling

The interaction and structure of PEs in a solvent (mostly water) are controlled to a
large extent by electrostatic interactions [2, 15, 21]. In case of PEs in the strong
dilution regime, this interaction leads to an intramolecular charge repulsion and to
strongly extended, rod like chains [2]. For this reason the Bjerrum length, Ip,
which defines the distance at which the electrostatic interaction reaches the same
value as the thermal energy (kzT), is an important parameter [21]:

e2

lg=—o
B kyT - 4me

(1)

In (1) € is the dielectric constant of the solvent (in water (¢ ~ 78) Iz is ~7 A
[21]), and e is the monomer charge. If a PE is dissolved in a salt solution, the
charges of the PE are further screened by the ions of the salt, and the interaction
strength decays with the Debye length I, [21]. Ip = k™!, with k = 87c,lp, with cg
being the salt concentration [21]. Compared to uncharged molecules which can be
described by simple Gaussian statistics [21], the intramolecular charge repulsion
causes an increased persistence length, Ip (a value that defines the stiffness of a
polymer). If I is the persistence length of an uncharged chain, the persistence
length of a PE in salt solution becomes [21]:

’L'le
=+ —2 2

with T = f/a, where the fraction of charged monomers are f, and a is the monomer
length [2, 21, 22]. The interaction between the polyelectrolyte monomer groups is
dependent on the charge density [2]. Some groups, like the R-COOH groups of
polyacrylic acid (PAA), show a charge density depending strongly on the pH and
are therefore regarded as “weak” polyelectrolytes [21]. In contrast, PEs that carry
monomer groups that are almost unaffected by the pH, like the sulphonate group of
polystyrenesulphonate (PSS), are considered “strong” polyelectrolytes [15, 21].
One of the first authors who introduced the idea of a coupling constant to describe
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the interaction of PEs with each other and the surrounding was nobel laureate De
Gennes [22]. In earlier methods like those of Kuhn et al. [2] or Overbeek [23] the
average charge density or directly the free energy was used. The scaling method of
De Gennes [22], who used the Rouse as well as the Zimm methods for describing
the interaction in polyelectrolyte solutions, is the focus of this section [24-28]. The
degree of interaction of these electrostatic groups with each other in the same PE
[3, 15, 22], with counterions [3, 15, 22], and with oppositely charged PEs is often
described by the reduced coupling constant K [22]:

K=1/a (3)

with a being the monomer unit length and [ being the characteristic length,
according to Ref. [22]:

62

- SkBT

4)

Another “reduced” coupling constant, is defined by the excluded volume of one
monomer length v and the actual volume of the monomer [18, 22, 29]:

v
K= (5)
Both reduced coupling constants have in common, that they rely on a volume
that excludes same charges. K = 1 leads to a condensation of counterions on the
polyelectrolyte [22]. The coupling constant depends strongly on the type of
investigated PE. For this reason PEs can be divided into two main groups.

2.1 Weak PEs with Weak Electrostatic Coupling Constants

In case of a weak coupling, the coupling constant, K, is far below 1 (please note
that in some old papers other nomenclature is used) [2, 22]. Due to the weak
coupling constant, the elongation (due to electrostatic repulsion) as well as the
persistence length of the molecule is quite low [2, 22]. Therefore the average
elongation per monomer unit, a, due to the electrostatic repulsion force, F, is
defined according to de Gennes [22]:

2

S)

a=F

: ©)

ﬂ

The weak elongation of the monomers leads to the evolution of so-called
electrostatic blobs [2, 18, 22] of blob size { [22] in which the PE chain is randomly
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oriented. In some cases the chain structure might be rod-like due to an array of
blobs with the blob size being the diameter of the chain [18, 22, 29].

c~a(;>”3 )

The resulting polymer chain with N monomers and a total chain length R [22, 30]
is:

In(N)\ '/?
) )

R

The blob size correlates with the number of monomers, Ny, in the blob and so,
according to de Gennes [18, 26, 29, 30] { may be calculated by:

{~aVNu ©)

At this point it is worth pointing out that other authors use different definitions
and models to define a blob, like thermal blobs (that are also called globules or
electrostatic blobs), or beads in a necklace model. For a detailed review about
these models and structures see references [26, 30]. It is also important to note, that
a real PE chain is swollen in solvent and therefore the blob (or effective diameter)
size in a real system is larger than in theory [30]:

Creal ~ a(NM)3/5 (10)

Since the electrostatic blobs experience a concentration and solvent dependent
repulsion as well as an attraction due to hydrophobic interaction and counterion
condensation, the PE concentration dependent correlation length, D, was intro-
duced by de Gennes [22]. This correlation length depends on the length of the PE,
the concentration of the PE (cp) used and the concentration at which the PE blobs
start to overlap (c¢*), which is known as the crossover concentration. The calcu-
lation was developed for cases when cp > c¢*, where D can be interpreted as a
region without chain overlap (intra as well as intermolecular) [22, 26, 30].

%\ 1/2 1 1/2
D:LGQ :(_) (11)
cp Cpd
The scaling of D is similar to the Debye length. At low concentrations
(cp < ¢*), the correlation of the screening length due to counterions is the Debye
length Ip [22, 29]. The relation of cp to the polymer-polymer distance d is cp = %’

[22, 29]. At very low concentrations, the screening length can be larger than the
polymer length.
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(b)

(c)

D

Fig. 1 Illustration of the PE conformation with different coupling and charge repulsion
conditions, according to de Gennes. ( is the blob size, D is the correlation length and L is the
length of the polymer, where L symbolizes the length of the collapsed polymer chaina { <D <L
and the polymer chain might exhibit a random walk of correlation of the blobs and the orientation
of the chain diameter D, black: chain 1, gray: chain 2 b very weak electrostatic interaction
({ > L> D) the chain is in a Gaussian coil-like formation similar to an uncharged chain.
¢ { <L<D, strong repulsion of same charges, the chain is strongly elongated. The drawing style
of the figure was inspired from Ref. [31]

As a result of the theory of de Gennes [16, 22, 29, 30], the structure of the PE is
highly dependent on the coupling constant and the repulsion of the electrostatic
blobs. The three parameters D, { and R behave strikingly differently depending on
the solvent quality, electrostatic charge or the coupling constant. In the case of
strong shielding of the charges so that { <D <L, the polymer chain exhibits a
random walk of correlation of the blobs and the orientation of the chain within the
diameter, {, is Gaussian (see Fig. 1a). In such a case, the length of the polymer is
collapsed and therefore shorter than the length of the elongated polymer, and can
be calculated according to following equation [16, 22]:

*

1/4
L. = Nya (C—> ~VNK'/4 (12)

cp
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If the solvent is very poor and the electrostatic forces are very weak or strongly
shielded ({ > L > D), the whole chain is in a Gaussian coil-like formation similar
to an uncharged chain (see Fig. 1b). In case of a very strong electrostatic repulsion
with { <L <D, the chain is strongly elongated, as shown in Fig. lc.

The above formulas and theories were proven experimentally by X-ray and
neutron scattering [22], with rheology [2] and spectroscopic measurements in the
form of a pyrene labeled PE [32-35]. A summary of these experiments is pre-
sented in Sect. 5.

2.1.1 Strong Polyelectroyes with a Strong Electrostatic Coupling
Constants

Recent reviews and simulations mainly focus on weak PEs [16, 26, 30], and this is
mainly due to the complexity of counterion condensation and computational
limits. For this reason this section summarizes the original work of Osawa and
Manning (famous for the Osawa-Manning counterion condensation parameter
y = Igb, with b being the charge density) [26], but also mentioning recent studies,
of Muthukumar.

Strong PEs are, in contrast to weak PEs, insensitive to the surrounding pH.
Examples of this type of PE are polystyrenesulphonate (PSS) and polydimethyl-
diammonium chloride (PDDA). In contrast to weak electrostatic coupling in weak
PEs, strong electrostatic coupling between the ionic groups and their counterions
K = 1 leads to a concentration dependent condensation of counterions [3, 15, 22].
The interactions of a strong PE along, with the condensation of counterions on the
PE, were mainly determined by Osawa and Manning [3, 15]. Counterions that
condense on the PE can, according to Osawa and Manning be separated into two
major interaction types, namely [3, 15, 36, 37]:

1. m-binding of counterions that are condensed and do therefore not contribute to
the coulomb interaction

2. Y-binding of counterions that can freely move in solution and that contribute to
the coulomb interaction.

According to Osawa (later proven by Manning and others [3, 36]), the coun-
terions within an electrostatic blob are considered inactive, while those outside of
the blob are considered active [15, 36, 38]. To estimate the relative amount of the
two binding types and therefore the structure of the PE, one can use a simplified
relation of the correlation between the blob volume, V;, and the concentration of
the added salt. For the precise version of (13), see Ref. [15].

Relation (13) is only valid in the case of low amounts of monovalent ions. To
distinguish between 7 and ¥ bonds, the reaction constant of the ionic binding can
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be calculated. The ¥ binding reaction constant, k, scales inversely to the blob
volume [15].

o ny
k= = 14
1 —o Vg ( )

where the second term in Eq. (14) denotes the average concentration of ¥ bonds
with ny being the number of W bonds. The value of ny can be measured e.g. via
the osmotic pressure of the solution. o defines in (14) the fraction of © bonds,
where o = N’'/Ny. Since N and (14) depend strongly on the ionic strength, N’ is
calculated as a function of the ionic strength of the solution [15]. If
N'/Ny <0.1 M/L then o is close to unity [15]. If large amounts of salt are added,
then the value of a decreases drastically.

An interesting finding, made in 1954 by Osawa, was that the amount of ¥
bindings decrease with increasing ionic strength [see Eq. (15)]. For the precise
version, see Ref. [15]), which correlates with viscosity measurements [15].

1
Y x~In— 15
(15)

In case of multivalent (including monovalent) ions, the correlation between the
valency of the counterion and the structure of the PE was mainly investigated by
Manning [3] and, in recent years, also by Muthukumar [36]. According to Man-
ning [3], the structure parameter, &, and the charged fraction of the PE, t, are:

2

_ 4
f N Skab (16)
v = (ng)™ (17)

where b is the charge density and # is the valency of the counterions. In the case of
DNA in a 0.5 M magnesium ion solution, 50 % of the phosphate groups of the
DNA are shielded by counterions [3], compared to only 4 % in case of monovalent
ions [3]. The local concentration of the counterions, ¢/, depends only on the
structure parameter and on the local charge but not on the PE concentration [3].

o =243 (&p?) (18)

It was also pointed out by Manning that at cs ~ ¢/° the binding of the counterions
might become very weak but, due to the low concentrations required for the
experiment, measurements were difficult at his time [3]. Such a surprising and
counterintuitive finding is in agreement with a recent study, investigating the
structure of pyrene labeled PSS at very low concentrations in a salt free solution with
fluorescence spectroscopy [33, 39, 40]. In these studies, pronounced coiling of the
PEs was found even at very low concentrations and in absence of added salt [39].
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Such findings are also in agreement with the theory of Muthukumar [36], which
assumes a different dielectric constant close to the PE compared to the bulk. For
concentrations higher than /¢, the relations have been proven not only by X-ray and
neutron scattering, including corresponding simulations [22, 38], but also with
rheology [2] and spectroscopic measurements in form of pyrene labeled PE [32, 39,
41] and EPR spectroscopy [42] (see also Sect. 5).

3 Thermodynamics of Polyelectrolytes and Polyelectrolyte
Complexes

In contrast to apolar polymers, the solution behavior of which can be readily
explained by the Flory-Huggins theory [43—45], the thermodynamics and solution
behavior of PEs is a little more demanding. This is due to the contributions of charged
groups, as well as charged group-solvent and additional ion effects [3, 16, 26].
Additionally, the different coupling levels between weak and strong PEs makes the
theoretical treatment demanding [29]. For this reason, the following section intro-
duces several approaches used to describe the observed phenomena.

The Flory-Huggins theory (a mean field based approach) and statistical ther-
modynamic approaches based on the Debye-Hiickel theory are the two most fre-
quently used approaches. In the Debye-Hiickel approach, the interactions between
charges of the same sign cause intramolecular self-repulsion influencing the PE
interaction and structure.

The Flory-like approach is based on mean field theory and solvent quality,
where a good solvent causes a extended coil and a bad solvent causes phase
separation (intra and intermolecular, concentration dependent). The Flory-like
approach was used in two ways: in the classical way where charge fraction is
neglected and just the solution parameter y is used; and the modified theory, which
contains chain length and charged fraction. The approaches are discussed sepa-
rately in the following sections, which also contains some new approaches at the
end of each section. The enthalpy and entropy of strong and weak PEs are con-
sidered separately, since the complex formation and solution behavior depends
strongly on the coupling constant.

3.1 Flory-Huggins Solution Theory Applied to Polyelectrolye
Solutions

The thermodynamics of dissolved apolar polymer systems is usually described by
the Flory-Huggins theory [43-45]. The Flory-Huggins theory is based on the so
called mean field approach which is a theory that assumes, that each part of the
monomer-monomer interaction and solvent-solvent interaction has the same
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Fig. 2 A graphical visualization of the Flory-Huggins mean field theory. The grating positions
with white circles illustrate the solvent and the gray circles illustrate the PE. It’s assumed that:
Each field has the same size, no overlap of fields or chains, all field positions are occupied, all
polymer-polymer interactions are the same (all chain parts are the same)

energy (PE is not a co-polymer), no overlap of the chains is possible and fluctu-
ations are neglected, see Fig. 2 [43-46]. This theory can therefore not directly
forecast electrostatic blobs. The approach of averaging over all PE monomer site,
allows forecasting solution qualities or general interactions. It is therefore possible
to indirectly predict such blobs and the coiling of the molecule via the solvent
quality (although Kuhn did not know of the work of Flory, he used a similar
approach based on charged fractions and polar solvent) [2, 26]. According to Flory
[44] the entropy of mixing for apolar molecules is:

AS:kB[Nl Inv; —‘erlI‘le] (19)

where kg is the Boltzmann constant, N; and N, are the number of solvent and
polymer molecules, and v; and v, are the volume fractions of the monomers. The
enthalpy of mixing, AH, for an apolar polymer is, according to Flory [44]:

BNV Vs

AH=—"—"—"
NiVi+MNV,

(20)

Here B is a constant, and V| and V, are the molar volumes where V, = V; - x,
with x being the amount of used grating places in the lattice. Despite the Flory-
Huggins theory being originally developed for apolar molecules, it was used
successfully to describe the swelling of PE complexes in the form of PEM thin
films at different humidities [47]. In this study the PEM was considered to be a
polymer matrix with the PE charges being compensated. Therefore, only the total
interaction of the PE with the solvent was of interest and could therefore be
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estimated with the Flory-Huggins solution parameter [47]. Another study (cur-
rently in preparation for publication) used the Flory-Huggins solution parameter as
well as (19) and (20) to estimate the enthalpy and entropy of elongated PEM thin
film complexes. The molecular image of the behavior of such complexes upon
macroscopic elongation is that the electrostatic blobs decoil [39]. Such an
approach is also successful in explaining the increased hydrophilic behavior of
PEM upon mechanical load [48]. The Flory-Huggins solution parameter was also
used successfully by other groups to calculate the dilution enthalpy, as well as the
excluded volume and elastic energy of the PE chains for chitosan and alkylchi-
tosan [49].

A completely new approach for the simulation of PE solutions was published by
Katz and Leibler in 2009, not by using the Flory-Huggins solubility parameter of
the polymer backbone, but instead using the one of the counterions [50]. The
concept is logical and overdue, since the solubilization of a PE is caused by the
release of the counterions and the resulting gain in entropy. Katz and Leibler were
able to show all features observed up to now, such as phase separation, meso- and
macro-phases and also the calculation of mixing ratio, depended on structure
factors [50].

Alternatively to the work of the Flory-Huggins theory, other methods like the
Hansen solubility parameter can be used to estimate the solvent quality [S1]. In the
Hansen approach, the polar, hydration, and dispersion components are considered
separately and the contribution of each parameter is considered [46, 51, 52].

An interesting alternative to the Flory-Huggins or other mean field approaches
was a study done by Pfeuty using a zero point Langrangian theory and between 1
and 6 dimensions [53]. In this study the authors found a deviation of the
asymptotic properties of for high molecular weight PE chains between Flory type
calculations and Lagrangian calculations. The authors, however, did not state a
comparison with experimental values and the study was not frequently cited in
other following reviews [16, 26, 30]. In 1999, Tsonchev et al. published a lattice
field approach based on a corrected mean field theory to determine the patrician
function, electrical potential, monomer distribution and other thermodynamic
parameters such as the free energy [54]. Their approach presented reasonable
results for all the variables tested.

3.2 Enthalpy in Polyelectrolyte Solutions

In this section the solution and mixing enthalpy of PEs are reviewed, with weak
and strong PEs being reviewed separately due to the mechanics of structure and
complex-formation differing greatly between these two types of PE.
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3.2.1 Dilution, Mixing and Solution Enthalpy of Weak PEs

Weak PEs are, in many cases similar to normal polymers. Large parts of the chain are
uncharged and the PE structure in solution can be correlated to the solvent quality [2,
55]. The only difference between polymers and PEs is the additional contribution of
the electrostatic charges. Therefore, it is not surprising that some of the first and, until
now, most frequently used thermodynamic approaches were mean field and Flory
based [1, 2, 16]. A convenient way to take the charged groups into account is by
considering the electrostatical repulsion of the monomers and multiplying it by the
fraction of charged groups, f. The free electrostatic energy of a PE is therefore
dependent on the dielectric media and fraction of charged monomers [2, 16]:

(AN’ [ R
Fel(R) %kBT (}ZV) 1n<bN0'5> (21)

It is worth noting that, depending on the type of PE used, the electrostatic
contribution for PEs are the dominating force and therefore it is possible to omit
the Flory enthalpy term in this cases [23]. If the PE is very weak, the free enthalpy
of dilution, AH, is only correctly obtained, when the electrostatic and Flory-
Huggins polymer dilution enthalpy terms are added [49].

AHdil = AHFI,,,y —+ AHEI (22)
AFF[,,ry = XRTUZ (23)

where y is the Flory-Huggins solution parameter [44]. AH,,; is calculated from the
difference of the total electrostatic energy, H,,, before ;) and after () dissolving or
diluting the PE [49].

A[—Iel = Hrot(b) - Hlat(a) (24)

H,, consists out of 3 parts, namely Ep, which is the Debye electrostatic energy of
the PE chain, E,, the energy of the counterion adsorbed on the PE, and E, , the

elastic energy of the stretched, or charged PE [49]. These parameters are defined
according to Safranov [49] with the fraction of free counterions, f3, as:

2N,
Eg=— (1~ £?) In vy (25)

3/2
Ep = _e% <§> N (26)

€

2N, (b)) 10/7
pu=50(2) (0) u @)
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where the constant A = /8, and the charge density parameter, u, is defined as
[49]:

&2

U ks Th

(28)

The PE total electrostatic based energy for 1 mol of monomer units is therefore
a sum of (25-27) [49]:

3/2 5/7 10/7
Eior = 62% [(1 - .32) Invy — (f) \Auvy + <z) <§> u2/7] (29)

Equation (29) was investigated with high molecular weight chitosan
(MW ~ 20,000 g/mol) [49]. A partial alkylation of the chitosan monomer groups
allowed the authors to verify Eq. (29) for different degrees of electrostatic and
apolar interactions between PEs and PE with water [49].

Poly(L-glutamic acid) displays a different behavior compared to other weak
PEs [56], showing a strong dependence on the degree of polymerization [57]. One
of the reasons for such a behavior is the big difference in structure between natural
and synthetic polymers e.g. synthetic polymers are coiled, while poly(L-glutamic
acid) has a helix like conformation in a low charged state [57]. For such a poly
(L-glutamic acid) like system the electrostatic enthalpy dominates [57]. The
electrostatic enthalpy of dissolution can be calculated with the semi-empirical
formula from Scerjanc [56] who developed his formula originally for a polyacrylic
acid system [57]:

N2
HEZM (1 —ky )k, —In w _2 (1+Z_£>
ni 1-p AT (30)
| fRT g 2k Aan+AlnR
2nl 22 1 )\AInT  AInT

In (30), k; is a constant related to A, and the concentration parameter, k,, which
is proportional to —logcp. In (30) z, is the Euler number; #n is in this case the
valence of the monomer group. V is the volume of the solution and the charge
density parameter, 4, is defined as [56]:

- enfe
T SakBT

(31)

where « is defined as the monomer length. AH of dilution is calculated in the same
way as in Eq. (24) [56]. Equation (30) is based on the model of Katchalsky and
Kuhn [2], and is not applicable for low degrees of ionization since in such a case
non electrostatic interactions become dominant [56, 58]. In this case use of
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Eq. (22-29) is suggested. The formulas (22-30) are all normalized for 1 mol of
monomer units. Another method is to use the novel method of Muthukumar [59]
which allows also the adjustment of the fraction of charged monomers—see for-
mulae in the strong PE section (43-47).

For enthalpy driven PE complex formation and other processes in weak PEs,
see Sect. 3.3.

3.2.2 Strong Polyelectrolytes

In the case of strong PEs, the properties of the PE, and therefore of the enthalpy,
are mainly controlled by the strong electrostatic coupling (see above). Therefore
the Debye-Hiickel approach is more frequently used than in case of weak PEs. The
enthalpy upon dilution of the PE is mainly influenced by the dissociation of the PE
and the counterions [15]. The free electrical energy of the PE upon dilution is,
according to Osawa [15]:

E, 1 e% 2
== n
kBT ZkBTa

Nu (32)
Here n* is the number of charged groups in the PE. The free energy of the

electrolyte part of the PE is, therefore:

F. E.—TS.
ksT — kgT

(33)

where the entropy of the electrolyte part, S,, is discussed in detail in Sect. 3.4. The
total free energy is, according to Osawa, therefore a combination of the free energy
of the electrolyte, the mixing entropy, Sy, the Kuhn entropy Sk (which is related to
the PE structure) and the contribution of the ion atmosphere, F4, which is, how-
ever, small compared to F, [15]:

F=F, 4 Fy — T(Sy + Sk) (34)

Since the early approaches which led to the equations presented in references
[2, 58] showed a unreliable correlation between the molecular size and the free
electrical energy, empirical formulae with free variables were established [60].
These empirical functions are based on an assumption similar to Eq. (34) and can
be found in Ref. [15].

A successful theoretical solution to the problem by means of statistical ther-
modynamics was first achieved by Mandel [61]. This solution was later extended
significantly by Manning [3]. The limits of this approach, which is unable to
predict the helix to coil transition of DNA and sometimes delivers results one order
of magnitude too high, were also pointed out by Manning [3]. The counter ion
condensation leading to the famous Manning-Osawa counterion condensation
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theory was the focus of Manning’s study. Despite the Manning-Osawa theory of
counter ion condensation bearing the name of both, the function for the free energy
of PE dilution, obtained by Manning, and which incorporates the possibility of
multivalent ions [3], is quite different from that of Osawa which is only valid for
monovalent ions [compare (35) with (32)].

106, V!

Fix = 0, ln(
Cs

) (35)

where 0, is the fraction of associated counterions per monomer and all counter
ions have the valence n. 0, is defined as % =1— N6, [3]. The PEs can adopt

various structures in solution, such as a coil or helix [3]. To adopt these structures,
the free energy of the structural change must be larger than the electrostatic
repulsion which is [3]:

Fo = (1—N0,)*In(1 — ) (36)

The minimum free energy needed to cause a change in molecular structure for
highly diluted solutions (cp — 0), where 0, ~ { is [3]:

Cr

A(F, —Fo)=A(1 =7 ln< > — (" n(kb) (37)

Here, F| is the non electrostatic contribution to the free energy. An interesting
comparison done by Manning was the comparison of the bending capability of the
PE with the persistence length. Although this estimate of the free energy does not
contain the entropic contribution, it allows an interesting estimate of the change in
electrostatic energy with changes of the persistence length (38) [3].

(RTa) e (38)

AF =
2p "

The resulting free energy for a spontaneous structure change from straight to
bent is therefore [3]:

AF = AF, + (g-i) ¢! [ZC -1 <C§OC> ln(kb)} (39)

Cr

Michaeli and Overbeek used the Debye-Hiickel approach to estimate the
enthalpy of the PE-PE and PE-solvent interaction [23]. In this model, the Flory
entropy is used as the entropic term of the PE chain, and the electrostatic free
enthalpy is calculated from the electrostatic energy of a strong PE [23]. By
thermodynamic considerations, Michaeli and Overbeek showed that for small
univalent counterions no coacervation (complex-formation between PE) occurs
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because the entropy of counterions outbalances the enthalpy (see Sect. 3.4),
favoring coacervation [23]. This finding was true for two approaches which were
compared by Michaeli and Overbeek, one was the Debye-Hiickel theory (40) and
the second from Lifson and Katchalsky (41) [23]:

G, KkgT « \3/2.3/271)2
V= on :B(Ej:njvj) ST (40)
with j being the type of molecule carrying the charge, B = 2/3n1/2k§1/ze3 and e,
the electron charge.
G, = NyF, and G, = "L F, (41)

vp

Both methods showed that the PE coacervation depends on the PE concentra-
tion and on the type and concentration of counterions [23]. Equation (41) is
especially tempting to use due to its simplicity. However, since the approach is
limited to low concentrations, its applicability for most flexible synthetic polymers
at high concentrations is very limited [58]. In contrast, for rod-like, rigid polymers
like Tobacco mosaic virus which can not change its shape, it can also be used for
higher concentrations [58]. Equation (40) was extended in a subsequent paper by
Overbeek for cases where the PE and the counterions are not equal and a second
solvent with a low dielectric constant has been added [62].

An interesting novel way to determine the Gibbs free enthalpy of PE-salt
complexes within PEM thin films exposed to salt solutions is via the reaction
constant [63]:

AGLLYS()C = RT ln K(IS;YUC (42)

Here K, 1s the association constant. To utilize this method, one must do
either an isothermal titration or measure a series of changes in IR-spectra to
determine the association constant [63]. It is worth noting that the degree of ion
doping and water incorporation correlates with the Hofmeister series [63]. Since
PE-PE bonds are broken by incorporation of counter ions, the association constant
can also be used indirectly to estimate the PE-PE interaction strength. Calori-
metric measurements done by Schlenoff to directly determine the enthalpy of PE
complex formation for strong PEs, resulted in values close to 0 [63].

Theoretical determinations of the counterion distribution around a PE were
done by Solms by approximating them as tangentially bonded spheres which
interact via the coulomb potential [64]. In his work, the Osmotic pressure and
thermodynamic properties were determined via analytical integrals [64].
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One interesting contribution to the study of PEs was done my Muthukumar
[59]. In his extended theory of the counterion condensation of Manning, six
contributions to the free energy are considered [59]:

F=F +F,+F;+F4+Fs+Fs (43)

where F) is the entropy of the condensed counterions, F, is the translational
entropy of condensed and free ions (except the PE), F5 represents fluctuations
between the dissociated ions (without PE), F, is the gain in energy due to coun-
terion adsorption (ion pair formation), Fs is the free energy of the PE with its
degree of dissociated monomers, and Fy includes the correlations between ions
pairs and the PE. For the entropic contributions (F;_3) of Muthukumar’s theory,
see Sect. 3.4.2 formulas (56-58). F; is defined as the contribution of the ion pair
energy to the free energy, with the energy of one ion pair being —e?/(eo&;mly) [59]:

w0 (0) () (@) “

Here, ¢; is the local dielectric constant, /), is the length between two monomers,
and [, is the length of the dipole and N¢ is the number of counter ions. F5 depends
on the electrostatic repulsion energy and contains the expansion factor Z; =

6Rg/(2Nc) [59]:

Fs

3 4/3\*? 1 6., N32
kBT = E(Zl —1- Ingl) +§ () W\/NCW_F 2\/;le3 ﬁ@() (45)
1 1

21

R is the radius of gyration, W a strength parameter for short ranged effects and ®
and Z, are:

T 2 1 1 2 fis fis
Q) = % (ZS/Z - ZS’”) exp(Zs)erfe(v/Za) + A + Z- Z;\//—z - 223—/2
NeZy i (46)
6
i* = Igdn(fpl3 + 2¢sl3)

Z;

Since several parameters needed to be correlated with the local volume, x
became Kk = kly; and the density and salt concentration parameter were multiplied
by the monomer volume. The correlation between the ion pairs and the PE are
defined as [59]:

530 (O o e
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This theory allows the PE to bent due to entropy, including at low ionic
strength, and allows PE of a finite length, in contrast of Mannings theory. For an
alternative definition of F¢ and its derivation, see Ref. [59].

Complex formation of strong PEs is mostly dependent on the entropy. The
enthalpy changes of nearly all processes and complexes of strong PEs are 2—-15
times smaller than the changes in entropy. For details of the entropy see Sect. 3.4
[63, 65]. The enthalpy of complex formation can be calculated with the formalism
of Overbeek (Eq. 40—-41) [62], or with the method of Muthukumar (43—47) [19, 59].
Another method is to determine the enthalpy of complex formation by isothermal
calorimetric titrations or other calorimetric methods, turbidity titrations or molec-
ular dynamics simulations [19, 63, 65]. Recent molecular dynamics simulations
[19] and experimental measurements showed that the enthalpy of PE complex
formation decreases with increasing ionic strength, but this value is always below
the entropy [23, 62, 63, 65]—see following section for detail.

3.3 Enthalpy-Driven Processes in Weak Polyelectrolytes
and Polyelectrolyte Complexes

The behavior of weak PEs is mostly controlled by the pH and ionic strength. If e.g.
the pH causes a very low charge density, the interaction between the PEs and also
within the same coil is controlled by hydrophobic forces and hydrogen bonds [65].
An interesting finding is that the process of complex formation of two oppositely
charged weak PEs is only enthalpy controlled when the PEs are in a region of a low
charge [66]. At low or intermediate charge, when the PE is able to form hydrogen
bonds, the enthalpy of a weak PE is ~ 3 times the enthalpy of a strong PE [66]. The
complex formation can be switched to an endothermic process for conditions where
the PE is strongly charged (e.g. change of pH) and then the process is entropy
controlled like in the case of strong PEs [66, 67]. The ratio of the PE charge types
within the PE-PE complex formed (e.g. positively to negatively charged ratio, with
charge neutrality caused by small counter ions) can also be triggered by the pH
value [65, 68-71]. The addition of a solvent with a low dielectric constant can
decrease the free enthalpy as well [65]. The enthalpy can, if the PE is controlled to a
large extent by electrostatic forces, be calculated via the formulas of Overbeek [23].
Equations (40—41) or from Manning [3] (37-39). Despite the formulae being
developed for strong PEs, they have been proven to be adequate for weak PEs as
well. A special formula for very low charge density or hydrogen bond dominated
PE interactions has, to the knowledge of the author, not yet been established. A
possible reason for the lack of such a formula might be the large diversity [65] of
available weak PEs and the complex interplay between the forces.

One of the main interactions in weak PEs that contribute to the enthalpy are
hydrogen bonds, which allow the e.g. natural PE to adopt special structures, like
helices [3, 57]. The fact that the initial structure of a weak PE (coil or helix)
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influences the stoichiometry of the complex formation further increases the diffi-
culty of establishing a mathematical formalism [72]. In the case of proteins, which
are natural PEs, the structure as well as aggregation behavior is often more
complex, which has lead to high computational efforts [73]. Due to these high
computational efforts [66], measurement based values like direct measurement
from the isothermal calorimetric titration [66], crystallography, or from measured
reaction constants like in Eq. (42) [63] seem more feasible.

It is to be expected that, in the near future, an extension of novel theories like
those of Muthukumar [19, 36, 59] or the Oth order Gaussian equivalent renor-
malization theory (GERO) from Baeurle [74] will solve some of the afore men-
tioned problems for the computation of weak PEs. The group of Baeurle solved the
problem that long equilibration times, low temperatures and increasing complexity
of polymers caused a decreasing efficiency of grand canonical functions by inte-
grating a Monte Carlo Auxiliary field into the grand canonical function at high
polymer densities [74, 75]. Especially the GERO approach solves many problems
that emerged in the field theoretical modeling of PEs and has already successfully
been used to determine the osmotic pressure of weak PE solution in various
concentration regimes [76, 77]. It is, however, already clear that not one function
alone will solve all the issues with this type of PE. In particular, since MD
functions are too computationally expensive and the observable timescales too
short, and the GERO formalism is not usable for single or polymer nano-structures
[78, 79]. For complexes of biological PE, recently a mixture of kinetic Monte-
Carlo and Molecular dynamics approaches was used to determine the signaling
pathway of proteins [78]. For nanostructures of block copolymers, the same group
recently used a self-consistent field method [79]. This will allow a simplified
computation of the enthalpy and entropy of complexation and non-coiling struc-
tures of synthetic, weak PEs, and some natural ones with simple structure.

3.4 Entropy in Polyelectrolyte Solutions

3.4.1 Weak Polyelectrolytes

In the case of weak PEs, the PE remains stiff and rod like if the PE blob size is
small compared to the chain length [22, 29]. Therefore the change in entropy upon
dilution or complex formation [21] of such a PE is small. In the case of a weakly
charged PE, where the electrostatic repulsion is smaller than kg7, a Gaussian coil
like conformation of the PE emerges within afore mentioned blob sizes. The
entropic structure of the PE within blobs is the same as in the case of uncharged
polymers. Considering both enthalpy and entropy in a Flory-like mean field system
to describe the solution behavior of a weak PE, taking the polymerization degree,
N, the charged fraction, f, the length of the (coiled or elongated) PE, L, the Bjerrum
length, I and the thickness of the PE (partially coiled), by/N, leads to the approach
of Kuhn [2]. The free energy of a PE in solution is therefore [2, 26]:
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The first term of (48) is the contribution of the chain conformation to the free
energy and it is inversely related to the entropy. If the entropy decreases (e.g. the
chain gets elongated), L increases, and the first term on the right hand side of (48)
will increase as well. The second term of (48) represents the electrostatic contri-
bution of the PE to the free energy. Equation (48) is therefore able to determine the
overall structure of a PE depending on the fraction of charged monomers. This
allowed Kuhn to calculate and evaluate the degree coiling of the PE depending on
the charged fraction, as well as to predict the viscosity from the structure of the
PE and to compare it with measurements of the viscosity of the corresponding
solutions [2].

Since viscosity measurements of uncharged, weak and strong PEs [60] were
successfully modeled with the Kuhn entropy [80], it should theoretically be pos-
sible to describe weak PE solutions with it as well. This assumption is supported
by the fact that the Kuhn entropy is based on the Boltzmann entropy formula, and
attempts to use this approach become inaccurate to determine the ion distribution
around the charged groups of strong PEs at low salt concentrations, but not the PE
structure [81]. Since weak PEs are not strongly affected by counter ion conden-
sation, these effects pose no problem for the Kuhn entropy approach. Another
reason for the infrequent use of the Kuhn entropy is the fact that the Flory
approach is much simpler and better known than the Kuhn approach [49, 80, 82].

The original theoretical assumption that the low charge density has a negligible
influence on the structure is supported by experimental measurements of Safronov
et al. [49]. Their results showed no influence from salt concentration, and therefore
of the charge density, on the dilution enthalpy or total energy of chitosan, (a weak
PE) [49].

3.4.2 Strong Polyelectrolytes

Strong PEs show a fundamentally different dilution and complex formation
behavior compared to weak PEs. Dilution is mainly driven by the increase in
entropy from the release of counterions and not, like in case of weak PEs, by
changes of the enthalpy [15, 62]. The structure of the PE itself, as well as its
enthalpy, changes only a little during these processes [63, 65]. The change in the
counterion and other ion entropy was calculated by Osawa to be:

Se_ e oy NN W N1+
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a = n'/*84 (50)

52:V_%ENNC—‘FCS (51)
N2V_ V.

where A represents the unit A, V_ and V. are normalization factors obtained by
integrating over the m bonds [15]. The free electric energy of the system is
therefore dependent on the entropy of the counter ions and the electrostatic energy
of the PE, as shown in Eq. (33) [15]. The function of the total entropy can be found
in Eq. (34), where the terms for the entropy of mixing can be approximated by the
ideal entropy of mixing at very low PE concentrations. The Kuhn entropy, which
adds to the mixing entropy, depends on the size and shape of the PE and emerges
due to microbrownian motion. The Kuhn entropy for the PE chain was used by
Kagawa et al. [60] in their paper to determine the free energy of strong PEs by
means of statistical thermodynamics. The Flory approach combined with a random
phase approximation was successfully used in other studies [82, 83] to determine
the gelation threshold at high concentrations of strong PEs in presence of multi-
valent counterions. Another method also applied to strong PEs is just to use the
Flory entropy stated in Eq. (19) [23].

A very simple term for estimating the change in entropy of the counterions
upon dilution was used by Manning. Since the association of the counter ions
depends on the concentration of added salt, the entropy of the conuterions scales
inversely to the salt concentration [3]:

Cloc
S, ~nRg ln( S ) (52)
Cs

The relation (52) is part of Egs. (37) and (39).
A volume fraction based term for the determination of the entropic contribution
of the (small) counter ions was utilized by Overbeek and Michaeli [23].

SC = v—lkBTlIl v + v—%kBTlIl V3 (53)
Vi vc

The entropy of the PE chain consists of terms based on volume fractions for the
PE and solvent and additionally the ionic species, i, in a Flory-Huggins like
expression. For this reason Eq. (49) is more general than Eq. (48) [23].

kgT Vi
v = % (W Inv, + zj:zln vi> (54)
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Please note that Eq. (54) is very similar to recent theories and computer sim-
ulations based on molecular dynamics [19]. The free enthalpy is therefore [23]:

G =G, + Spir (55)

Since the change in molecular entropy of the PE chain itself is often small,
compared to the entropy of the counter ions, S,,;, can often be replaced with the
entropy of the counterions S¢. G, in Eq. (55) can be found in Egs. (40—41).

The cell model from Katchalsky, Onsager and Manning, which was originally
only applicable to linear PEs [26], was extended by Deshkovski in 2001 to a more
general two zone model based on the mean field approximation of the nonlinear
Poisson Boltzmann equation [84]. In this two zone model, the counter ions around
a cylindrical rod (PE) form the area close to the PE, and a spherical volume which
extends up to the distances between the PE is the area far away from the PE [84].
This model is able to explain the mean distance of the counterions from the PE
chain as a function of the counterion concentration.

The most detailed entropic consideration until now is used by the formalism of
Muthukumar. In this formalism, three different entropic contributions to the free
energy, which consists of a total of 6 contributions [see Eqgs. (43-47)], are con-
sidered. The entropies are [59]:

F
Noto =/ log/ + (1 =) log(1 1) (56)
F>
VlkBT = (pr) IOg(fCP + Cs) + cs 10g Ccs — (fCP + 265) (57)
Fs 1 3/2 32
VT~ 3 Varly “(fep + 2cs) (58)

In (56-58) the entropy of the condensed counterions are defined by F; the
translational entropy of the ions is F,; and the fluctuations between PE and ions is
given by F3. Another way to determine the entropy of the PE solution or com-
plexes is by e.g. isothermal calorimetry measurements with simultaneous deter-
mination of the reaction constant [63].

3.5 Entropy-Driven Processes in Strong Polyelectrolytes

In case of strong polyelectrolytes, the complex formation, as well as dilution in a
solvent, is driven by counterion release [15, 23, 58, 63]. The reason for the strong
dominance of the entropy is the fact that there is only a little change in the
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enthalpy of the PE in solid, solution or the complex, in comparison to the entropy
of the counter ions [15, 23, 60, 62]. Therefore the entropy outweighs the enthalpy
in the described processes by a factor of two to fifteen [63]. As already reported in
the 1950s, the PE will not form complexes or phase separations in water with only
monovalent counterions at low or moderate concentrations due to the strong
contributions of the entropy [23].

One way to increase the electrostatic interaction energy, and at the same time to
decrease the entropy, is to exchange the monovalent counterions with multivalent
ions or oppositely charged PEs [23]. This way one can achieve concentration
dependent complex formation, or coacervation, within the PE solution. At low
concentrations, the PE-counterion complex, whereby the counterion is a polymer
or multivalent salt, will be strongly charged. The addition of salt to the solution
shields the PE charge and decreases the PE-PE or PE-multivalent ion tendency to
phase separate due to shielding of the charges [23]. Such a behavior was indeed
measured with the dissolution of PE multilayer thin films (two dimensional thin
films comprising of complexes of oppositely charged PE) in high ionic strength
solutions [85], as long as the PE did not salt out. Figure 2 illustrates this effect, by
showing the range of solubility for two PEs of the same size and charge density
with opposite charges at different salt and polymer concentrations. It can be clearly
seen that high salt concentrations at moderate PE concentrations cause a high
solubility (point C in Fig. 3).

3.6 Viscosity of Polyelectrolyte Solutions

To understand the rheological and viscous behavior or PE solutions it is vital to
understand the behavior of PE molecular structure, entanglement and interactions
in solution. This is because the PE viscosity behavior is dominated by the PE
structure, giving PE solutions unique properties compared to uncharged polymers
[26, 86]. Another contribution to the solution viscosity is the viscosity of the
solvent, 7,, and the interaction of the solvent with the polymer or polyelectrolyte,
which is important since the PE will always drag some solvent molecules with it
upon movement and shear force [2, 80, 87, 88]. The scaling laws of solution and
PE structure in relation to viscosity were mainly developed by de Gennes and
Pincus with contributions to the entangled regime by Pfeuty [22, 53, 89]. The
friction coefficient of a colloidal particle (here a spherically coiled PE) used in the
scaling theory in solution can be determined by the Stokes law [30]:

Zp = 61nR (59)
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Fig. 3 Addition of a large amount of salt increases solubility of PE and lowers complex
formation. The area below the curve is the dissolved region, where the dashed line shows the
spinodial and the line C-M the rectilinear diameter. Image taken from Ref. [23], reprinted with
permission of John Wiley and Sons

Here 7 is the viscosity, which is the proportionality coefficient of the shear, rate
7, and the shear stress, o, [30].

n=— (60)
The diffusion coefficient of a spherical particle in a liquid is defined by the
Stokes-Einstein relation [30]:

_ kgT
" 6myR

(61)

Equation (61) is especially important because many measurement systems like
dynamic light scattering or pulsed field gradient NMR do not measure the absolute
diffusion and viscosity, but the relation to the hydrodynamic radius. The hydro-
dynamic radius, Ry, is defined as [30]:

kT
= 6mnD;

(62)

The volume fraction, ¢, is calculated from the concentration, the molar mass of
the monomer, My,,, the density p and the monomer volume. The Avogadro
constant is N, [30].
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The time, 7, a polymer or bead needs to travel a distance on the order of its own
size is dependent on the friction coefficient, Zp [30].
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The inverse dependence of 7 on the temperature is caused by the fact that the
PE travels due to diffusion. The random collisions of the solvent molecules on the
PE coil cause an increased diffusion speed with increasing temperature due to
introduction of more kinetic energy.

There are two theoretical models to determine the relaxation time, g, and self-
diffusion time of the PE in the solution. One is the Rouse model, which is based on
the assumption that the PEs are comprised of mass centered points connected with
springs these points only interact with these springs. The other is the Zimm model
which is an extension of the Rouse model and takes hydrodynamic effects into
account [24, 30]. The Rouse model was used to establish the scaling theory of PEs
in solution, which allows an estimation of the PE structure from the viscosity in the
different solution regimes.

Before the current state of the art of the scaling regimes of viscosity values for
PE solutions in different concentration regimes is introduced, it is worth noting,
that it can still not explain all observed effects. The calculated values still deviate
from measurements, especially at the transition points between concentration
regimes. The same is true for osmotic measurements. Novel theories like the
GERO theory can explain all concentration regimes, from dilute to entangled
concentrations, while showing a smooth transition. However only the scaling
regimes for the osmotic pressure were calculated and tested by the authors [77]. It
is expected, that an application of the GERO theory in the field of rheology in the
near future will solve the remaining theoretical gaps.

3.6.1 Unentangled Dilute Regime

The relaxation times determined by the Rouse model, tzg, and diffusion coeffi-
cient, Dg, in the unentangled regime (very low concentration without chain-chain
interactions) is [24, 26]:

'ISI73N2
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(65)

TRR =

The concentration dependent relaxation time of the p modes (p = 1, 2, ...N)

[30]:
2
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The mode p = 1 is the longest relaxation mode and is tgg. For the modulus of
the Rouse model, see Ref. [30]. The rouse diffusion constant is defined as [30]:

kgT

Dp =2 67
=Nz (67)

The viscosity contribution of the PE to the solution viscosity is defined as [30]:
Zp
n— s~ LGN (68)

In contrast to the Rouse model, the Zimm model on the contrary is more precise
for low concentrations since the Rouse model is only precise in polymer melts,
ignores solvent effects and applies precisely only at high PE concentrations [30]. A
comparison of the relaxation times from the Rouse and Zimm models was done in
Ref. [30]. For the case when the correlation length is smaller than the screening
length (strong dilution), the Zimm time is usually shorter than the Rouse time. This
surprising result was explained with the springs in the Rouse model, which hinder
free motion of the mass centers. In contrast, a PE in the Zimm model can freely
diffuse within the solvent or take part in a mixed motion including additional
diffusion of monomers in the chain [30]. The relaxation time and diffusion of the
Zimm model, gz and Dy respectively, in the unentangled regime of an ideal chain
are, according to [30].

L ng 3
TRz = —R 69
M 2\BrksT (69)
8 kgT
Dy = — 70
“ 7 3v6r nsR 70
The concentration dependent viscosity of the Zimm model is defined as:
n—ng = ns¢N""! (71)

where vis ~0.5 in 0 solvents and ~ 0.666 in good solvents for PEs. This value for
good solvents is strikingly different from the ones of uncharged polymers which
is ~0.588 in good solvents. These differences are caused by charges with the
same sign in the PE repelling each other, leading to a final scaling exponent of 1
(3-0.666 — 1 = 1) [30]. In case of weakly or partially charged PEs, the overlap
concentration, c*, is changed but not the exponent of the PE solution regime [26].
As can be seen in above equations, the contribution of the PE to the solution
viscosity is linear at concentrations below c*. For a comprehensive explanation of
the Zimm modes and relaxation time, see Ref. [30].
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3.6.2 Unentangle Semidilute Regime

In case of semidilute systems without entanglement (c > c*), in regions above the
correlation length, the Rouse motion is faster than the Zimm motion because the
Zimm motion is hindered by a coupling between the chains and Rouse dynamics
apply [30]. For a detailed derivation of the Rouse and Zimm models, the scaling
theory and some older viscosity reviews see references [24, 30, 90].

In the semidiluted unentangled concentration regime the polymer chains begin
to overlap but are not entangled. The correlation length decreases with increasing
concentration, which agrees with the Fuoss law [17, 24]:

L
~ 73
L;

¢ (72)

With L¢ being the correlation length which is, in semidilute solutions, equal to the
screening length [26, 30]. As can be seen in Eq. (72) the correlation length decreases
with increasing concentration, where the size of the chain correlates with the con-
centration (L ~ ¢~'/4) in a slightly smaller ratio than the distance of the mass centers
(Lpg ~ c Y %) [26]. This effect allows the unentangled semidilute regime to span over
3—4 decades of the relative entanglement concentration space (cg/c*). The corre-
lation of the scaling of the correlation length to the concentration is defined as [30]:

L: ~ b~/ 7D (73)

v has the values mentioned for Eq. (71): 2 for 0 solvents and 0.76 for good
solvents. The relaxation time of a chain, T4, 1S therefore [30]:

Tonain %N2¢(2—3v)/(3v71) (74)
chain kBT
The diffusion constant in the semidiluted unentangled regime as a function of
the concentration can be calculated from the relaxation time (74) and the size of
the polymer [30]:

D —m~—————— 75
Tchain nsb N ( )

The concentration dependent viscosity is defined as [30]:
n—ng ~ ngNg'/ (76)
The result of relation (76) is the concentration dependent viscosity in good

solvents increases by an exponent of 1.28, while a value of 0.5 causes an exponent
of 2. The values 0.76 and 0.5 are for neutral polymers which show no concentration
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depended decrease in chain length like PEs. Therefore the value for v in Eq. (76)
is ~ 1 leading to a total exponent of 0.5. A correlation of the viscosity which also
takes the charge density of the PE into account was suggested by Dobrynin and
Rubinstein to be [26]:

n =~ ns(Kf2)' (%) °N (77)

3.6.3 Entangled Regime and Entanglement Criteria

The entangled regime in the semidilute region starts at the entanglement concen-
tration cg (¢ > cg with cg being higher than the overlap concentration c*). The
polymer entanglement criteria is assumed to be the same as in the case of uncharged
polymers [91-93]. In this criteria only long lived entanglements are considered real
entanglements and not temporary overlaps due to fluctuations [91-93]. The effect of
tails and dangling bonds are also not considered in this approach due to mean field
like assumptions [91-93]. The reason that the overlap concentration, c*, does not
show a significant entanglement effect is due to the fact that PE chain and blob sizes
decrease with increasing concentration. Another observation is that a chain needs to
overlap with n other chains to have significant topological movement for the
friction becoming a significant effect, with n, being a number between 5 and 10
[24]. The dependence of the degree of entanglements and the concentration can be
seen below [24]:

L3 *
%E%C*n (C)znélc* (78)
L3 L3(c.)

Ce

Please note that Eq. (78) was originally published as an equality sign [24].
Since the same author published the same equation as an approximation sign
10 years later in a review paper [26], the equation is shown as an approximation
sign [24, 26]. For known crossover, salt and entanglement concentrations, the
degree of entanglement points per chain can be calculated [24].

ne & (ce /) (1 + 2ncs/c*) /(1 + 2nesfc.)) (79)

It is additionally noted that the polymers need a minimum chain length for
significant entanglement, which is on the order of 10,000 kDa. For a detailed
calculation method of the entanglement chain length, see Ref. [93]. The viscosity
at the entanglement concentration is according to Ref. [24]. n ~ ”5'75 ~ 507,
which is comparable to the equivalent one for neutral polymers.

The entanglement for the PE is characterized by an imaginary tube diameter, a.
The tube itself is considered to surround the PE random walk, and the entangle-

ments are defined by the amounts of other PE laying within the tube volume, a°.
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Fig. 4 Definition of the tube
diameter, a, also called L_a
(length a) and the
entanglement criterion of ng.
Image adapted with
permission from Ref. [26],
copyright of the original
version, 2005 Elsevier

Therefore, n, can be determined by Dobrynin et al. [24] and Dobrynin and
Rubinstein [26]:

L, 3~ n.Ng
(?) = Ny (80)

e :% (81)

The definition of a is shown graphically in Fig. 4.
The longest relaxation time, diffusion constant and viscosity of this region for
salt free solutions are according to [24, 26]:

N\ (NY nsb®> o 53
~ — — | & 2K N 82
; q(NM) (N) B0 Kfon; (82)
L kgT
Dy~ — =N (RS2 () (83)
T nsb
0~ ngng N (KF2) (cb®)*? (84)

By comparing Eq. (82-84) with each other it can be clearly seen that the
parameters are affected in different ways by the concentration. While the relaxa-
tion time is only affected indirectly via the amounts of entanglement, the diffusion
decreases with increasing concentration by the exponent —1/2, and the viscosity
increases by the exponent 3/2. An interesting effect was found for the dependence
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Fig. 5 Illustration of the different concentration regions and their scaling exponent. Image
adapted with permission from Ref. [26]. Copyright of the original version 2005, Elsevier

of the viscosity at high salt concentrations. If the concentration of salt is much
higher than the PE concentration (¢ < ncg) then the viscosity scales like in the
case of neutral polymers in good solvents with 1 ~ ¢'>/# [24]. These regions are
illustrated in Fig. 5.

3.6.4 Unentangled and Entangled Hydrophobic Polyelectrolytes
in String and Bead Controlled Regions

In case of poor solvents for the PE, like in the case of hydrophobic or partially

hydrophobic PEs, formation of necklaces can occur [94]. If the size of the necklace

beads reaches the distance between the beads, the PE enters the transition from the

diluted to the semidiluted bead controlled regime. The concentration threshold for
this regime is defined as [26, 94]:

o N Niw

I3 b3IN2

nec

(85)

An interesting correlation is that the bead size, L, correlates with the fraction of
charged monomers and therefore only weakly and indirectly with the concentra-
tion [94].

Ly ~ b(Kf*) ™ (86)
The length of the polymer chain between the beads, called the length of the

string, Ly, has an inverse correlation with the fraction of charged monomers in the
bead [94].
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Ly, ~ b(Tg/Kf?)'? (87)

where Ty is the reduced temperature, Tx = (60 — T)/0, with 0 being the theta
temperature of the PE. In the semidiluted, string controlled, unentangled regime,
¢ > c*, the correlation length can be estimated via following equation [94]:

c* i Tr E 3\1/2 1/4 3\—1/2
LézR<?> %b<@> (cb”)"7 = BN, jpua(ch?) (88)

Here, Nypeaq 18 the amount of molecules in the bead. The concentration at which
the bead controlled regime starts can be estimated from either the theta temperature,
the charged fraction or from the amount of monomers in the beads [94]:

K2\ 2 B
cp b3 (T_J;) ~ b’3NM¥§d (89)

In the bead controlled concentration regime, the correlation length correlates
inversely with the concentration, as can be seen in the equation below [94]:

e\ ' 1 Notsead\ "
L: ~ [ — 3 o [ 2Mbead 90
= ()« ¢ 0

The overlap concentration of the beads, c,, is the point at which the concen-
tration of beads reaches values comparable to the PE concentration inside the
beads [94]:

~ NMbead ~ TR
©CETD TR
8

o1

The self-diffusion coefficient in the unentangled string controlled concentration
region shows no correlation with the concentration. In the bead controlled region,
the diffusion coefficient increases with the concentration. This counterintuitive
behavior can be explained with the fact that the friction coefficient is linearly
related with the correlation length. Since the correlation length decreases in this
concentration regime with increasing concentration, the self-diffusion coefficient
increases [94].

1/2

T

;A kB NMheadX (92)
nsb N

Here, X is 1 for the case of ¢ <cp, and (c/cb)l/3 in case of ¢, <c<c,.
The relaxation time of the longest mode in the semidilute and bead controlled
regime can be determined according to [94]:
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~ ngb® N

TR — 77—
1/2
kBT NMbead

(93)

Here, X is (cb/c)l/2 for the case ¢ <c¢;, and ¢, /c in the case of ¢, <c<c,. The
viscosity also depends on the concentration regimes. In the semidilute regime it
scales with the exponent 'z, while it is in the bead controlled region independent
from the concentration. This phenomena is explained with the inverse correlation
of the correlation length to the concentration [94]:

n=rng X (94)

N, Mbead

Here, X is (c/cb)l/Zfor the case of c<cp. and 1 in case of ¢, <c<c,.

Entangled necklaces:

The entanglement criterion for necklaces is similar to that for a normal PE. Also,
the number of entanglement sites is the same, and the entanglement concentration
can be determined by ¢, = n*c* [94]. The only difference is the tube diameter and
the correlation length defining it. The relaxation time, self-diffusion coefficient and
viscosity of entangled PE necklaces can be determined by [94]:

~ 3/2
kB TnZNM/bead

Here, X is 1 for the case of ¢, <c<cp, and in ¢, /c case of ¢, <c<c,.

3/2
Dy~ B KT N s (96)
YT TR nsbN?

Here, X is for the case of ¢, <c<cp: (c;,/c)l/2 and in case of ¢, <c<c,:

(¢/ cb)l/ 3. The decrease of the self-diffusion coefficient in the entangled regime is
surprising, and explained by a strong initial entanglement that decreases due to
decreasing correlation length, and an increasing bead diameter along with a
decreasing chain length, minimizing interaction sites.

N3
n = N—4];33 X (97)
e’ "Mbead

Here, X is (c/cb)s/2 for the case of ¢, <c <cp, and 1 in case of ¢, <c <c,. Like
in case of Eq. (96), the viscosity shows counter-intuitive behavior. The viscosity
increases in the entangled regime, but not in the bead controlled regime. This
behavior is explained by the low number of interaction sites in the bead controlled
regime. In this regime, however two conditions must be fulfilled: 1. n, of entan-
glement is similar to n, for normal polymers; 2. ¢, is be below cp.
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This system behaves more like a dilute solution of beads than like a solution of
polymers [94]. This behavior opens interesting new possibilities and applications
to this type of polymer solution such as being an additive in polymer melts for
extruders, reducing the viscosity and at the same time not disturbing properties,
e.g. optical properties, since it is a polymer.

By comparing the string and bead controlled regimes, the following conclusions
of the necklace structures can be drawn:

1. Aslong as the system is controlled by strings (string size larger than bead size)
the PE behaves like a linear PE and has similar scaling regimes [94].

2. If the bead size reaches similar distances to the string between the beads, then
one enters the bead controlled regime with significantly different scaling factors
[94].

Adding salt to necklace solutions:

Adding salt to the PE-bead containing solutions changes the PE structure and
rheology. An extensive discussion of the structural properties of the PE necklace
structure for different salt concentrations as well as the model of counterion
condensation on the string and beads can be found in Ref. [94]. This part of the
chapter focuses on the rheological properties for these PE in the semidilute high
salt concentration region (¢, > fc), for the special conditions of low salt (¢; < fc)
and very high salt concentrations (c¢; > fc), see [94]. The relaxation time (longest
mode) and viscosity for the high salt semidiluted unentangled regime of the PE
necklace in the string controlled region is [94]:

nsb® 34 2e\ -
TR —kZT ribiad <1 + f—c) (cb?) "2 (98)
_3/4 2cg 3/ 3\ 1/2
N~ NsNNypeaa | 1 + a3 (cb?) (99)

In the semidiluted entangled regime, the viscosity and relaxation time change to
[94]:

; _3/2
nsN>b* 3 2¢y
~ N 1+— 100
kBTI’l% Mbead + fC ( )
N3N\ o 2es\ 3\3/2
NN (E) Nytpeaa | 1+ T (cb”) (101)

In the bead controlled unentangled region, the dependence of the viscosity and
relaxation time (longest mode) on the concentration and ionic strength (high ionic
strength) is [94]:
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s a2nr— 2cs R -1
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In the entangled region Egs. (102) and (103) become [94]:

_5)2
_sN 2cy 1
k Tn 2NMbead(1 +f_C) ¢ (104)
N3 2% —15/4
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The free energy of phase separation (bead formation) in such a necklace solution
can be calculated via the free energy according to following relation [26, 95]:

23 2/3
Freck () ~ \4 (f n(¢) + ¢f In T, +f¢& <5) Tr — f/’Tz%)

ksT B3 7
(106)

Here f3, is the fraction of condensed counter ions. Equation (106) was used to
calculate the phase diagram of a PE in a poor solvent [95]. The terms on the right
hand side are: the entropy of mixing, the entropy of the counterions inside the
bead, the free energy of the beads and the monomer-monomer interaction due to
short range forces within the beads. The background theory of Eq. (106) is based
on Osawa’s two zone model of counterion condensation. The increasing concen-
tration of counterions is used to induce a phase separation of the solution, which is
dependent on the temperature. The phase separations and, depending on the
solution properties, also additional changes of the solution structure, can be
measured by changes in the viscosity (see above sections) and/or be followed by
SAX or SANS (small angle X-ray and neutron scattering) (see also Sect. 5 for
more information about experiments) [95]. Figure 6 shows the solution regimes of
PE necklaces in a poor solvent.

3.7 Polyelectrolyte Gels

One interesting feature of PE solutions is the ability of PEs to form cross-linked gel
networks [83, 96]. These networks can be formed either by chemical or by ionic
thermo-reversible bonds formed by e.g. multivalent ions as cross-linkers [83, 97].
A Flory theory based theoretical study of the PE gelation points using di- and
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Fig. 6 The different solution regimes of a PE able to form necklaces. Range / symbolizes the area
of the 0 solvent, range 2 the region in which the polymer solvent interaction dominate on small
length scales and the PE starts forming the globules of the necklaces. In this region dilute and
semidilute regime are possible. In region 3 the PE is in the bead controlled regime while region 4
symbolizes the concentrated solution regime. Region 5 denotes the area of phase separation. Image
adapted with permission from Ref. [95]. Copyright 2001, American Chemical Society

tri-valent ions was able to show that the free energy of such a system consists of the
translational entropy, the combinational free entropy (entropy of choosing different
units) and the free energy of the cross-links [83]. This approach also was addi-
tionally able to prove that the weaker the charge of the ionic groups (//a ratio), the
more multivalent ions are needed for gelation [83]. If the values of the Ig/a ratio
were changed from 5 to 2, the amount of ions needed increased by nearly two orders
of magnitude [83]. In a later paper, the same authors were able to show the structural
gelation lines of PE gels comprised of different charges and functionalities resulting
in different cross-linker energies, and these PE gels were compared with neutral
polymer gels [97]. Further, in this study the PE gels in semidilute solutions exhibited
a re-entry point of the gelation, which was also described in other models [97].

The same group published another contribution to this topic which describes the
complexation of oppositely charged PEs, focusing on the effect of ion pair for-
mation [98]. The free energy was derived from the law of mass action, where the
Flory-Huggins parameter was influenced by the polymer fraction [98]. The PE
cluster structure, as well as the precipitate properties were described to be salt
dependent, which is also in agreement with other theories [16, 98].

4 Computer Simulations and Structure

Experimental methods often require a complicated mathematical treatment to
extract the data, e.g. from. X-ray and neutron scattering or reflectometry data,
which renders the result not univariant but multivariant [99, 100]. Computer
simulations, on the contrary, allow a direct observation of the molecular structure



Structure and Thermodynamics of Polyelectrolyte Complexes 57

with the option to photograph it by making screen captures [101, 102]. One of the
main drawbacks of these methods is that the size of the systems that can be
simulated with quantum mechanics is limited to either a few short PEs or one long
chain when using a standard PC due to the high computational demand [103, 104].
This limit will be extended in the near future with the emergence of quantum
computers [105, 106], like those manufactured by D-wave Systems [107] which
have already successfully proven to be capable of the simulation of protein
structures [108]. Due to the currently high price, lack of software and computa-
tional results of quantum computers, this review focuses on the computational
results of current, standard computers.

Using a coarse grain model for PE structures (averaging the mean field similar
to the mean field theory over e.g. the monomer groups of the PE) [103, 104, 109]
extends the amount of observable PE chain monomers significantly. The great
advantage of using a coarse grain model is that the structural change of the whole
polymer, which occurs on much longer timescales compared to changes of single
atoms, becomes visible [104, 110]. One of the main problems is that the finite
system sizes force scientists to use simplifications (e.g. either salt atoms are
neglected or the chain-chain interaction) [103, 104, 111, 112].

The best approach is, therefore, to compare the results of simulations made at
different length scales with real measurements to determine the validity of the
approach since the causes for changes in e.g. viscosity can be caused by changes in
local interaction energy or with the PE structure or both [103]. In this section, the
results of computer simulations with relation to the PE structure, complex for-
mation and dilution behavior are summarized. The focus lies on molecular
dynamics simulations since Monte Carlo simulations [102, 113] are discussed in
detail in chapter ‘Thermodynamic and Rheological Properties of Polyelectrolyte
Systems’.

4.1 Brief Summary Monte Carlo Simulations and Other
Simulation Methods

Since the results of Monte Carlo (MC) simulations on PE structure are discussed in
detail in chapter Thermodynamic and Rheological Properties of Polyelectrolyte
Systems, only a brief summary of this simulation method and some results related
to this chapter are discussed. In addition, a short overview of recent developments
in field theoretical approaches is given.

Monte Carlo simulations [102]. are generally less precise in regard to the real
reaction time and dynamics of a system compared to MD simulations since MC
simulations base on statistics and not real speed of the particles [103]. MC sim-
ulations are often lattice based, are easier to program and are also well suited for
discontinuous or not differentiable energy functions as well as to define structural
equilibration and static properties [103]. With such properties, MC simulations are
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well suited for the simulation of the PE conformational structures and also their
complex formation [104, 109, 114, 115]. For this reason, simulations of
PE-complexes done with MD are very scarce and most PE complexes have been
simulated with the MC method or derivations of it, see reviews [16, 104, 109, 116],
as well as chapter ‘Thermodynamic and Rheological Properties of Polyelectrolyte
Systems’ for details and corresponding MC based papers. Along with PE com-
plexes, PE gels have also been studied with MC simulation. The focus was on the
interaction of the PE gel molecules with strongly charged macro-ions e.g. from
surfactants [117]. Other studies focused on the effect of different PE chain lengths
as well as polydispersed PE chains in a PE gel, finding that the effect of polydis-
persity is larger for PE gels than for uncharged gels [118].

Field theoretical approaches have been successful in the area of polymer physics
and physical chemistry [74, 77-79]. In particular, for mean field simulations great
advances have been made in recent years, as can be seen in the extensive review of
Ref. [74]. These advances led also to new developments in the field of PE solutions,
e.g. in the simulation of the osmotic pressure of NaPSS solutions [74, 119].

An novel approach is the combination between self-consistent field theoretical
approaches and Monte Carlo simulations called theoretically informed coarse
grain simulations [120]. It was developed in the field of block copolymers and
could easily be extended to PE based copolymers and also thermodynamic cal-
culations [120].

4.2 Molecular Dynamics Simulations

One of the main methods used in computer simulation of explicit atoms, molecular
groups and particles is molecular dynamics (MD) [101, 103, 104, 109]. This
method allows the simulation of the dynamic movement of particles (atoms or
molecular groups), which are usually assumed to be spheres [101, 103, 104]. The
special feature of this method is that the movement of these particles is in real time
and that each particle has a potential well, which can alter the speed of the particles
[101]. This not only allows detailed measurement of self-folding structures, but
also the determination of self-folding times, dynamics and temperatures [103]. In
contrast to MC simulations which use statistical probabilities and a priori
knowledge to determine changes to the system, MD can even be used to simulate
the real quantum mechanical probabilities of a atom [103]. Due to the high
computational demand and the low observable timescales of these processes,
usually molecular groups are merged into a coarse grain model [103, 104].

This part of the book chapter is focused on MD coarse grained simulation results
of thermodynamic and rheological properties of PEs. For a detailed introduction
into MD simulations and coarse graining see references [103, 104, 109, 121]. MD
simulations have been used very successfully in the determination of DNA struc-
tures, for excellent reviews of MD coarse graining simulations of these DNA
structures and their properties see references [109, 121].
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4.2.1 Coupling Constants

The effect of the coupling constant on the PE structure and counterion conden-
sation discussed in Sect. 2 was proven by MD simulations, which showed that an
increased coupling constant influences counterion condensation as well as the
structure of the PE [122-124].

Monovalent counterions: The effect of counterion condensation at various solvent
qualities with different salt concentrations and charge densities have been simu-
lated using PE-MD simulations [125]. By 1995, the structure factor, the coulomb
forces, the end to end distances, the polymer and counterion based chain con-
centration, the osmotic pressure and the persistence length had been simulated by
the group of Kremer, and the values were compared with analytical equations and
experiments [125]. Later studies of this group extended this approach to poor
solvents for strongly charged PEs [126]. The dependence of the degree of poly-
merization and the monomer width on the crossover point from electrostatic to
hydrophobic controlled regime and its effect on the structure factor was deter-
mined in this study [126]. The effects of chain ends on PE chains was simulated by
Limbach et al. [127] with the result that the chain ends are much more charged
than the center of the PE in both strong and weak PEs, as well as in different
solvent qualities and ionic strengths. The results of another MD study showed that
PEs are not homogeneously stretched supports this finding [128]. Investigations of
the effect of counterion concentrations and solvent qualities were able to show the
formation of bundles and blobs within PE brushes in MD simulations [129, 130].
Although hard to synthesize for bulk applications, such PE structures in solution
could enable new and interesting viscoelastic and/or optical properties.

PSS in water at different degrees of sulphonation, which causes a varying
degree of the fraction of charged monomers, showed in atomistic simulations
structures depending on the degree of charge (sulphonation) [119]. The transition
from elongated to collapsed chains was in agreement with the scaling theory as
well as with calculations performed by Kuhn in the 1950s [2, 24, 119]. A coarse
grained simulation of strongly charged PEs (a group which includes PSS) was
done by Chang and Yethiraj for bad solvents without added salt [122]. In this
simulation the solvent parameter was varied from good to bad across a variety of
solution phases ranging from dissolved (good to bad solvent) and necklace-bead
structures, to phase separation in the case of bad solvents, with various structures
depending on the polymer concentration [122]. During these simulations, the
structure factor was also determined, and this showed a polymer concentration
dependent peak [122].

4.2.2 Necklaces, Poor Solvents and Counterions
The formation of necklace like structures due to poor solvents and counterion

condensation was first simulated by the Kremer group and the structure factor was
calculated as a function of the wave vector [131]. In a paper about end effects of
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Fig. 7 Chain conformations of a strong PE for varying conditions. a Simulated for f = 1/3,
showing the influence of the Bjerrum length and solvent quality on the PE structure. b Bjerrum
length versus charge fraction in a poor solvent. Image reprinted with permission from Ref. [135].
Copyright Americal chemical society 2003

strong PEs, the development of necklaces in poor solvents was reported [127]. The
necklaces showed in the middle of the PE a nearly balanced charge, while
necklaces at the end of the PE exhibited an overcompensated charge [127]. No
instability of the necklaces due to counterion condensation in the dilute regime
were reported by other papers, and only minor changes in the form factors have
been found [132—-134]. These small changes in the form factor are a major hin-
drance to experimental observations, since the change of the form factor is related

to changes in the monomer density of Fs o< ;> in case of poor solvents, which

differs from the structure factor of good solvents of Fg (p}w/2 for the dilute and

Fs x q)}VI/S for semidilute phase [133]. In a systematic study of the structural
conditions of strong PEs in a poor solvent, the necklace regime was reported to be
rather small [135]. In this study only small changes in observable parameters like
the form factor could be observed despite large changes in the chain conformation
simulated for a large variety of possible influences parameters which included
Bjerrum length, Manning parameter, string length, number and size of necklaces,
chain length, solvent quality, counterions and their distribution, and polymer
density [135]. The results of these systematic simulations are shown in Fig. 7.
The simulation of the dissolution or breakup of a big PE globule (called
necklace formation) was done in theory and MD simulation by the Dobrynin and
Rubinstein groups [124]. The globule is treated in such a simulation like a
Rayleigh drop with a certain degree of outer and inner charge, and the globule
breaks down into two evenly sized sub PE globules with the PE chain connecting
both globules if the charge surpasses a certain degree [26]. The PE chain bridges
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these two globules, which can be split into even smaller globules if the charge is
raised further. A convenient summary of the research on PE necklaces in theory
and simulation can be found in Ref. [26].

A simple way to form necklaces in good solvents with the introduction of
counterions was presented by Jeon and Dobrynin [136]. Such a counterion induced
necklace formation was found to be possible by Jeon if the fraction of charged
monomers in the simulation was reduced to 0.3 in good, theta and poor solvents
[136]. The results of this method are summarized in Fig. 8, which is significantly
different from Fig. 7a due to a different necklace forming mechanism and use of
different PE.

The theory of the necklace formation for a hydrophobic PE in a poor solvent
was done by Liao et al. [124] accompanied by MD simulations which covered
different charged fractions, degree of polymerization and different solvent quali-
ties. The MD results support the theory which is discussed in detail in the ther-
modynamics section of this chapter. The transition regimes of diblock
Polyampholytes were investigated with MD and scaling theory by Wang and
Rubinstein [137]. They detected three regimes of the electrostatically driven coil to
globule transitions, which are known to depend on the electrostatic interaction
energy [137].

4.2.3 Monovalent Salt Solutions

The effect of salt solutions on the properties of a flexible PE was investigated by
Carillo [138]. It is interesting to note that the results obtained for the persistence
length in the dilute regime [138].



62 J. Frueh et al.

(107)

deviated from the ones obtained by analytical considerations, which is shown in
Eq. (2), but were in agreement with a definition of the Debye length in Ref. [24].
This contradiction can be explained by different theoretical approaches between
the two references. It is worth noting that there are 2 regimes in the semidilute
region, one which lasts approximately from 0 ionic strength to ¢;/cqo = 1 (where
¢y 1s defined as the counterion concentration in a salt free solution) and shows a
linear decrease of the Debye length [138]. This regime deviates from Egs. (2) and
(107) because it is still a counterion controlled regime and the amount of added
salt is still not significant. The second regime shows a decrease of the persistence
length according to Eq. (107) [138]. The chain size in the dilute regime correlates
with the ionic strength by R o ¢;'/> [138] which is in good agreement with the
correlation stated in Ref. [24].

R~ bNY3(c,b®) " S (Nb/L) (1 + 2¢,(N(1 = f)) [c,) ' (108)

The scaling of the decrease of the chain size with increasing polymer con-
centration correlates with R cgl/ *. which is in agreement with current scaling

laws, which predicted a similar exponent [24, 138]:

RzL(C—P)il/A‘ (109)

C*

A weaker correlation of R o cS_l/ 8 was found for high salt concentrations,
which might be caused the fact that the chains were already quite contracted due to
the high ionic strength [138]. The correlation length to salt concentration deter-

mined was { o< ¢g /%, which is in line with Eq. (11) and Ref. [24].

4.2.4 Divalent Counterions

The effects of divalent counterions investigated by Brownian dynamics studies
showed that the same concentration of divalent counterions caused a stronger
chain contraction, a stronger self-diffusion and a stronger scattering peak com-
pared to monovalent counterions [38].

4.2.5 Multivalent Counterions
The bending rigidity and counterion condensation was investigated with a langevin

simulation method with the possibility to insert an arbitrary counterion valency
[123]. A detailed investigation of this study showed that, if the Bjerrum length
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comes in the range of the bond length, the counterions enrich in an imaginary tube
around the polymer and not only coils and rods, but also thyroids can emerge
[123].

4.2.6 Weak Polyelectrolytes

One of the few MD studies of weak PEs eas done by Konieczny et al. [139]. In this
study, the effect of the PE solution without added salt and a charge degree below
20 %, which is below the Manning counterion condensation limit, was assumed
[139]. The PE structure was compared with analytical calculations, and good
quantitative agreement was found [139]. In the case of a charge >20 %, the PE
structure changed from coil to rod and the analytical considerations did not apply
anymore [139].

4.2.7 Enthalpy and Entropy of Polyelectrolyte Complex Formation

The thermodynamic properties of two PE molecules of same charge density in the
dilute regime of a good solvent with added salt were calculated theoretically and
simulated by Langevin [19]. In this study the enthalpy was determined by changes
of the coulomb energy before and after the complex formation, while the entropy
was determined by the counterion release [19]. The system showed, in case of
strong PEs, an entropy controlled complex formation due to a positive enthalpy,
while it showed for weak PEs or strong dielectric solvent an enthalpy controlled
complex formation due to a negative enthalpy [19]. The authors pointed out that
the addition of salt significantly affects the enthalpy of strong PEs and weakly
affects the entropy of the released counterions [19]. The functions used by the
authors are shown in the above thermodynamic section.

Another study in the field of PE complex formation covered PE-polyampholyte
complexes. The resulting structures of this type of complexes were dependent on
the structure of the polyampholyte (dibloc, or polyblock) as well as the ionic
strength and polymer concentration [140]. The simulation was additionally treated
theoretically by a calculation of the free energy based on the Flory theory [140]. In
a subsequent study, the same authors discussed the effect of a poor solvent and
different ionic strengths on different types of polyampholytes (di-or polyblock)
[141]. It was shown that the PE can either form a globule with the polyampholyte
or the PE can wrap the polyampholyte, depending on the polyampholyte com-
position and the ionic strength, resulting in different structure factors [141].
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4.2.8 Adsorption of Polyelectrolyte Chains and Formation of Thin
Films

The adsorption mechanisms of PEs have been more extensively studied than pure
PE complex formation. This, on first glance, contradictory way of studying PE
complex formation is result of the large success of layer-by-layer thin films and
their large potential in science and applications [6]. Since this topic is only partly
related to this book chapter, it is only briefly summarized here.

The adsorption of PE chains on negatively charged surfaces using the example
of cellulose surfaces was simulated and compared with AFM images in the PhD
thesis of Biermann [13]. The group of Dobrynin investigated the wrapping of
dispersed nanoparticles by PEs [142]. The buildup of PEM thin films was inves-
tigated by the same group by taking electrostatic, short range interaction, poly-
merization degree, charged fraction and diffusion into account [143, 144]. In this
way it was possible to show that there is a transition from linear to exponential
growth of these thin films [143, 144]. The PE adsorption process was investigated
in more detail in subsequent publications by the same group by taking the solvent
quality, surface charge and surface overcharging into account [145]. In later
publications, the adsorption of PE films on nanoporous substrates as well as dif-
ferent salt solutions were also taken into account [138, 146]. The swelling effect of
crosslinked PE thin films was investigated by other groups by calculating the
osmotic pressure within the PE crosslink complex, which is partly influenced by
trapped counterions [147-149].

4.3 Viscosity of Polyelectrolyte Solutions

It has not yet been possible to directly determine the viscosity values of PE
solutions by MD simulations. This is because of the difference in time and length
scales between the molecular properties and the macroscopically observed regime
[74]. Tt is, however, possible to determine and simulate microscopic effects that
have a large influence on the viscosity or to simulate an environment that is
constrained so that a viscosity can be determined or extended to the solution
regime, although only within a very narrow concentration regime. Such work was
done by Carrillo et al. [112] by simulating the shear viscosity of charged bottle
brushes for different pressures and grafting densities. The PE brushes exhibited a
lower shear viscosity as well as different behavior compared to neutral polymers,
which is in agreement with experimental findings and current theory [112] (see
also Fig. 9).

The degree of shear thinning was found to depend on the degree of backbone
deformation, which is much higher in case of neutral polymers [112]. Another way
to deal with this problem, and to avoid the introduction of additional surfaces, is to
determine molecular effects that have a strong influence on the PE viscosity like
the Rouse dynamic relaxation times [150]. This specific parameter was studied by
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Fig. 9 Molecular dynamics simulation of charged bottle brushes versus neutral polymers, shear
viscosity versus shear rate of a PE brush and b neutral brush, image reprinted with permission
from Ref. [112]. Copyright American Chemical Society 2011

the Dobrynin group with a MD bead spring model, which follows the Rouse model
by taking counterions as well as different charge degrees into account [150]. In the
dilute solution regime, the relaxation time increased exponentially with the chain
length 1z ~ N*, which was found to be higher than the value obtained from the
scaling regime (Eqgs. 65, 66), but it was in line with values from entangled regimes
(Eq. 82) [150]. The result for the semidilute region, 1, ~ N?, was in agreement
with Eq. 66 [150]. The relaxation time decreased with increasing polymer con-
centration due to chain contraction, which depended in the dilute region non

monotinically, and in the semidilute region with the exponent tgg ~ c;l/ *, on the
PE concentration [150]. Such a concentration dependence is in agreement with
the scaling theory as can be seen in Eq. (77) [150]. At high polymer concentrations
the authors reported an increasing relaxation time, which was explained with an
increase of the monomer friction coefficient [150]. It is interesting to note that the
authors also determined the self-diffusion coefficient, which also affects the vis-
cosity and depended on the concentration but not on the chain length [150]. The
self-diffusion coefficient was also determined by other groups with Brownian MD
for short chain PEs in dilute salt free solution, taking long-range hydrodynamic
and coulomb interactions into account [151]. The whole chain diffusion was found
to be related differently to the coulomb interaction than the short time Kirkwood
diffusion which is related inversely to the chain size [151]. This relation to the
coulomb interaction proved the importance of taking the hydrodynamic interaction
into account [151].

The effect of shear thinning and molecular orientation of uncharged short chain
polymers was simulated by Pierleoni et al. [111] in 1995. This simulation showed
that the shear thinning is able to destroy blobs (although, due to the short chain
length, only 1 blob was present) [111]. According to this report, the amount of
blobs per chain, Np, the blob size and the relaxation time in a polymer solution
under shear are inversely dependent on the shear rate [111]:
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Np = Nfg'™> (110)
T ~n? ~ 7! (111)

Here v/ <v with v being the Flory exponent. i being a large reduced shear rate
(Bgr > 1), and 7 being the shear rate. Also the birefringences and structure factor
were estimated. These results are also able to explain the shear thinning effects in
PE solutions [27, 152], which can (up to now) not be explained by the scaling
theory or by Rouse dynamics [27, 152].

An interesting Monte Carlo simulation with embedded dissipative particle
dynamics showed that the PE radius of gyration can shrink and swell depending on
the concentration of salt added and the solvent quality [114].

PE gels were also investigated by MD dynamics studies. One extensive study of
this interesting subject was performed by Pablo [153]. In this study, a crosslinked
PE network was assumed and its interaction with mono-, di- and tri-valent
counterions were investigated [153]. The osmotic pressure, structure factor, the
elastic entropy (which was found to behave nearly classically) and Bjerrum length
were calculated [153]. The discontinuous phase transition of PE gels was
explained by the authors with the interplay of the elastic energy of the PE chains
and the entropy of the counterions [153]. The structure of the PE gel was found to
consist of nearly fully extended chains in the swollen state, and chains in a Gauss
like state in the collapsed state [153]. In this collapsed state, the internal osmotic
pressure of the PE gel was found to be higher than in the extended state [153].

5 Experimental Characterization

The structure of the PE, as mentioned in the computer simulation or theoretical
section, has seldom been directly observed. Such a direct observation is, in prin-
ciple, possible by high resolution TEM, or in case of dried solutions, by AFM as
some recent AFM studies demonstrated for non charged polymer brushes in dif-
ferent solutions with different Flory-Huggins solubility parameters [154]. To ensure
a measurement in non disturbed conditions, in most cases some indirect mea-
surements, like small angle neutron scattering, X-ray scattering, light scattering,
simulations, viscosimetry, or, if one employs proper dyes, also spectroscopic
methods, can be employed for observing the features discussed above. This section
discusses the different methods for each type of investigation and their relation to
the parameters determined. The PE experimental methods of this section are
divided into: viscosimetry, scattering techniques and spectroscopic approaches.
Electrical measurements are omitted from this section.
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5.1 Viscosimetry and Rheology

The effects of a different viscosity behavior of PE solutions compared to apolar
polymer solutions was first reported in a book edited by Staudinger, as well as in a
publication of Heidelberger in the 1930s [155, 156]. In the following decade, the
scaling of the viscosity as a function of the concentration was determined for PE
solutions by Fuoss, where the scaling for apolar polymer solutions was determined
by Staudinger [17, 157, 158]. The methods and calculations for high precision
viscosity measurements as well as for the relaxation times are described in detail in
the publications of Adam and Delsanti [87, 88]. Another high precision visco-
simeter designed for measuring highly diluted PE solutions was developed by
Cohen [159].

At this point it is worth mentioning that the absolute viscosity of PE solutions
up to the entanglement concentration is much higher than the one of uncharged
polymer solutions [27]. Only the increase of the viscosity upon increasing con-
centration is lower compared to apolar polymers. This effect is not mentioned in
most publications since most publications just compare PE with each other or even
use different units [27]. The first contribution known to the authors actually
comparing PEs with apolar polymers using the same units was Colby in 2009 [27].
Another problem when dealing with data interpretation is the mixing of the
entanglement and the overlap concentration which was, in some old papers,
referred to as being the same [27].

Polyvinylpyridonium (PVP) and polyvinylbutyl-pyridonium in water, ethanol
and mixtures of these two solvents at different pH and degrees of ionization were
used by Fuoss to validate the consistency of his approach [158]. PmAA (poly-
methacrylic acid) at different ionization degrees was investigated by Kuhn, and it
was found that the viscosity increased with increasing ionization [2]. The effect of
adding salt to strong PEs causes a similar effect to decreasing the degree of
ionization of weak PEs [159, 160]. The viscosity of cellulose sulphate (strong PE)
can be switched from exponentially decreasing, to linear, to exponentially
increasing viscosity upon increasing PE concentration, depending on the ionic
strength of the solution [160]. This effect can be explained with different degrees
of interaction and charge shielding effects of the PE with its surrounding ions and
other PEs [160].

PE solutions without addition of salt can also form regular structures that can be
detected by viscosity measurements [159]. By plotting the reduced viscosity versus
the logarithmic concentration, Cohen was able to detect the strong dependence of
the PE viscosity on the concentration, with a maximum of the specific viscosity
at ~10-5 mol/L [159]. The height and position of the peak maximum depended
on the molecular weight, where an increasing molecular weight shifted the max-
imum of the peak to higher concentrations, and the peak became more pronounced
(see scattering and theory sections for more information about PE structures)
[159].
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The counterion association with the PE also influences the degree of charge,
meaning that a stronger association causes a lower ionic PE-PE interaction and
therefore lower viscosity [161]. The minimum in the reduced viscosity for a salt
free solution of 0.45 N PSS solutions can be explained by the dissociation and
mobility of the counterions [161]. Another study of PSS was done by Zebrowski
and Fuller, who investigated the relaxation times of this PE. In their paper, a
decreasing relaxation time for an increasing PE or salt concentration was reported
[162]. In addition, an increasing deviation of the Zimm like behavior at a
decreasing PE concentration and PE charge (which can be decreased by increasing
the ionic strength) was found [162]. Such a deviation of the Zimm like behavior
can be explained by the effect of ionic charges on the PE, which is not included in
the original Zimm model [163]. This work was extended by Boris and Colby who
increased the concentration range of the PE solutions investigated, and detected
that the onset of shear thinning and viscosity is inversely proportional with the
relaxation time [164, 165]. In addition, they also found that the fact that the Fuoss
law only applies at higher shear rates [164]. A maximum in the relaxation time was
found to be at 2 x 10~* mol/L, and the relaxation time increased again after
reaching the entanglement concentration [164]. Such a behavior was not forecast
by scaling theory, but was also detected for different PEs and has, to the authors
knowledge, so far only been explained in a narrow concentration range [27, 164].
The same effect is true for the modulus [27, 164]. PSS solutions were investigated
in salt free solutions by Chen and Archer and unexpected relaxation times, which
were caused by PSS aggregates and coupled polyion diffusions, were detected
[166]. The inverse dependence of the relaxation time on PE molecular weight for
low concentrations could not be explained by their data or by aggregation [166].

Charge density effects on PE solution rheology and solvent properties were
investigated by Dou and Colby by measuring the rheological properties of PVP
solutions in a good solvent at different PE concentrations [167]. They found the
dependence of the chain overlap concentration on the charge density of the PE,
which was also in agreement with the theoretical model of Dobrynin [26, 167].
Other measured parameters like the modulus or the relaxation time dependence on
the concentration and charge density were in line with the scaling and the observed
trends were reproduced theoretically [167].

The onset point of the shear thinning effect of PE solution depends on the
inverse of the relaxation time of the PE chain [152]. It is interesting to note that the
shear thinning effects in the study of Krause were found only for high molecular
weight samples, and therefore no exact relaxation time could be determined [152].
Generally, the trend of shear thinning can be explained by an extension of the PE
chain by shear force, and the viscosity is proportional to the size of the chain cross
section that is exposed to the flow, as defined by the Pincus blob size, &~ “,')’1/ 2
and therefore 1 ~ 9!/ [165]. This behavior was explained with a modified Rouse
model and Cox-Merz empiricism [165]. In steady state shear and oscillatory shear
the relaxation time modes that are longer than ~! do not contribute to the steady
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state or dynamic viscosity, and therefore lead to a decrease in the detected vis-
cosity [165].

Amphiphilic and hydrophobically modified PEs were investigated by Di-Cola
with various techniques [168]. The increase in viscosity upon increasing con-
centration was determined to be 1~ c¢%, where a was 0.5 in case of semidilute
unentangled and 1.5 in the entangled regime [168]. When the concentration
reached the values at which the intramolecular globules overlapped, the specific
viscosity increased by the factor a = 4 [168].

Studies of non organic PEs are quite scarce. Some of these studies of inorganic
PEs were done by Strauss in the 1950s on polyphosphates with a molecular weight
ranging from 7,000 to 19,000 [169, 170]. The short branch points of freshly
prepared polyphosphates are not stable and needed some time to decay, and
therefore the experiments were performed after a conditioning time [169]. The PE
viscosity was found to increase nearly linearly with increasing molecular weight
[169]. In a subsequent publication it was shown that inorganic PEs also follow the
Fuoss equation [170].

At the end of this section on viscosity, a general problem for the measurement
of PE solutions without added ionic strength is mentioned. As pointed out by
Colby [27], the overlap concentration of PEs is quite small and there are salt
residues at the air- water-interface due to the evaporation of water [159, 164].
Therefore deriving values or the interpretation of data can produce errors if the
experiment and equipment is not designed carefully. The viscosity properties of
PE complexes are discussed in the PE complexation and gel section of this chapter.

5.2 Scattering Approaches (Light, X-ray, Neutron)

It is interesting to note that reports about birefringences caused by PE solutions
under shear flow were published in 1948 [2]. In these reports the influence of the
molecular confinement of the PE in solution, and the degree of ionization of the PE
on birefringence properties had already been taken into account [2]. The absolute
value of the birefringences depends not only on the geometry but also on the
polarizability and anisotropy of the polymer [2]. This theory was proved in 1988
by experiments with PSS in 95 % glycerol at different NaCl concentrations by
Fuller and Zebrowski [162]. An increasing ionic strength led to decreasing bire-
fringences in the equilibrium state of the PE solution, and is known to decrease the
PE linear structure due to a shielding of the charges [162]. The birefringences were
found to increase upon increasing shear modulus [162]. Such behaviour was
explained by the authors by a decoiling of the PE chains due to shear force, which
is in agreement with MD simulations [111, 162]. An overshoot in the birefrin-
gences, observed for low ionic strength, was explained as an effect that emerges
when the relaxation time is larger than the reciprocal shear time [162]. Therefore
the chains are unable to change their orientation fast enough to the proper position
and overshoot in their alignment [162]. This effect was observed to reach its
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maximum at 0.002 M NaCl [162]. Light scattering experiments were utilized for a
determination of whether PE agglomerates were present or not [162].
Such agglomerates were found in salt free solutions of PSS at concentra-
tions <10 mg/mL [162].

It is interesting to note that not only differences in refractive indexes, but also
relaxation times, can be determined by the birefringence method [166]. The laser
birefringence detection method is presented in Ref. [166]. Details of the necessary
calculations and a comparison of the results obtained compared with rheological
methods are also shown are shown in Ref. [166].

Numerous SANS (small angle neutron scattering) experiments with various
parameters were used by De Gennes to establish his scaling theory [171, 172]. In
these experiments, a peak was found which becomes broader and moves to higher q
values (smaller structural sizes) with increasing PE concentration and, in case of
increasing salt concentration, a loss of structure [171, 172]. In some cases a com-
pletely deuterated PE was used to gain a better contrast of the PE in aqueous solvents
[172]. For example, the results of De Gennes and his group’s X-ray and neutron
scattering were also used by Pfeuty to verify theoretical approaches [53, 89]. The
finding that that the scattering peak decreases upon increasing ionic strength was
also confirmed by the SANS and SAXS experiments of Essafi et al. [173] and Bordi
et al. [174]. The decrease of structure was attributed to an increase of polymer
density fluctuations [173]. In scattering experiments with poly(acrylamide-co-
sodium-2 acrylamido-2-methylproanole sulphate) at different ionic strengths, the
scattering peak at @ ~ 0.1 was determined to be correlated with the charged fraction
[173]. The interdiffusion between PEs in PE complex based layers (PEM) was
investigated by Loesche et al., using neutron reflectometry and deuterated layers of
PSS [175]. A PE interdiffusion of up to 3 bilayers (~ 1.5 to several nanometers
depending on the preparation conditions and type of PE) was reported [175].

Hydrophobic modified PE showed, in the scattering experiments of DiCola, a
better resolution for the q range and a wider angular range in X-ray than in neutron
scattering [168]. The correlation length scaled with ¢~ where a was 0.5 in the
unentangled, and 1.5 in the entangled regime [168]. In the case when hydrophobic
micelles overlap, a was determined to be <0.3 [168].

Light scattering experiments were done by Strauss and Smith on inorganic PEs
[169]. A linear increase of scattering intensity upon increasing PE concentration
was determined, and the total intensity decreased with increasing ionic strength
[169]. The most surprising findings were that the scattering factor, B, and the
viscosity were in a linear relationship, and that the charge degree of the poly-
phosphate was so low that the Donnan term was irrelevant [169]. Light scattering
experiments to investigate the effect of the PE structure on the diffusion coefficient
were done by Drifford [176]. In this publication, an increasing concentration of
PSS was reported to cause a decreasing PE structure, which is in agreement with
SANS measurements [168, 176]. For the maximum PE concentration investigated,
Drifford determined a minimum diffusion coefficient, though it has to be pointed
out that the maximum concentration was overall quite low [176].
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Ellypsometric measurements of PE mulitlayers (PEM) comprising PSS and
PDDA formed in the presence of salt, showed that PEM exposed to mechanical
stress can undergo humidity dependent swelling instead of compression [48]. Such
effects were strongly dependent on the preparation of the PE complex, since the
composition of the PE complex (polycation to polyanion and counterion ratios)
depends on the preparation conditions [69]. In the case of no added salt, the PE
film did not show a swelling, but in the case of added salt, it increased in thickness
since the polyanion to polycation ratio is not 1:1 and the glass transition point
could be surpassed due to the introduction of mechanical energy [39, 69, 71].

5.3 Spectroscopic Approaches

Another way to determine the PE structure is via the excimer (excited dimer)
formation of pyrene labeled PE. This way it is possible to determine the coiling of a
PE, pH dependent structural change, PE complex formation, interaction with sur-
factants (these also disrupt excimers), changes in the chemical structure of pyrene
labeled PE, and labeling degree of the PE [35]. The details of these methods are
listed in review [35]. Changing the pH of pyrene labeled polyethylenimine (PEI) in
an aqueous solution from pH 10 to 1.5 causes a general increase in fluorescence,
and this is 50 times lower in the excimer than in the monomer [34]. This pyrene
fluorescence based PE system not only utilizes the pyrene excimer formation as a
label for the PE coiling but also the total fluorescence intensity, since the PEI
aminogroups quench the pyrence fluorescence and therefore serve as PE density
indicators [34]. The pyrene coiling index, which describes the degree of intramo-
lecular coiling of a polymer chain was investigated by labeling PAH with pyrene
[177]. Tt is defined as the fluorescence intensity ratio between the excimer to
monomer fluorescence intensities [177]. The coiling index was tested by varying
the charge density of the weak PE, PAH, by varying the solution pH [177]. The
main motivation of using pyrene as a label was to enhance the hydrophobic
properties as well as serving as a label for the PE structure [177]. The PE adsorption
was found to be in a stretched condition, and in the form of a dense layer on the
substrate, in which the PE recoils during the PEM assembly, leading to a coagulated
PE complex [177]. More uniform, flatter and smooth films were achieved by
increasing the ionic strength of the solution [177]. The typical “odd-even” effect
which defines contraction and extension of a PE complex film every second bilayer,
due to an intrinsic charge compensation and overcharging processes was also
observed in this study [69, 177].

Upon mechanical elongation of PEM comprised of pyrene labeled PSS and non
labeled PDDA, the PEs were found to decoil due to the shear forces, which is in
line with other investigations and simulations [39, 111, 165]. During this decoiling
process an increase in local polarity was detected by the same group, which was, in
the case of PEM, assembled without the presence of salt, even higher than the
polarity of water [39]. This finding was explained by the water within the PEM
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having an ice like structure [39]. Such an explanation is in agreement with other
studies that detected an effect of PE on water rotational motions [174]. Upon
drying, the PEM shrinks, and the drying stress itself was found to lead to decoiling
of the PE chains [39]. Absorption spectra of the same type of film proved the local
polarity of PEM produced in presence of salt to be inhomogeneously distributed,
while that of PE complexes produced without added salt is homogeneous [41]. The
inhomogenously distributed local polarity of the PEM is probably induced by a
larger degree of interdiffusion, stronger hydrophobic surface effects due to
shielding of the charges, or due to the preparation mechanism since the PEM film
with added salt is softer [41].

Another spectroscopic method which was applied to PE solutions was dielectric
spectroscopy. The theory, as well as a short review of the work of Ito [178], was
published by Bordi [174]. Frequency ranges from MHz to GHz were used for the
investigations of PE solutions [174]. In this frequency range, waters’ rotational
motion easily keeps up with the dielectric field and the PE is frozen in space,
therefore the conterions can be investigated [174]. In addition to the main results for
this intermediate range, a change in the maximum absorption frequency of the water
(~17 MHz) was found when PEs were added to the water, hinting that the PE
affects the rotational motion of the water molecules [174]. Below 1 MHz, the PE is
relaxed, making it possible to investigate the mode structure of the PE chain [174]. A
simple determination of the PE charge fraction and solvent quality, and with
additional knowledge (e.g. diffusion coefficient), also the correlation length and
polarizability can be determined by this method [174]. The relaxation time of the
counterions decreased by factor 200 when the PE concentration was increased by
factor 10 in a study of Bordi [174]. The fraction of charged monomers was found to
be dependent on the PE type and concentration [174]. Some PEs were found to
increase their fraction of charges upon increasing PE concentration like PSS and
PAMS, while others like PAMS-80r-PA20 do not [174]. The solvent quality was
also found to be affected by the degree of the charged fraction [174].

Dielectric spectra of divinylpyridine (PMVP) from 1 kHz to 2 GHz in water,
ethyleneglycole and mixtures of water and ethyleneglycole were investigated by
the same authors [179]. The influence of the dielectric increment, relaxation time
of the ions as well as the solvent quality were compared with scaling theory,
verifying the predicted exponent [179]. Also, the crossover concentration of the PE
was in agreement with the predicted values when taking the degree of charged
fraction into account [179]. The same authors used this type of measurement to
determine the charged fraction of the same PE in ethyleneglycole [179].

6 Polyelectrolyte Complexes and Gels

This section is not intended to be a complete review of this type of materials as
there are already other excellent reviews in this field. This section is intended to
inform the interested reader of why and how PE complexes are related to
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influences in the viscosity. Further, this section shows the reader interesting
applications of PE complexes and gels, and where to find further information about
this topic.

6.1 Polyelectrolyte Complexes

Aqueous solutions of PE complexes are applied in many fields of science and
technology, ranging from drug delivery to coatings for foods [4, 180]. Since a
large number of PE complex properties have already been mentioned in previous
chapters, this section summarizes work which is closer to applications. In later
parts, this section introduces PE complexes based on their applications to show
examples of applications and uses of the previously mentioned properties of PEs.

A detailed description of the preparation methods of PEI and PAA complexes
was published by Mueller et al. [181] they investigated the influence of the pH, the
molecular weight and the mixing with a model drug [181]. When one of the
complexes is formed, a small primary complex is formed first, then the small
primary complex rapidly agglomerates into a so called secondary PE complex
which consists of hundreds of primary complexes [181]. If such small primary
complexes are weakly charged, then the resulting secondary particles are usually
more strongly charged than the primary complexes [181]. The size of the complex
also scales with the molecular weight of the PE, and so the utilization of higher
molecular weight PEs results in larger complexes [181].

Three dimensional aggregates of PSS-PDDA complexes were found to exhibit a
porous structure with pore sizes on the order of tens of micrometers [182]. Such
pores can be closed upon extraction of water in e.g. PEG, where trapped ions stay
within the PE complex and cause a re-swelling and restoration of the pores upon
reintroduction of water [182]. The PE complex becomes much harder upon drying,
with a kinetic component in the first minutes upon applying mechanical force,
which then decays [182]. Such a kinetic component, which is caused by chains
sliding and decoiling, is in agreement with other studies of PE decoiling in PEM
upon elongation and kinetics in PEM-carbon nanotube networks [39, 182, 183].

PE complexes made out of chitosan and xanthan were found to exhibit pH
dependent complex formation. At pH 1.5, only 21 % of the PE form complexes,
while this increases to 98 % at pH 6.3 [184]. The fibril structures of the complex
exhibited sizes from 50 to 100 nm, with pore sizes ranging from 100 nm to 1 pm,
making the formed gel like structure suitable for drug and enzyme encapsulation
[184]. The enzymes showed a very different behavior—some exhibited an increase
in activity, while others a decreased activity in the encapsulated state [184]. This
behavior is probably caused by a reaction to steric hindrance as well as a change in
the water structure, and dielectric and ionic fields in such a complex network
compared to solution.

An interesting review of chitosan PE complexes was written by Hamman,
therefore this chapter only briefly summarizes the properties of chitosan and
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recommends the review of Hamman for details [5]. Chitosan is a natural, posi-
tively charged PE, which is non toxic, cheap and biodegradable; it even can be
dissolved in the stomach [5]. Chitosan PE complexes are usually made out of
common industrial PE, as well as a large variety of natural PEs, like DNA, xanthan
gum, cellulose and its derivates, dextran sulphate, and polyphosphate [5]. A
variety of enzymes (e.g. lysocyme), as well as small molecules like insulin were
investigated for drug delivery [5, 185]. Other enzymes were investigated for
determining structural changes or enzymatic activities in the complex states [5].
Chitin complexes with xanthan gum were even used to form gels, which exhibited
the rheological storage modulus of solids [5].

The stability of PE complexes in solution was investigated surprisingly late
[186], given that coacervation was first reported in the 1920s [55] and then again in
the 1950s [62], and PE structures have been investigated in detail since the 1930s
[155, 156]. In recent publications, PEI-Plasmid DNA complexes were freeze-dried
at different freezing speeds, freezing with temperature hold steps and at different
sucrose concentrations [186]. The temperature hold step was shown to negatively
affect the PE complex stability (determined by an increased swelling size after
thawing) by mechanically damaging the PE complex due to the formation of ice
crystals [186]. Repeating the freezing progress was found to damage the PE
complex further [186]. It was further reported by the same authors that agglom-
eration and complex formation depends on the system’s viscosity, and the reaction
rate has a critical temperature at —18 °C (freezing of ice was decreased due to the
introduction of sucrose as well as controlled ice nucleation) [186]. The reaction
rate was found to correlate inversely with the system’s viscosity, whereby the
reaction rate first increases with time, but decreases rapidly, as soon as the vis-
cosity increases [186].

An interesting study about the influence of various PE effects in particles of
poly-L-lysine and chitosane on competing polyanions like DNA and xanthan
showed no relative preference of polyanions due to the strong influence of elec-
trostatic forces [187]. The release of ethidium bromide as a marker for ion exchange
processes was observed to be quite fast ~1 min [187]. Further experiments
showed that PE can be destabilized depending on the type of employed PE, showing
that the complex stability can be PE specific [187]. A study about the speed of PE
complex formation of chitosan/DNA complexes showed 3 effective times [188].
First, the diffusion limited part, which is around 5 ms; then the exponential growth
part, which is from 5 to 1,000 ms; and then, after 1 s, the gaussian chain parts
reorganize [188]. This study was investigated by employing spectroscopic tech-
niques of fluorescence energy transfer to quantum dots [188].

The coating of food like apples and peaches was investigated by using pectin
based complexes, where the PE coating was optimized for permeability of gases
like oxygen, carbon dioxide, water vapor (which was minimized), antimicrobial
properties, controlled release and their digestive properties [180]. The favored
PEM complex was a pectin, alginate calcium matrix [180].

Other possibilities to use PE complexes are to utilize them as viscosity enhancement
agents [11]. Carboxymethyl-cellulosis and polyaryl-amide-co-dimethylammonium
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chloride in various mass ratios, at different temperatures and shear rates were inves-
tigated by Zhang et al. [11] to determine the viscosity enhancement rates of the PE
complexes. The viscosity enhancement factors obtained (a factor calculated from
differences between theoretical and real viscosity) of up to 20 enable a variety of
applications for this type of PE complex like agents in the mineral or oil industry, food
processing, pharmaceuticals as well as in the cosmetics or textile industry [11].

Other applications of PE complexes are gene delivery systems, by using PE
complexes of positively charged PE and negatively charged DNA [4]. One such
system comprises of DNA and PEI (polyethyleneimine) complexes, which were
additionally coated with alginate to prevent agglomeration of red blood cells to the
complex [4]. Such a system with a complex size of 280-360 nm was shown to
exhibit low toxicity (up to 50 volume% of such complexes showed no damage to
cells in vivo and in vitro). The viscosity of the complex solution could be decreased
by decreasing the molecular weight of the PE complexes, as the gene delivery of
low viscosity complexes was found to be the highest [4]. The swelling and rheo-
logical properties of chitosan and xanthan gum were investigated by Magnin et al.
[189]. The coacervation time, molecular weight, pH and acetylation degree were
investigated [189]. An increase in coacarvation time resulted in a higher density of
the network and therefore a decreased swelling of the PE complex, as an increasing
pH led to increased swelling (except for pH 1, which might be strong enough to
cleave the chains) [189]. It is interesting to note that the storage modulus of PE
complexes that gelate increased up to 10* s, and gels immediately harden out [189].
A mechanical mixing of the complexes or gels induced a structural change of the
complex [189]. The swelling degree of the complex gel obtained was found to be
between 600 and 20,000 % while exhibiting a porous structure, which is favorable
for drug delivery [189].

6.2 Polyelectrolyte Gels

PE gels are used in many applications starting from basic food products (gelatin,
agar, pudding) and water treatment to oil production agents for fracking [14]. Like
Sect. 6.1, this section is not intended to give a full review since other recent
reviews summarize this field already [96]. This section is merely intended to
introduce effects between PE complexes, as well as PE with multivalent ions and
show applications.

The PE behavior in the presence of multivalent counterions was studied by
Ermoshkin [83, 190]. Multivalent ions can act as bridging agents between PEs,
where strong short-range attractions can facilitate gelation [83]. Such a gelation
can be hindered by long range electrostatic correlations from e.g. non crosslinked
monomers or ions [83]. Strong diluted PE solutions preferably segregate, while
semidilute PE solutions are able to gelate when the distance between charged
monomers is higher than the ion size [83].
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For non geochemists, a very surprising application is the use of PE complex
gels for subterrain gel formations to facilitate hydrocarbon extraction [14]. For
such applications, PE complex nanoparticles made out of chaitosan and dextran
sulphate with zinc as the crosslinking agent were used [14]. Such complexes
showed depending on their concentration and size, an increase in viscosity due to
gel formation after 9-12 days [14]. The gel formation could be facilitated up to
60 °C, which allows a large variety of drilling holes, since the temperature in the
boreholes spans from 10 to 180 degrees [14]. The same material with additional
alginate and PEG (polyethyleneglycole) was used for oral delivery of Insulin in
form of acid proof nanogel capsules, where a replacement of the alginate by
albumin showed a preferable decrease of the viscosity [185].

A interesting review paper about the fundamental aspects of PE gels, sum-
marizing most of the important achievements in this section was published by
Kwon et al. [96]. A short summary is presented here, and the review paper is cited
for the readers’ convenience. PE gels can achieve a water uptake of up to
2000x their own weight [96]. Due to the high rate of water uptake, they are not
only useful as water absorbers, but also as soft and wet cell scaffolds [96]. They
also exhibit unique electrical properties, like shape and movement changes upon
application of electrical current. This is similar to muscle cells, and they are
therefore also called artificial muscles [96]. PE gels can additionally bind their
counterions in a so-called potential valley which traps them as the binding energy
is larger than the thermal energy [96]. In this context it is not surprising that the
water molecules in such potential valleys are hindered in their movement as well
[96]. The total number of counterions also increases with the crosslink density,
affecting the PE gel’s conductivity [96]. The PE units in the gel show a decreasing
relaxation time upon increasing concentration, which is comparable to those in
solution [96]. Surfactants can not only stick with their apolar group, but also with
their ionic group to PE, and even induce a collapse of the gel. Such a collapse can
be hindered by adding salt and shielding the electrostatically driven process [96].

7 Conclusion and Outlook

PEs, which were in the past also considered colloids [191], have been investigated
for a long time [191], partially under a different name, and sometimes patented
rather than published for the general science community. Nanoencapsulations of
PE gels were first patented in 1957 in the US, but for different purposes, and have
caught attention again just recently as drug delivery agents [96, 191]. The appli-
cation of PE complexes in medical applications, which is currently considered a
hot topic, has been investigated since the 1920s in basic science.

Currently PEs play a very important role in many fields of application, where
their thermodynamic and rheological properties are most important. Applications
which need fine tuned thermodynamic properties include: drug delivery agents,
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cosmetics, lubricants, subterrain gelation agent or food itself. The measurement of
these thermodynamic properties imposes no problems with current methods.

Recent scaling theories based on the Rouse and Zimm model are able to explain
most effects in PEs like the correlation length, viscous effects, counterion con-
densation and changes in chain length. However, there are still many unexplained
effects, like the inability of the scaling theory to correctly explain the modulus and
in some cases the relaxation time. Despite interesting MD and MC simulations in
this field there is a fundamental mismatch between the length and time scales
between macroscopic and microscopic effects of PEs, rendering these methods
incapable of explaining macroscopic effects like viscosity (with a few exceptions
for very constrained areas and surfaces). To solve such questions, sufficient field
based theories are currently being developed.

Although omitted in this chapter, the PE conductivity and osmotic pressure play
an important role for daily applications of PE, like the design of ion exchangers
where the degree of crosslinking in PE gels is important to resist the high osmotic
pressure [191]. Another promising application in regard to PE conductivity is PE
gels and PE complex gels which react to electrical stimuli and might serve as
artificial muscles.
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