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ABSTRACT

Polyelectrolytes are macromolecules with ionizable groups. In this perspective, I will present a brief history of
polyelectrolytes starting from the seminal papers published in the first half of the 20th century followed by the
current developments in the field and by the list of the standing problems. Particular emphasis will be on how
static and dynamic properties of polyelectrolyte solutions depend on the fraction of dissociated ionic groups,
solvent quality for the polymer backbone, and salt and polymer concentrations.

1. Introduction: a historical note

Charged polymers are macromolecules with ionic groups that could
dissociate releasing counterions in a solution and leaving charged
(ionized) groups on a polymer [1-12]. Polymers with either positive or
negative charges are called polyelectrolytes. Commonly used poly-
electrolytes are polyacids (poly(acrylic acid) and poly(methacrylic
acid)), polysalts (poly(styrene sulfonate)), cellulose derivatives, and
DNA (see Fig. 1). However, if after dissociation a polymer has both
positively and negatively charged ionized groups such polymers are
called polyampholytes [13,14]. The well-known examples of poly-
ampholytes are proteins in their native state (bovine serum albumin),
denatured/unstructured proteins (gelatin), and synthetic copolymers
with both acidic and basic groups. In the case of large charge asymmetry
(excess of charges of one type) properties of polyampholytes are similar
to those of polyelectrolytes.

Unique features of charged polymers were recognized long ago.
Natural charged polymers like gum arabic (mixture of polysaccharides
and glycoproteins) were used over the centuries as glues, binders,
thickeners, additives to ceramic glaze and as stabilizing agents in inks,
photography, and lithographic processes. For example, in India ink
finely ground soot suspended in water is stabilized by the gum arabic.
The natural protein gelatin is widely used in the photographic industry
for stabilization of the silver halide crystals [15,16].

At the beginning of the 20th century the studies of charged polymers
were focused on protein solutions [17,18]. It was established that the
properties of such solutions are governed by the balance of the basic and
acidic groups, with solution viscosity observed to increase when acid or
base is added to a solution of isoelectric proteins (proteins with balanced
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positively and negatively charged groups). Staudinger believed that a
study of simpler high molecular weight synthetic polymers (“model”
polymers) such as poly(acrylic acid) could help with uncovering the
origin of solution properties of amphoteric natural polymers [19].
Trommsdorff [19] found that the reduced specific viscosity 7g,/c in so-
lutions of ionized poly(acrylic acid) shows nonmonotonic dependence
on polymer concentration. It first decreased with increasing polymer
concentration then passing through the minimum began to increase
again (see Fig. 2 below). At constant polymer concentrations, addition of
sodium chloride salt resulted in a decrease of the solution viscosity. This
was probably the first clear experimental evidence of the effect of in-
teractions on macromolecular conformations. Discussing these results in
“Polymers. The origins and growth of science” [20] Morawetz pointed
out: “It is remarkable that these dramatic changes of viscosity at constant
polymer concentration did not shake Staudinger’s conviction that the polymer
chain molecules are unable to change their shape, that they behave as rigid
rods.”

Phase separation in solutions of oppositely charged polyions was
reported by Bungenberg de Jong and Kruyt in 1930 [21]. This phe-
nomenon was called complex coacervation due to solution clouding and
formation of the dense precipitate. The dense phase was shown to
dissolve as stoichiometry of the complexes was changed or salt was
added to the mixture.

In the series of papers on solutions of poly(acrylic acid) [22-24],
Kern showed that the properties of polyelectrolyte solutions are quali-
tatively different from their low molecular weight counterparts. One
striking observation was that for some polymer concentrations the
titration curves and the electrical conductance of polyacid solutions
were independent of the chain degree of polymerization. Kern’s
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A.V. Dobrynin

Fig. 1. Examples of polyelectrolytes poly(styrene sulfonate) (a), poly(meth-
acrylic acid) (b), and DNA (c). In panels a and b the following color scheme is
used: carbon - grey, hydrogen - light grey, oxygen — red, sulfur — dark yellow
and sodium - light yellow. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. Viscosity of polyelectrolyte solutions. Dependence of the reduced
viscosity of polyelectrolyte solutions on polymer concentration in aqueous so-
lutions of poly(acrylic acid) for different chain degrees of polymerizations: 200
(filled triangles), 350 (filled circle), 800 (open squares), 900 (open triangles),
and 1000 (open circles). Inset shows dependence of the specific viscosity 7, on
the ratio of polymer concentration to overlap concentration c¢* determined from
intercept with 5, = 1.0. Data from Kern, W. Z. Phys. Chem. A 1938, 181, 283.

explanation for this was that “the high molecular acid ions form a wide
mesh network which influences the macroviscosity but does not hinder the
motion of hydrogen ions” (see Fig. 2). This is exactly how we now describe
structure of semidilute solutions of charged and neutral polymers [5,
25-27]. (In the inset of Fig. 2, viscosity data are replotted in terms of the
normalized concentration to illustrate universality in semidilute solu-
tion regime as discussed in section 2.3 below.) Furthermore, the osmotic
measurements pointed out that a solution of acidic polymers behaves as
an “osmotic buffer”.

Following on Kern’'s work, a decade later Fuoss [28,29] studied
rheology of charged polymers (quaternized poly(vinyl pyridine)) and
named them “polyelectrolytes” to reflect their polymeric nature and to
separate them from ordinary electrolyte solutions. In particular, he has
established that the solution viscosity of polyelectrolyte solutions in-
creases with polymer concentration as 1, ~ c!/2, This concentration
dependence of the solution viscosity is qualitatively different from that
in solutions of ordinary salts.

The first theoretical description of polyelectrolytes was attempted by
Kuhn, Kunze and Katchalsky in 1948 [30]. They studied the effect of
evenly spaced charged groups on the expansion of flexible chains by
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accounting for change in the statistical weight of the end-to-end distri-
bution function due to electrostatic interactions between ionized
charged groups. Inclusion of electrostatic interactions resulted in a
strong increase of the chain dimensions with increasing the charge
density on the polymer backbone. This direct correlation between the
chain size and its ionization explained a dramatic change in the solution
viscosity with variation of the solution pH in solutions of poly(carbox-
ylic) acid [31,32]. Note that, this tendency of chain expansion with
increasing degree of ionization was later used by Katchalsky et al. [33]
to demonstrate direct conversion of chemical energy into mechanical in
polyelectrolyte gels, made by crosslinking polymer chains, as they were
exposed to alkaline or acidic solutions (see Fig. 3).

In the late 1940s and through 1950s the studies of polyelectrolyte
solutions were focused on the effect of charged group ionization on
solution properties. Arnold [34] has shown that the pK of poly(acrylic
acid) increases monotonically with increasing ionization in agreement
with expectation of pure electrostatic effects. However, the titration
curve of poly(methacrylic acid) has a transition at a critical charge
density. This transition is manifested in an abrupt change in solution
viscosity with solution pH as was reported by Katchalsky and Eisenberg
(see Fig. 4) [35]. Similar transition-like behavior was also observed by
Ferry et al. [36] in copolymers of maleic acid with vinyl methyl ether
and styrene. The main reason behind this unusual behavior of poly
(methacrylic acid) was believed to be hydrophobicity of the methyl
groups. This was further corroborated by similar trend observed by
Strauss et al. [37] in solutions of polysoap macromolecules of poly(vinyl
pyridine) quaternized with alkyl halide chains.

In 1951, a significant breakthrough in the theoretical understanding
of the effect of counterions on properties of salt-free polyelectrolyte
solutions was achieved by Alfrey, Morawetz and Berg [38] and by Fuoss,
Lifson and Katchalsky [39]. By solving the nonlinear Poisson-Boltzmann
equation describing counterion distribution around rod-like cylindrical
polyions, they have shown that in the case of strongly charged polyions,
a significant fraction of counterions will remain close to them, reducing
counterion contribution to the solution osmotic pressure. It is worth
pointing out that excess of counterions close to the polyion has served as
a foundation for development of the theory of counterion condensation.
This theory states that the counterions will effectively “condense” on the
polyion when its linear charge density exceeds the critical value. This
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Fig. 3. Swelling of polyelectrolyte gels. Equilibrium swelling of poly(meth-
acrylic) acid crosslinked with divinylbenzene in water as a function of the de-
gree of ionization for different degrees of polymerization between crosslinks:
750 (open squares), 370 (filled circles), and 190 (open circles). Data from Kuhn,
W., Hargitay, B., Katchalsky, A., Eisenberg, H. Nature 1950, 165, 514.
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Fig. 4. Viscosity of aqueous solutions of poly(methacrylic acid). Depen-
dence of the reduced viscosity, nr = 515/c, of poly(methacrylic acid) on solution
pH for different polymer concentrations: 0.11 mg/mL (filled squares), 0.22 mg/
mL (open circles), 0.43 mg/mL (filled triangles), 0.86 mg/mL (open squares),
and 1.72 mg/mL (filled circles). Data from Katchalsky, A., Eisenberg, H.
J. Polym. Sci. 1951, 6, 145.

was demonstrated by Imai and Ohnishi [40] as an appearance of the
special type of solution of the nonlinear Poisson-Boltzmann equation,
described by Oosawa [41] in the framework of a simplified “two phase”
model and was applied ten years later by Manning [42] to a case of
rod-like polyion with ionized groups interacting through Debye-Huckel
potential. From historical perspective it is important to mention Man-
ning’s acknowledgement of informal discussion with Onsager who
observed that “the statistical-mechanical phase integral for an infinite
line-charge model diverges for all values of linear charge densities greater
than a critical value” [42]. A nice overview of the earlier development of
the counterion condensation concept can be found in a book by Oosawa
[4] and review by Manning [43].

Alexandrowicz and Katchalsky [44] modified the solution of the
nonlinear Poisson-Boltzmann equation to describe polyelectrolytes at
finite salt concentrations. They assumed that within a distance r, from a
rod-like polyion, where the strength of the electrostatic attraction of a
counterion to a polyion is stronger than the thermal energy kgT (kg is the
Boltzmann constant and T is the absolute temperature), the counterions
or salt ions with similar charge dominate screening of the electrostatic
potential similar to the salt-free case. Outside this zone the electrostatic
potential is screened and one can use the Debye-Huckel approximation
to solve the Poisson-Boltzmann equation. This solution was used to
explain the potentiometric behavior, Donnan equilibrium of salt, and
Donnan osmotic pressure.

The assumption of the rod-like polyion conformation was relaxed by
Hermans and Overbeek [45] in 1948, by accounting for the chain-like
character of a polyion and approximating it by a charged cloud in
which charged groups interacted through the Debye-Huckel potential.
Several years later, Flory [46] and Flory and Osterheld [47] applied the
Donnan equilibrium concept to describe the swelling of a charged coil by
assuming it to be surrounded by an imaginary membrane permeable to
small ions only [48]. This approximation effectively reduces electro-
static interactions between ionized groups to the effective second virial
coefficient which strength is inversely proportional to the salt concen-
tration, cs. Note that rod-like and coil-like approximations for configu-
rations of the polyelectrolyte chains in a solution represent two limiting
cases and do not cover the entire range of available chain conformations.

The first study of synthetic polyampholytes was reported by Alfrey,
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Morawetz, Fitzgerald, and Fuoss [49] in their 1950 article “Synthetic
Electrical Analog of Proteins.” Similar to proteins, these polymers
demonstrate a nonmonotonic dependence of the solution viscosity on
charge asymmetry with the minimum located at an isoelectric point (see
Fig. 5) [50]. Katchalsky and Miller [51] studied the influence of oppo-
sitely charged groups on dissociation, and found that increasing the acid
content of their copolymers caused a larger fraction of the basic
monomers to dissociate at a given pH, and presented a simple theory for
this observation. In particular, addition of salt diminishes this inductive
influence of neighboring groups, through simple screening of electro-
static interactions. Based on these results Katchalsky and coworkers [52,
53] formulated a full theory of dissociation in charged polymers.

During the 1970s and 1980s there were two major developments that
shaped our understanding of physical properties of solutions of charged
polymers. First, a scaling model of polyelectrolyte solutions was devel-
oped by de Gennes, Pincus, Velasco and Brochard [54]. This approach
introduced the concept of an electrostatic blob which separates length
scales with dominant roles of the chain’s conformational entropy and
electrostatic interactions. Application of the scaling approach to the
chains’ dynamics in the semidilute solution regime of overlapping
polyelectrolyte chains has reproduced the classical Fuoss law [28,29] for
solution viscosity, 7 ~ c¢'/? and explained the peak in the scattering
function by suppression of the polymer density fluctuations on the
length scales larger than the solution correlation length. In 1977 Skol-
nick and Fixman [55] and independently Odijk [56] showed that the
electrostatic interactions between ionized groups on worm-like (semi-
flexible) polymers like DNA could stiffen the polymer chain beyond the
Debye screening length, rp. For such polyelectrolytes, the chain’s
effective persistence length is proportional to the square of the screening
length, I, ~ 3. The concept of electrostatic persistent length was
adapted by Khokhlov and Khachaturian [57] to intrinsically flexible
polyelectrolytes in the framework of the scaling approach. This formu-
lation of the electrostatic persistence length for intrinsically flexible
polyelectrolyte chains is the source of debates that continue to this day
(see for review [9,10,58]).

In the last thirty years the number of papers dealing with properties
of charged polymers have exploded as shown by the chart in Fig. 6. This
is a manifestation of the important role that charged polymers play in
colloidal and surface science, biophysics and biochemistry, rheology of
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Fig. 5. Viscosity of dilute polyampholyte solutions. Dependence of the
specific viscosity on added acid or base in dilute (1 g/dL) solution of a synthetic
random copolymer of 68% 2-vinyl pyridine and 38% methacrylic acid in 90%
methanol and 10% water at 30 °C. Data from Alfrey, T., Jr.,Morawetz, H.
J. Amer. Chem. Soc. 1952, 74, 436.
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Fig. 6. Evolution of the number of publications in scientific journals on topics
related to polyelectrolytes and charged polymers.

complex fluids, polymers, and soft matter. In addition to conventional
experimental and theoretical techniques exponential growth of the
computational power during this period made Monte Carlo and Molec-
ular Dynamics (MD) simulations of charged polymers an important force
in solving the puzzles of these systems [59-61]. The modeling of
charged macromolecules in solutions has evolved from simple
bead-spring chains in dielectric continuum to full atomistic represen-
tation of macromolecules and solvents. New experimental techniques
such as atomic force microscopy, particle tracking and force microscopy
have allowed probing molecular conformations and force response of
individual macromolecules. Adaptation of the random phase approxi-
mation techniques [62-64], PRISM [65] and self-consistent field and
field theoretical methods [66-69] to charged macromolecules have
provided a more robust and in some cases quantitative comparison with
experimental data.

In the short introduction it is impossible to give full credit to all the
scientists who contributed to the progress in understanding of charged
polymers. Good places to look for a more detailed overview of the
research on physical properties and structure of charged polymers with
extensive bibliography are the books [3,4,7,8,70] and reviews [1,2,
8-10,58,71,72].

In this perspective I will briefly overview current understanding of
polyelectrolyte solutions and will highlight remaining unanswered
questions.

2. Polyelectrolyte solutions
2.1. Dilute salt-free solutions

In dilute solutions, the distance between chains is larger than their
size. Therefore, in such a concentration range the intrachain electro-
static interactions dominate over the interchain ones which are also
effectively screened by counterions filling the space between the chains.
To describe the general features of polyelectrolytes I will use a scaling
approach. Note that one can also use the Flory-like method [10] or other
advanced theoretical techniques [65,68,69,73,74] for calculations of the
chain size and its dependence on the chain degree of ionization.

Consider a polyelectrolyte chain with the degree of polymerization
N, bond projection length [, and Kuhn length b having fraction f of the
charged groups on the polymer backbone in a medium with the
dielectric permittivity ¢. In a dilute solution the majority of counterions
is outside the volume occupied by a chain. At these polymer concen-
trations the electrostatic interactions between charged groups and the
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chain’s elasticity control chain dimensions.

In the framework of the scaling approach [54,75] there is a separa-
tion of length scales. At short length scales the strength of the electro-
static interactions is insufficient to perturb local chain conformations. At
the large length scales the electrostatic interactions play a dominant role
resulting in the elongation of the polyelectrolyte chain (Fig. 7a). The
crossover length scale between two chain deformation regimes is called
the electrostatic blob. The statistics of the chain at length scales smaller
than the electrostatic blob depends on the solvent quality for uncharged
polymer backbone. In the case of the ©-solvent, the number of mono-
mers in the electrostatic blob g, and its size D, are related as D, ~ \/@;
The electrostatic energy of the electrostatic blob is on the order of the
thermal energy kgT

2
%m uf*(g)" ~ 1 ™

where the Bjerrum length Iy = e?/4zeeoksT is the length scale at which
the energy of electrostatic interaction between two elementary charges e
in the medium with the dielectric constant ¢ is equal to the thermal
energy kgT (g9 = 8.85 x 10712C2/m?2N is dielectric permittivity of the
vacuum), and u = Iz/V/Ib is dimensionless parameter. Solving for the
number of monomers in the electrostatic blob and using its relationship
with the electrostatic blob size one has

8~ (ufz)—z/.%; D, ~ (lb)l/l (ufz)flm N

At length scales larger than the blob size, electrostatic interactions
between charged monomers result in the elongation of the poly-
electrolyte chain into an array of blobs. The size of the polyelectrolyte
chain is estimated as the number of blobs per chain N/g, times the blob
size D,

N
Ro~ Do (b)) (uf) *N 3)

It follows from eq (3) that the chain size is a monotonic function of
the fraction of ionized groups f. This is in agreement with classical re-
sults regarding the monotonic increase of viscosity in solutions of poly
(acrylic acid) with increasing neutralization reflecting the smooth
expansion of the chain. A polyelectrolyte chain shrinks with decreasing
fraction of ionized groups and reaches the size of an ideal polymer chain
R. ~ V/IbN when the number of charged monomers on the chain fN is on
the order of u'/2NV4,

It is important to point out that the blob model of a polyelectrolyte
chain is only valid if the number of monomers per electrostatic blob is
larger than unity, g >> 1. This condition is satisfied when the value of
the parameter uf? is smaller than unity. Polyelectrolytes for which uf? <
< 1 are called weakly charged polyelectrolytes. A polyelectrolyte chain
approaches a fully extended chain conformation when the number of

D,

e

a)

b)

R

e

Fig. 7. Scaling model of polyelectrolyte chain. a) Polyelectrolyte chain as a
chain of electrostatic blobs. b) Nonuniform chain stretching and corresponding
blob size distribution.
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monomers per electrostatic blob g, becomes on the order of the number
of monomers per Kuhn length b/l. This takes place for the fraction of
charged monomers f ~ [/+/blg. For stronger charged chains f > [/ v/blz
the blob picture breaks down and one has to take into account nonlinear
effects in chain deformation [26,27]. In this range of fractions of
charged monomers the chain size is on the order of its contour length
R, ~ IN. Such polyelectrolytes are referred to as strongly charged
polyelectrolytes.

This formulation of the scaling model does not account for nonuni-
form chain stretching. In reality due to the long-range nature of the
electrostatic interactions, the blobs in the middle of the chain interact
with the rest of the chain stronger than ones located at the chain’s ends
(see Fig. 7b). This additional contribution from longer length scales
results in nonuniform chain stretching with blobs increasing in size to-
wards chain ends and chain size growing faster than linear with the
degree of polymerization N such that [76,77]

R ngDg [In(V/g.)]" o in N]'/* @

Contrary to the scaling approach, the Flory approach, based on the
balance of conformational and electrostatic parts of the chain free en-
ergy, considers deformation of the chain on the longest length scales.
This analysis results in the expression similar to eq (4) with a logarithmic
correction for the chain end-to-end distance (see for review [10]).

In a poor solvent for the polymer backbone polyelectrolytes
demonstrate qualitatively different behavior with increasing ionization
degree or fraction of the charged monomers. A neutral polymer chain in
a poor solvent collapses forming a dense globule to minimize the num-
ber of unfavorable polymer-solvent contacts. The size of the globule
scales with the chain degree of polymerization as Rgopcx N'/3 [26]. The
problem of the shape instability of a charged globule bears similarity
with the classical problem of the instability of a charged droplet,
considered by Lord Rayleigh [78]. The charged globule is unstable and
can undergo shape transformations when the globule charge exceeds a
critical value Qgiop > Qrir. The value of the critical charge is determined
by the electrostatic energy, leob /€0€Rgiop, Of the globule with size Rgop

and carrying charge Qgop, and its surface energy nglo

surface tension of the polymer-solvent interface. Balancing these two
energies, one finds that the critical charge Q. scales with the size of the

3/2
Rglob .

» Where y is the

globule as Rewriting this relationship in terms of the fraction of

charged monomers one arrives at
—1/2
SernxN / (5)

Thus, for a fraction of charged monomers f > f;, the electrostatic
energy of the charged globule becomes larger than its surface energy and
the globule abruptly changes its shape forming a necklace globule of
beads connected by strings (see Fig. 8) [79-81].

This phenomenon was first observed by Katchalsky and Eisenberg in
their study of the viscosity of aqueous solutions of poly(methacrylic
acid) (PMA) (see Fig. 4) [35]. The viscosity of dilute PMA solution
stayed almost constant at a low pH and then abruptly increased as so-
lution pH reached some critical value, indicating a dramatic change in
the chain dimensions. This dramatic change in the solution viscosity is
due to the fact that water is a poor solvent for PMA which contains
hydrophobic methyl groups.

2.2. Semidilute salt-free solutions

In a dilute solution regime, as polymer concentration increases, the
distance between polyelectrolyte chains decreases. Eventually, when the
distance between chains becomes comparable with their size, poly-
electrolyte chains start to overlap. Note that at the overlap concentration
the concentration of monomers within a volume occupied by a chain is
on the order of the average monomer concentration in a solution
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Fig. 8. Typical configurations of freely-jointed uniformly charged chains in
poor solvent conditions for three different charge fractions: (a) a spherical
globule for f=0; (b) a dumbbell for f=0.125 and (c) a necklace with three beads
for f=0.15. Reproduced with permission from Dobrynin, A.V., Rubinstein, M.,
Obukhov, S.P. Macromolecules 1996, 29, 2974. Copyright 1996, American
Chemical Society.

N
R3

¢~ (6)

For strongly charged chains in salt-free solutions, the chain size is
close to that of a fully extended chain R, ~ IN resulting in the chain’s
overlap concentration to be inversely proportional to the square of the
degree of polymerization, ¢' ~ N/R3«N~2. It is important to point out
that this dependence of the solution overlap concentration on the
chain’s degree of polymerization is much stronger than that in a solution
of neutral chains in a @-solvent, ¢'xN~/2. Thus, crossover to semidilute
solution regime takes place at much lower polymer concentrations in
polyelectrolyte solutions than in solutions of neutral polymers [9,54,75,
82]. This is illustrated in Fig. 9 which confirms the expected scaling
dependence ¢ «xN~2 obtained from X-ray scattering [83] and viscosity
[84-89] data in salt-free solutions of NaPSS.

As in the case of semidilute solutions of neutral polymers, ¢ > c*,
correlation length ¢ - the average mesh size of the solution (see Fig. 10) —
plays an important role in determining polyelectrolyte solution prop-
erties. The average charge of the correlation volume & is equal to zero
since the polymer charge of the section of the chain with g monomers
within the correlation length (blob) ¢ is compensated by counterions on
average. Note that a counterion distribution in a correlation volume can
be estimated in the framework of the cell model [2,9,38,39,90] by
considering a section of polyelectrolyte chain to be aligned along the
axis of the cylindrical cell with radius &/2 as illustrated in Fig. 11.

The correlation blobs are space filling such that the average polymer
concentration c is equal to that within the correlation volume g:/£>. On
the length scales smaller than the correlation length ¢ the intrachain
electrostatic interactions dominate resulting in elongation of the chain
section with g: monomers. Thus, the correlation length and number of
monomers per correlation length can be determined from the following
conditions

gxgeD, [ g (b) g () and e g /& @)

Solving these two equations for the correlation length as a function of
polymer concentration, one finds

& (cD./g.) e ®
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Fig. 9. Overlap concentration of salt-free polyelectrolyte solutions.
Dependence of the overlap concentration, c*, on chain degree of polymeriza-
tion, N, in salt-free polyelectrolyte solutions of NaPSS. Data sets from Kaji et al.
(filled squares), Vink (open squares), Cohen et al. (filled circles), Oostwal (filled
triangles), Prini and Lagos (inverted triangles), Butler et al. (filled right tri-
angles), Boris and Colby (filled left triangles) and Ganter et al. (filled rhombs).
Data assembled by Boris and Colby.

Fig. 10. Schematic representation of semidilute polyelectrolyte solution.
Each polyelectrolyte chain can be viewed as being made of effective monomers
(electrostatic blobs) shown in blue. Cell model approximation is illustrated by a
cylindrical cell surrounding section of the chain within correlation length.

Fig. 11 displays the results of molecular dynamics simulations for
concentration dependence of the correlation length & for several chain
lengths (open symbols) [77] and results of scattering experiments (filled
symbols) [91,92] in semidilute salt-free polyelectrolyte solutions. Light
scattering [91] and neutron scattering [92] data were combined to cover
4 orders of magnitude in concentration of salt-free solutions of poly-
styrene sulfonate sodium salt: 5 x 10 °<c < 5 x 10~* M. All data sets
confirm that the correlation length varies reciprocally with the square
root of polymer concentration, éxc™1/2.

The scaling model of a polyelectrolyte chain in semidilute solutions
is based on the assumption of the existence of a characteristic length
scale — the correlation length &. At the length scales larger than the
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Fig. 11. Solution correlation length. Concentration dependence of the cor-
relation length ¢ in salt-free polyelectrolyte solutions. Filled symbols corre-
sponds to SANS data (circles) (Nierlich, M. et al. J. Phys. (Paris) 1979, 40, 701)
and light scattering data (squares) (Drifford, M.; Dalbiez, J. P. J. Phys. Chem.
1984, 88, 5368) in solutions of NaPSS. Open symbols represent results of the
molecular dynamics simulations Liao, Q. et al. Macromolecules 2003, 36, 3386.
The dashed lines with slope —1/2 are shown to guide the eye. Reproduced from
Dobrynin A.V., Rubinstein M. Prog. Polym. Sci., 2005, 30, 1049. Copyright
2005 ELSEVIER.

solution correlation length &, other chains and counterions screen elec-
trostatic interactions and the conformations of the chains are those of
Gaussian chains with the effective persistence length on the order of the
correlation length &£ Under this assumption a polyelectrolyte chain is
considered to be flexible at the length scales on the order of the corre-
lation length & and its statistics is a random walk of a chain of correlation
blobs with size

R.(c)mE(N/ge) PaeN2e 14 ©)

This scaling model assumption was confirmed in molecular dynamics
simulations as shown in Fig. 12, displaying dependence of the normal-
ized chain size R./¢ as a function of the number of correlation blobs per
chain N/g: [77]. As expected for Gaussian chains with N/g: correlation
blobs all simulation data for chains with different degrees of polymeri-
zation, different fractions of charged monomers, and different polymer
concentrations collapse onto one universal line, with the slope 1/2.

With increasing polymer concentration, the correlation length & de-
creases and reaches the size of the electrostatic blob D. at polymer
concentration, ¢, = g /D2. For larger polymer concentrations, ¢ > cp, the
properties of polyelectrolyte solutions are similar to those of the solu-
tions of neutral polymers [25-27]. The corrections to the neutral solu-
tion behavior can be obtained in the framework of the RPA method [62,
64,93-95].

Polyelectrolytes in poor solvent conditions for the polymer backbone
phase separate [96-99] and could form mesophases — alternating re-
gions with high and low polymer densities. These mesophases appear as
a result of optimization of the electrostatic and short-range interactions.
The possibility of this type of instability of the homogeneous phase in
solutions of weakly charged polyelectrolytes was first discovered by
Borue and Erukhimovich [62] and then studied in a series of papers by
Joanny and Leibler [63], and by Khokhlov et al. [100,101] This insta-
bility was confirmed for polyelectrolyte gels [102,103] and solutions
[104]. One can also think of the necklace structure of a polyelectrolyte
chain in a dilute solution as a precursor to mesophase formation on the
length scales of individual macromolecules [79,99,105,106].
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Fig. 12. Scaling model of polyelectrolyte chain in semidilute salt-free
solution. Dependence of the reduced chain size R./¢ on the number of corre-
lation blobs N/g: for chains with different degrees of polymerization, fraction of
charged monomers, and at different polymer concentrations. Thin solid line has
slope 1/2. Reproduced with permission from Liao, Q., Dobrynin, A.V., Rubin-
stein, M., Macromolecules 2003, 36, 3386. Copyright 2003, American Chemi-
cal Society.

2.3. Dynamics of salt-free polyelectrolyte solutions

Unentangled regime (c*<c¢ < c,). In semidilute solutions, similar to
electrostatic interactions, the hydrodynamic interactions between sec-
tions of polyelectrolyte chains are screened on the length scales larger
than the solution correlation length & [5,25-27,82,89,107,108]. On the
length scales smaller than the solution correlation length the motion of
the chain sections are hydrodynamically coupled resulting in Zimm-like
chain dynamics. The relaxation of the sections of the chain with g
monomers is proportional to the volume pervaded by the section (Zimm
relaxation time) [25-27].

e 2 ,E [ksT (10)

where 7 is the solvent viscosity. Screening of the hydrodynamic in-
teractions on the length scales larger than the correlation length results
in dynamics of the chain to be that of the Rouse chain consisting of N/ g:
correlation blobs [25,27].

TRouse ~ Tf(N/gﬁ)zmcil/zNZ C* <c<ce 1)

The chain relaxation time in this concentration range decreases with
increasing polymer concentration as TRDUS6~C’1/ 2 [75,89,109,110]. This
behavior of solution relaxation time with polymer concentration is a
unique feature of unentangled polyelectrolyte solutions and is qualita-
tively different from that in solutions of neutral polymers for which
relaxation time increases with increasing polymer concentration [25].

The terminal modulus G of a solution in the framework of the Rouse
model for unentangled polymers is kgT per chain [25,27] and solution
viscosity is estimated as

N~ Grpousecc’N c<c<e, (12)

In the salt-free solution, the viscosity grows as the square root of
concentration 7~c/2. Thus, the scaling model of polyelectrolyte solu-
tions recovers the well-known phenomenological Fuoss law [28].

Entanglement concentration, c.. According to the Kavassalis-Noolandi
conjecture [111-113], there should be a universal number n of the
overlapping chains to form an entanglement. This requires a significant
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chain overlap in the semidilute solution regime such that each chain has
to overlap with 5<n < 10 other chains (see for discussion [27,
111-113]). The number of chains at concentration c, within a volume
R3(c.) occupied by a chain is estimated as

n~ ceRg(c'e)/N ~ (co)c*) e, mntc” 13

where the following relation between the chain size at entanglement
concentration c, and that at overlap concentration c* was used
R(c.) ~ R(c*)(c*/c.)*/*. Eq (13) indicates that the unentangled semi-
dilute regime in salt-free solutions could be three to four decades wide
(103<ce/c*<104) [75,89,110]. Note that this concentration interval
could even be wider if one uses n & 15 + 20 that are typical values for
neutral polymer solutions and melts [27]. The physical reason for this
unusually wide unentangled regime is the strong concentration depen-
dence of the chain size (R, ~ ¢~1/*) which is only slightly weaker than
the concentration dependence of the distance between centers of mass of
the neighboring chains (R, ~ c 173,

Entangled regime (c, < c). Entanglements are characterized by the
tube diameter dy (the mesh size of the temporary entanglement
network) as shown in Fig. 13. The polymer strand between entangle-
ments containing N, monomers is a random walk of N,/g: ~ (dr/&)*
correlation blobs. There are n such strands inside the volume d3, so that
(dr/€)® ~ nN,/g: leading to the tube diameter to be proportional to the
correlation length, dr ~ né. The longest relaxation time of a polymer
chain is calculated by assuming that the dynamics of the chain at the
length scales smaller than a correlation blob size is Zimm-like, and the
relaxation of a polymer strand between entanglements is Rouse-like [75,
110]. This results in the longest relaxation time of the chain to be
concentration-independent

NAZ /NN
Tyep A2 Tz (—) (—) xn *N3. (14)
8¢ Ne

The plateau shear modulus in this regime is proportional to the
number density v, of the entanglement strands times thermal energy
kT, G = v.kgT. Taking into account the volume per entanglement
strand &°N,/g: ~ &d2, one obtains the following expressions for the
plateau modulus

ksT
G~ @om 2032 (15)

and the solution viscosity [54,75]
N& T, Gon 4 2N? (16)

Fig. 14 shows the dependence of the specific viscosity of salt-free
solutions of 2-vinyl pyridinium chloride and N-methyl-2-vinyl pyr-
idinium chloride random copolymers on the ratio of polymer

Fig. 13. Schematic representation of an entangled polyelectrolyte solution.



A.V. Dobrynin

concentration c to the overlap concentration c*. These data clearly
indicate linear concentration dependence of specific viscosity in dilute
solutions (g ~ c/c* for ¢ < c*). There is a wide range of polymer
concentrations where solution viscosity follows the Rouse dynamics
manifested by the Fuoss law, 175 ~ ¢'/2 [28]. This regime of unentangled
semidilute polyelectrolyte solutions has a much wider concentration
range than the similar regime in solutions of neutral polymers. This
concentration dependence of specific viscosity is general for salt-free
polyelectrolyte solutions [82,89]. There is as well a concentration
regime corresponding to entangled solutions with g, ~ ¢*2, Finally, at
high polymer concentrations, ¢ > cp, one observes a crossover to solu-
tions of neutral polymers, ;s ~ c'%4 [27,82]. Note that one can see
qualitatively similar viscosity increase by replotting Kern’s data as a
function of c¢/c* (see inset in Fig. 2).

2.4. Counterion condensation and ionization equilibrium

Increasing the polymer concentration decreases the entropic penalty
for counterion localization in the vicinity of the polyelectrolyte chain.
Two groups of models are used to describe counterion distribution in
polyelectrolyte solutions as a function of the polymer concentration [2,
4,8,38,39,42,90,114-121]. The first group of models decouples the
counterion and polymeric degrees of freedom and is based on the so-
lution of the nonlinear Poisson-Boltzmann equation describing distri-
bution of the electrostatic potential around a rod-like macroion [2,8,38,
39,90,114,122]. The second group of models (Oosawa-Manning
condensation theory) approximates the counterion distribution profile
by a step-like function separating counterions into “free” and
“condensed” [4,42,115-121]. In the case of flexible polyelectrolytes,
chain conformations are directly coupled with the intrachain electro-
static interactions between uncompensated charges which fraction is
controlled by the amount of condensed counterions [9,58,59,118-121,
123-129]. Independent of the approach, however, the main result of
counterion condensation is a reduction of the linear charge density of a
polyelectrolyte to about one charge per Bjerrum length which corre-
sponds to electrostatic repulsion between neighboring ionized groups to
be on the order of thermal energy kgT with logarithmic accuracy.

Solvent quality plays an important role in counterion condensation.
In a poor solvent, where polyelectrolyte chain forms a necklace globule
as shown in Fig. 8 [79,81,99,105,106,130-140], the counterion
condensation can occur in avalanche-like fashion [9,99,118,123]. By
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Fig. 14. Viscosity of salt-free polyelectrolyte solutions. Reduced concen-
tration, c/c*, dependence of the specific viscosity, 7, at 25°C in ethylene glycol
solvent of the random copolymer 2-vinyl pyridine and N-methyl-2-vinyl pyr-
idinium chloride (PMVP-Cl) with various charge densities [numbers in the
legend correspond to the extent (mole %) of quaternization] and the uncharged
neutral parent poly (2-vinyl pyridine) (P2VP) of M,,=364 000 Da (open circles).
Data provided by Dou, S. and Colby, R. H.
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increasing polymer concentration or decreasing temperature one can
induce a spontaneous condensation of counterions inside beads of the
necklace globule. This reduces the bead’s charge and results in increase
of the bead mass (size), which initiates further increase of the number of
condensed counterions inside beads starting the avalanche-like coun-
terion condensation process (see for review [9]).

The condensed counterions can also induce effective attractive in-
teractions between charged monomers [120,124-126,129-131]. In
particular, condensed counterions could form ionic pairs with oppo-
sitely charged ions on the polymer backbone [120,121,124,125,141].
The formation of the ionic pairs leads to additional dipole-dipole and
charge-dipole attractive interactions which decreases the value of the
effective second virial coefficient for monomer-monomer interactions
shifting the position of the @-point.

In the case of weak polyelectrolytes, the ionic equilibrium between
dissociated and undissociated ionic groups is controlled by the solution
pH [3,4]. By varying solution pH one directly couples the change in
fraction of charged monomers on the polymer backbone with chain’s
conformations (see Fig. 4) [142-148].

2.5. Polyelectrolytes in salt solutions

At high salt concentrations, electrostatic interactions between uni-
valent charged groups on the polymer backbone separated by a distance
r are exponentially screened at the length scales larger than the Debye
screening length

Upn(r) g
"ol 77exp(—r/rn) a7

where rp = (Sﬂchs)’l/ 2 is the Debye screening length in a solution with
monovalent salt concentration cs. This results in the contraction of the
polyelectrolyte chain with increasing salt concentration [9,30,45,58,66,
149-153]. Over sixty years ago Kuhn, Kunzle and Katchalsky [30,149]
Hermans and Overbeek [45] accounted for this effect by representing
the total chain’s free energy as a sum of configurational (elastic) and
interaction parts.

F R’
ksT ~ bIN

NZ
+ BDHfZF 18)

The interaction part of the chain free energy was estimated by
calculating the second virial coefficient for the Debye-Huckel potential,
Bpy & 4xlgri. Minimization of the total chain free energy (eq (18)) with
respect to the chain size R, gives the following expression for chain size

Reoce SN/ a9

Thus, in salt solutions conformations of a polyelectrolyte chain are those
of a self-avoiding chain with the excluded volume determined by the
electrostatic repulsion between charged monomers.

This result was unchallenged until Skolnick and Fixman [55] and
Odijk [56] showed that the electrostatic interactions between charged
monomers can also induce additional local chain stiffening, [,xrZ. The
combined effect of the electrostatic interactions on the local chain
stiffening and swelling was taken into account by Odijk and Houwaart
[154]. Their analysis leads to a chain size,

R, x VZ/5N3/SO<C;3/ION3/5 (20)

which has a stronger salt concentration dependence than the chain size
given by eq (19). Note, that eq (19) can also be derived by assuming a
linear scaling of a chain’s persistence length [,with the Debye screening
length rp. Thus, the discrepancy between the two results is due to
different dependence of the chain’s persistence length on the Debye
radius. While issue of the dual effect of electrostatic interactions in
dilute solutions of the semiflexible polyelectrolytes like DNA appears to
be resolved, the discussions of how electrostatic persistence length



A.V. Dobrynin

depends on the Debye screening length in the case of flexible polymers
still continue. Analysis of the experimental data on flexible poly-
electrolytes shows that their properties are better described by assuming
that effective chain persistence length scales linearly with the Debye
screening length, I, ~ rp This is one of the unresolved issues in the field
of polyelectrolytes (see for review [9,10]).

The problem of the electrostatic induced chain stiffening becomes
even more complex in semidilute polyelectrolyte solutions where
counterions, salt ions and sections of the chains contribute to the
screening of electrostatic interactions [10,75]. This combined screening
of the electrostatic interactions results in the screening length to be
proportional to the correlation length up to relatively high salt con-
centrations. Due to this relationship a solution property X in semidilute
polyelectrolyte solutions with salt concentration c; can be expressed in
terms of the same property Xy in a salt-free solution as [75,155].

X:XO(l +ﬁ) @1
fec

The observed exponents are consistent with the assumption of the linear
relationship between electrostatic induced persistence length and solu-
tion screening length [10,75,156].

Addition of multivalent salts containing divalent and trivalent ions
magnifies electrostatic screening effect and could induce complexation
[157-162], gelation [84,143,144] and phase separation. The multiva-
lent ions play the role of physical crosslinks bridging together poly-
electrolyte chains [95,163,164]. The behavior of such polyelectrolyte
systems is similar to those of associating polymers which thermody-
namics and dynamics are controlled by properties of the physical
crosslinks [165]. Multivalent counterions are also responsible for the
packing of bacteriophage DNA into compact and ordered forms [166].
Stiff polyelectrolytes such as F-actin and tobacco mosaic virus are
capable of forming laterally ordered aggregates (bundles) in the pres-
ence of multivalent counterions.

The condensation of multivalent counterions on polyelectrolytes is
qualitatively different from condensation of monovalent counterions
[167-171]. The multivalent ions position themselves along the polymer
backbone in the correlated fashion in such a way that equilibrium dis-
tance between them is determined by a balance between attraction to
the oppositely charged monomers of the polymer and by the repulsion
from other multivalent ions. Due to strong correlations between multi-
valent ions [167-171] these ions could invert the charge of the poly-
electrolyte (overcharge it) leading to an effective attraction between
originally similarly charged species promoting an aggregate formation
and growth.

2.6. Osmotic pressure

In ionic systems the charge neutrality is required on both sides of the
membrane across which the osmotic pressure © is measured. This con-
dition is known as the Donnan equilibrium [4]. The electroneutrality
condition leads to the partitioning of salt ions between the reservoir and
the polyelectrolyte solution

¢, =cl +fe (22)

where ¢ and c; are the average concentrations of positively and nega-
tively charged salt ions in the polyelectrolyte solution. The chemical
equilibrium on both sides of the membrane requires that the product

=¢? (23)

stays constant in the reservoir with the average salt concentration c;. In
the broad salt concentration range, the ionic contribution to the osmotic
pressure is equal to the difference between the ideal gas pressure of salt
ions in the polyelectrolyte solution and in the reservoir [4].
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In addition to the ionic contribution, polyelectrolyte solutions have
the polymeric contribution to their osmotic pressure which is estimated
to be on the order of thermal energy kgT per correlation volume & [3].
[26,27] The total osmotic pressure of polyelectrolyte solutions is a sum
of the ionic and polymeric contributions

kBLT - ZBT + ZT’ ~ 0/ (fe)? +4c2 —2¢, + £ (25)

It is important to point out that for the vast majority of the systems
studied so far [172-180], the ionic contribution dominates the osmotic
pressure of polyelectrolyte solutions. This is illustrated in Fig. 15
showing together simulation results [156] and experimental data on
sodium poly(styrene sulfonate) (NaPSS) [179,180], DNA [175], sodium
polyacrylate (NaPAA) [181], poly(acrylic acid) (PA) [174], poly(vinyl
benzoic acid) (PVB) [174], sodium poly(anethole sulfonic acid)
(NaPASA) [181] and poly(diallyl dimethyl ammonium chloride)
(PDADMA-CI) [181] (see for details ref [156]).

Note that in salt-free polyelectrolyte solutions the osmotic coeffi-
cient, ¢ = n/kgTc, changes nonmonotonically with increasing polymer
concentration [11,122,182,183]. First it decreases in dilute solutions
then begins to increase in semidilute solutions.

The osmotic pressure of polyelectrolyte solutions is a driving force
behind the swelling of polyelectrolyte networks made by crosslinking
polyelectrolyte chains [184-193]. Such polymeric networks could
absorb up to hundred times their dry weight of water. At low salt con-
centrations the high osmotic pressure created by dissociated counterions
drives swelling of polyelectrolyte gels. With the addition of salt, excess
of the salt ions reduces the osmotic imbalance decreasing the gel
swelling ability. In solutions with high salt concentrations, the proper-
ties of polyelectrolyte gels are similar to those of neutral gels. This strong
response of polyelectrolyte gels to the ionic environment made them
perfect for use as superabsorbent materials in medical, chemical and
agricultural applications, as ion-exchange resins, as drug delivery

10° w —— —— —

zAf *cpkBT)

o J ,

102 107! 100 10! 10 103 10
%
f cl/cs)S

Fig. 15. Dependence of the reduced osmotic coefficient on the ratio of
concentration of osmotically active counterions f*c, and salt ions cg.
NaPSS data are from Takahashi et al. (brown squares with filled right bottom
corner), and Koene et al. for M,, = 4 x 10° g/mol (brown squares with filled left
top corner), My, = 6.5 x 10° g/mol (brown squares with filled top), and M, =
1.2 x 10° g/mol (brown squares with filled bottom). DNA data (purple rhomb
with filled right side) are from Raspaud et al., NaPAA data (green circle with
filled right side) and PDADMA-CI] data (green circles with filled bottom) are
from Zhang et al., and polyacrylate (PAA) data (green circle with filled left side)
and PVB (green circle with cross) are from Kakehashi et al.. Simulation data are
from Carrillo and Dobrynin. Dashed line corresponds to eq (24). f* is the
effective fraction of ionized groups and c, is polymer concentration.
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carriers targeting specific organs [191,192], and as sensors and actua-
tors [187,194].

The counterion contribution to the osmotic pressure of salt-free
polyelectrolyte solutions has important consequences for the scat-
tering function S(q). The osmotic compressibility is related to the scat-
tering at zero wavelength such that the scattering function S(0) is
inversely proportional to the fraction of ionized groups [54,75,155].

S(0) =kyToc/on ~ 1/f (26)

Therefore, the high osmotic compressibility suppresses density
fluctuations on length scales larger than the solution correlation length &
maintaining system electroneutrality. For wave numbers g>27/ &, the
scattering function S(q) decreases with g as in the case of neutral
polymers. This leads to a maximum in the scattering function S(q) of
salt-free polyelectrolyte solutions at the wave number g on the order of
27/E. The maximum in the scattering function S(q) disappears at high
salt concentrations. This was demonstrated in molecular dynamics
simulations of polyelectrolyte solutions with added salt [155]. It is
important to point out that scattering data from polyelectrolyte solu-
tions have an upturn in function S(q) at small q [104,195-197]. This
behavior is ascribed to existence of slow modes [195-200] and is still
debated.

3. Conclusions and outlook

Electrostatic interactions between ionized groups, counterions and
salt ions are responsible for the rich behavior of polyelectrolyte solutions
and the significant improvement of polymer solubility [10,12]. The
main features that distinguish polyelectrolyte solutions from solutions of
neutral polymers are now well documented [9,10,12,82]. In particular,
semidilute polyelectrolyte solutions occupy a significant region of the
concentration space due to the strong dependence of the overlap con-
centration on the chains’ degree of polymerization ¢’ «N~2in salt-free
and low salt concentration regimes. This dependence could even be
stronger because of nonuniform chain stretching resulting in additional
logarithmic correction to the chain size. The osmotic pressure of poly-
electrolytes is dominated by counterions and salt ions. It is also inde-
pendent of the chain molecular weight in a wide range of polymer
concentrations in salt-free solutions and exceeds the osmotic pressure of
neutral polymers at similar polymer concentrations by several orders in
magnitude. This dominant role of the ionic component of the osmotic
pressure of polyelectrolyte solutions manifests itself in the appearance of
a peak in the scattering function S(q) which position scales with polymer
concentration as ¢/2. This peak gradually disappears with increasing
salt concentration. There is no such peak in solutions of neutral poly-
mers. The viscosity of polyelectrolyte solutions is proportional to the
square root of polymer concentration 7y ~ c'/? (Fuoss’ law [28])
resulting in reduced viscosity ng/c ~ ¢ 12 to decrease with polymer
concentration. The characteristic feature of this regime is the decrease of
chain relaxation time with increasing polymer concentration, 7geysec
c~'/2. In the same polymer concentration range the solution viscosity of
neutral polymers demonstrates linear increase of the specific viscosity
with polymer concentration. There is a wide concentration regime in
semidilute solutions with unentangled polyelectrolyte chains. Viscosity
of polyelectrolyte solutions monotonically decreases with increasing salt
concentration.

The progress made in understanding properties of polyelectrolyte
solutions was successfully applied to a more complex ionic systems such
as polyelectrolyte gels [184,188,201], polyelectrolyte brushes [202],
polyelectrolyte-protein complexes [70,203], coacervates [204-208],
ionomers [6], charged polymers at surfaces and interfaces [9,209] and
multilayer formation by charged macromolecules [210-212].

However, there are still important issues that require answers. It is
still unclear if one can simply transfer the notion of topological con-
straints to describe entanglements in polyelectrolyte solutions. There are
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experimental indications that this hypothesis is violated leading to a
weaker than theoretically expected N-dependence of the entanglement
concentration [82,89,213]. Another interesting issue that awaits an
explanation is the origin of the so-called slow modes in polyelectrolyte
solutions [195-200]. The effects of ions and backbone solvation, of ion
specific interactions (known as the Hofmeister series effect [214,215])
on polyelectrolyte solubility and ionization equilibrium pose important
questions addressing which would require going beyond classical
description of the charge polarization and continuum dielectric constant
approximation [216,217].

Declaration of competing interest

The author declares no competing financial interests.

CRediT authorship contribution statement

Andrey V. Dobrynin: Conceptualization, Data curation, Writing -
review & editing.

Acknowledgements

I would like to express my gratitude to M. Rubinstein, R. Colby, R.
Weiss, M. O. de la Cruz, M. Muthukumar, A. Grosberg, B. Shklovskii, J-F
Joanny, L. Leibler, S. Kumar, T. Seery, D. Hoagland and P. Dubin for
numerous discussions during the last quarter of a century on the topics
of charged polymers. This work was supported by the National Science
Foundation under the Grants DMR1535412 and DMR1921923.

References

[1] A. Katchalsky, Polyelectrolytes, Pure Appl. Chem. 26 (1971) 327-374.

[2] Katchalsky, A.; Alexandrowicz, Z.; Kedem, O. In Polyelectrolyte Solutions, 1966
Conway, B. E.; Barradas, R. G., Eds. Wiley: pp 295-346.

C. Tanford, Physical Chemistry of Macromolecules, Wiley, New York, 1961.

F. Oosawa, Polyelectrolytes, Marcel Dekker, 1971.

P.G. de Gennes, Scaling Concepts in Polymer Physics, Cornell University Press,
1979.

A. Eisenberg, J.-S. Kim, Introduction to Ionomers, John Wiley&Sons, New York,
1998.

T. Radeva, Physical Chemistry of Polyelectrolytes, Marcel Dekker, 2001.

S. Forster, M. Schmidt, Polyelectrolytes in solution, Adv. Polym. Sci. 120 (1995)
51-133.

A.V. Dobrynin, M. Rubinstein, Theory of polyelectrolytes in solutions and at
surfaces, Prog. Polym. Sci. 30 (2005) 1049-1118.

A.V. Dobrynin, Polyelectrolyte solutions and gels, in: E. Terentjev, D. Weitz
(Eds.), Oxford Handbook of Soft Matter, Oxford University Press, Oxford, 2015,
Pp. 269-344.

A.V. Dobrynin, Solutions of charged polymers, in: K. Matyjaszewski, M. Moller
(Eds.), Polymer Science: A Comprehensive Reference, vol. 1, Elsevier BV,
Amsterdam, 2012, pp. 81-132.

M. Muthukumar, 50th anniversary perspective: a perspective on polyelectrolyte
solutions, Macromolecules 50 (2017) 9528-9560.

S.E. Kudaibergenov, Recent advances in the study of synthetic polyampholytes in
solutions, Adv. Polym. Sci. 144 (1999) 115-197.

A.V. Dobrynin, R.H. Colby, M. Rubinstein, Polyampholytes. J. Polym. Sci. B 42
(2004) 3513-3538.

R.J. Cox, Photographic Gelatin, Academic Press, London and New York, 1972.
A.M. Howe, Some aspects of colloids in photography, Curr. Opin. Colloid
Interface Sci. 5 (2000) 288-300.

J. Loeb, Proteins and the Theory of Colloidal Behavior, McGraw-Hill, New York,
1922.

E.J. Cohn, The physical chemistry of the proteins, Physiol. Rev. 5 (1925)
349-437.

E. Tromsdorff, Die Polyacrylsaure, ein Modell des Eiweiles, in: H. Staudinger
(Ed.), Die hochmolekularen organischen Verbindunge, Kautschuk und Cellulose,
Springer, Berlin, 1932, pp. 333-404.

H. Morawetz, Polymers: the Origines and Growth of a Science, John Wiley &
Sons, New York, 1985.

H.B. Bungenberg de Jong, H. Kruyt, R. Koazervation, Kolloid Z. 50 (1930) 39-48.
W. Kern, Uber heteropolare molekulkolloide. I, Z. Phys. Chem. 181 (1938)
249-282.

W. Kern, Uber heteropolare molekulkolloide. II, Z. Phys. Chem. 181 (1938)
283-300.

W. Kern, Der osmotische Druck wasseriger Losungen polyvalenter Sauren und
ihrer Salze, Z. Phys. Chem. 184 (1939) 197.

[3]
[4]
[5]
[6]

[7]
[8]

[9]

[10]

[11]

[12]
[13]
[14]

[15]
[16]

[17]
[18]

[19]

[20]

[21]
[22]

[23]

[24]


http://refhub.elsevier.com/S0032-3861(20)30544-9/sref1
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref3
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref4
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref5
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref5
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref6
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref6
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref7
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref8
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref8
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref9
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref9
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref10
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref10
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref10
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref11
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref11
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref11
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref12
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref12
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref13
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref13
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref14
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref14
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref15
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref16
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref16
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref17
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref17
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref18
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref18
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref19
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref19
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref19
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref20
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref20
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref21
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref22
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref22
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref23
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref23
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref24
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref24

A.V. Dobrynin

[25]
[26]
[27]
[28]

[29]
[30]

[31]
[32]
[33]
[34]
[35]
[36]

[37]

[38]
[39]
[40]
[41]
[42]

[43]
[44]

[45]
[46]
[47]
[48]
[49]
[50]

[51]
[52]

[53]
[54]
[55]

[56]
[57]

[58]

[59]

[60]
[61]

[62]

[63]
[64]
[65]
[66]

[671

M. Doi, S.F. Edwards, The Theory of Polymer Dynamics, Oxford University Press,
New York, 1986.

AY. Grosberg, A.R. Khokhlov, Statistical Physics of Macromolecules, AIP Press,
1994.

M. Rubinstein, R.H. Colby, Polymer Physics, Oxford University Press, New York,
2003.

R.M. Fuoss, Viscosity function for polyelectrolytes, J. Polym. Sci. 3 (1948)
603-604.

R.M. Fuoss, Polyelectrolytes, Science 108 (1948) 545-550.

W. Kuhn, O. Kunzle, A. Katchalsky, Verhalten polyvalenter fadenmolekelionen in
losung, Helv. Chim. Acta 31 (1948) 1994-2037.

A. Katchalsky, Solutions of polyelectrolytes and mechanochemical systems,

J. Polym. Sci. 7 (1951) 393-412.

A. Katchalsky, Problems in the physical chemistry of polyelectrolytes, J. Polym.
Sci. 12 (1954) 159-184.

W. Kuhn, B. Hargitay, A. Katchalsky, H. Eisenberg, Reversible dilation and
contraction by changing the state of ionization of high polymer acid networks,
Nature 165 (1950) 514-516.

R. Arnold, The titration of polymeric acids, J. Colloid Sci. 12 (1957) 549-556.
A. Katchalsky, H. Eisenberg, Molecular weight of polyacrylic and polymethacrylic
acid, J. Polym. Sci. 6 (1951) 145-154.

J.D. Ferry, D.C. Udy, F.C. Wu, G.E. Heckler, D.B. Fordyce, Titration and viscosity
studies of two copolymers of maleic acid, J. Colloid Sci. 6 (1951) 429-442.
U.P. Strauss, N.L. Gershfeld, The transition from typical polyelectrolyte to
polysoap. I. Viscosity and solubilization studies on copolymers of 4-vinyl-n-eth-
ylpyridinium bromide and 4-vinyl-N-n- dodecylpyridinium bromide, J. Phys.
Chem. 58 (1954) 747-753.

T. Alfrey, P.V. Berg, H. Morawetz, The counterion distribution in solutions of rod-
shaped polyelectrolytes, J. Polym. Sci. 7 (1951) 543-551.

R.M. Fuoss, A. Katchalsky, S. Lifson, The potential of an infinite rod-like molecule
and the distribution of counterions, Proc.Natl.Acad.Sci.USA 37 (1951) 579-586.
N. Imai, T. Ohnishi, Analytical solution of Poisson-Boltzmann equation for two
dimensional many-center problem, J. Chem. Phys. 30 (1959) 1115-1116.

F. Oosawa, A simple theory of thermodynamic properties of polyelectrolyte
solutions, J. Polym. Sci. 23 (1957) 421-430.

G.S. Manning, Limiting laws and counterion condensation in polyelectrolyte
solutions 1. Colligative properties, J. Chem. Phys. 51 (1969) 924-933.

G.S. Manning, Polyelectrolytes. Ann. Rev. Phys. Chem. 23 (1972) 117-140.

Z. Alexandrowicz, A. Katchalsky, Colligative properties of polyelectrolyte
solutions: solutions in excess salt, J. Polym. Sci. 1 (1963) 3231-3260.

J.J. Hermans, J.T.G. Overbeek, The dimensions of charged long chain molecules
in solutions containing electrolytes, Rec. Trav. Chim. 67 (1948) 761-776.

P.J. Flory, Molecular configuration of polyelectrolytes, J. Chem. Phys. 21 (1953)
162-163.

P.J. Flory, J.E. Osterheld, Intrinsic viscosity of polyelectrolytes. Poly(acyilic acid),
J. Phys. Chem. 58 (1954) 653-661.

G.E. Kimball, M. Cutler, H. Samelson, A theory of polyelectrolytes, J. Phys. Chem.
56 (1952) 57-60.

T. Alfrey Jr., H. Morawetz, E.B. Fitzgerald, R.M. Fuoss, Synthetic electrical analog
of proteins, J. Am. Chem. Soc. 72 (1950), 1864-1864.

T. Alfrey Jr., H. Morawetz, Amphoteric polyelectrolytes. I. 2-Vinylpyridine-
Methacrylic acid copolymers, J. Am. Chem. Soc. 74 (1952) 436-438.

A. Katchalsky, I.R. Miller, Polyampholytes. J. Polym. Sci. 13 (1954) 57-68.

A. Katchalsky, N. Shavit, H. Eisenberg, Dissociation of weak polymeric acids and
bases, J. Polym. Sci. 13 (1954) 69-84.

J. Mazur, A. Silberberg, A. Katchalsky, Potentiometric behavior of
polyampholytes, J. Polym. Sci. 35 (1959) 43-70.

P.G. de Gennes, P. Pincus, F. Brochard, R.M. Velasco, Remarks on polyelectrolyte
conformation, J. Phys. 37 (1976) 1461-1476.

J. Skolnick, M. Fixman, Electrostatic persistence length of a wormlike
polyelectrolyte, Macromolecules 10 (1977) 944-948.

T. Odijk, Polyelectrolytes near the rod limit, J. Polym. Sci. B 15 (1977) 477-483.
A.R. Khokhlov, K.A. Khachaturian, On the theory of weakly charged
polyelectrolytes, Polymer 23 (1982) 1742-1750.

J.L. Barrat, J.F. Joanny, Theory of polyelectrolyte solutions, Adv. Chem. Phys. 94
(1996) 1-66.

A.V. Dobrynin, Molecular simulations of charged polymers, in: M. Kotelyanskii,
D.N. Theodorou (Eds.), Simulation Methods for Polymers, Marcel Dekker, New
York, 2004, pp. 259-312.

K. Binder, Application of Monte Carlo methods in statistical physics, in: Topics in
Current Physics, vol. 31, Springer-Verlag, New York, 1987.

K. Binder, Application of the Monte Carlo methods in condensed matter physics,
in: Topics in Applied Physics, vol. 71, Springer-Verlag, New York, 1995.

V.Y. Borue, 1.Y. Erukhimovich, A statistical theory of weakly charged
polyelectrolytes: fluctuations, eqaution of state, and microphase separation,
Macromolecules 21 (1988) 3240-3249.

J.F. Joanny, L. Leibler, Weakly charged polyelectrolytes in a poor solvent, J. Phys.
51 (1990) 545-557.

A.V. Ermoshkin, M.O. de la Cruz, A modified random phase approximation of
polyelectrolyte solutions, Macromolecules 36 (2003) 7824-7832.

A. Yethiraj, Theory for chain conformations and static structure of dilute and
semidilute polyelectrolyte solutions, J. Chem. Phys. 108 (1998) 1184-1192.

M. Muthukumar, Double screening in polyelectrolyte solutions: limiting laws and
crossover formulas, J. Chem. Phys. 105 (1996) 5183-5199.

R.R. Netz, H. Orland, Field theory for charged fluids and colloids, Europhys. Lett.
45 (1999) 726-732.

11

[68]
[69]

[70]

[71]

[72]
[73]
[74]
[75]

[76]

[77]

[78]
[79]
[80]

[81]

[82]

[83]

[84]

[85]

[86]
[871
[88]
[89]
[90]
[91]

[92]

[93]
[94]
[95]
[96]
[971
[98]
[99]

[100]

[101]

[102]

[103]

[104]

Polymer 202 (2020) 122714

M. Muthukumar, Polyelectrolyte dynamics, Adv. Chem. Phys. 131 (2005) 1-60.
G.H. Fredrickson, The Equilibrium Theory of Inhomogeneous Polymers,
Clarendon Press, Oxford, 2006.

P. Dubin, J. Bock, R. Davis, D.N. Schluz, C. Thies, Macromolecular Complexes in
Chemistry and Biology, Springer-Verlag, 1994.

A.V. Dobrynin, Theory and simulations of charged polymers: from solution
properties to polymeric nanomaterials, Curr. Opin. Colloid Interface Sci. 13
(2008) 376-388.

C. Holm, J.F. Joanny, K. Kremer, R.R. Netz, P. Reineker, C. Seidel, T.A. Vilgis, R.
G. Winkler, Polyelectrolyte theory, Adv. Polym. Sci. 166 (2004) 67-111.

R.R. Netz, H. Orland, Variational theory for a single polyelectrolyte chain, Eur.
Phys. J. B 8 (1999) 81-98.

A. Yethiraj, Conformational properties and static structure factor of
polyelectrolyte solutions, Phys. Rev. Lett. 78 (1997) 3789-3792.

A.V. Dobrynin, R.H. Colby, M. Rubinstein, Scaling theory of polyelectrolyte
solutions, Macromolecules 28 (1995) 1859-1871.

G. Migliorini, V. Rostiashvili, T.A. Vilgis, Weak violation of universality for
polyelectrolyte chain:Variational theory and simulations, Eur. Phys. J. E 4 (2001)
475-487.

Q. Liao, A.V. Dobrynin, M. Rubinstein, Molecular dynamics simulations of
polyelectrolyte solutions: nonuniform stretching of chains and scaling behavior,
Macromolecules 36 (2003) 3386-3398.

L. Rayleigh, On the equilibrium of liquid conducting masses charged with
electricity, Philos. Mag. A 14 (1882) 184-186.

A.V. Dobrynin, M. Rubinstein, S.P. Obukhov, Cascade of transitions of
polyelectrolytes in poor solvent, Macromolecules 29 (1996) 2974-2979.

J.M.Y. Carrillo, A.V. Dobrynin, Detailed molecular dynamics simulations of
NaPSS in water, J. Phys. Chem. B 114 (2010) 9391-9399.

P. Chodanowski, S. Stoll, Monte Carlo simulations of hydrophobic
polyelectrolytes: evidence of complex configurational transitions, J. Chem. Phys.
111 (1999) 6069-6081.

R.H. Colby, Structure and linera viscoelasticity of flexible polymer solutions:
comparison of polyelectrolyte and neutral polymer solutions, Rheol. Acta 49
(2010) 425-442.

K. Kaji, H. Urakawa, T. Kanaya, R. Kitamaru, Phase diagram of polyelectrolyte
solutions, J. Phys. France 49 (1988) 993-1000.

J.A.V. Butler, A.B. Robins, K.V. Shooter, The viscous behaviour of dilute soultions
of a strong polyelectrolyte (polystyrene sulphonate), Proc. Roy. Soc. Lond. A241
(1957) 299-310.

R.F. Prini, A.E. Lagos, Tracer diffusion, electrical conductivity, and viscosity of
aqueous solutions of polystyrenesulfonates, J. Polym. Sci. Part A 2 (1964)
2917-2928.

J. Cohen, Z. Priel, Y. Rabin, Viscosity of dilute polyelectrolyte solutions, J. Chem.
Phys. 88 (1988) 7111-7116.

J.L.M.S. Ganter, M. Milas, M. Rinaudo, On the viscosity of sodium poly(styrene
sulphonate), a flexible polyelectrolyte, Polymer 33 (1992) 113-116.

H. Vink, Rheology of dilute polyelectrolyte solutions, Polymer 33 (1992)
3711-3716.

D.C. Boris, R.H. Colby, Rheology of sulfonated polystyrene solutions,
Macromolecules 31 (1998) 5746-5755.

K.S. Schmitz, Macroions in Solution and Colloidal Suspension, VCH Publishers,
1993.

M. Drifford, J.P. Dalbiez, Light scattering by dilute solutions of salt-free
polyelectrolytes, J. Phys. Chem. 88 (1984) 5368-5375.

M. Nierlich, C.E. Williams, F. Boue, J.P. Cotton, M. Daoud, B. Farnoux,

G. Jannink, C. Picot, C. Wolff, M. Rinaudo, P.G. de Gennes, Small angle neutron
scattering by semidilute solutions of polyelectrolytes, J. Phys. 40 (1979)
701-704.

T.A. Vilgis, R. Borsali, Mean-field theory of concentrated polyelectrolyte
solutions, Phys. Rev. 43 (1991) 6857-6873.

K.K. Mahdi, M.O. de la Cruz, Phase diagrams of salt-free polyelectrolyte
semidilute solutions, Macromolecules 33 (2000) 7649-7654.

A.V. Ermoshkin, M.O. de la Cruz, Polyelectrolytes in the presence of multivalent
ions: gelation versus segregation, Phys. Rev. Lett. 90 (2003) 1-4, 125504.

N. Volk, D. Vollmer, M. Schmidt, W. Oppermann, K. Huber, Conformation and
phase diagrams of flexible polyelectrolytes, Adv. Polym. Sci. 166 (2004) 29-65.
C.L. Lee, M. Muthukumar, Phase behavior of polyelectrolyte solutions with salt,
J. Chem. Phys. 130 (2009), 024904.

G. Orkoulas, S.K. Kumar, A.Z. Panagiotopoulos, Monte Carlo study of coulombic
criticality in polyelectrolytes, Phys. Rev. Lett. 90 (2003), 048303.

A.V. Dobrynin, M. Rubinstein, Hydrophobic polyelectrolytes, Macromolecules 32
(1999) 915-922.

A.R. Khokhlov, I.A. Nyrkova, Compatability enhancement and microdomain
structuring in weakly charged polyelectrolyte mixtures, Macromolecules 25
(1992) 1493-1502.

E.E. Dormidontova, 1.Y. Erukhimovich, A.R. Khokhlov, Microphase separation in
poor-solvent polyelectrolyte solutions - phase-diagram, Macromol. Theory Simul.
3 (1994) 661-675.

M. Shibayama, M. Tanaka, C.C. Han, Small-angle neutron scattering study on
weakly charged temperature sensitive polymer gels, J. Chem. Phys. 97 (1992)
6842-6854.

M. Shibayama, Y. Fujikawa, S. Nomura, Dynamic light scattering study of poly(N-
isopropylacrylamide-co-acrylic acid) gels, Macromolecules 29 (1996) 6535-6540.
B.D. Ermi, E.J. Amis, Influence of backbone solvation on small angle neutron
scattering from polyelectrolyte solutions, Macromolecules 30 (1997) 6937-6942.


http://refhub.elsevier.com/S0032-3861(20)30544-9/sref25
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref25
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref26
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref26
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref27
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref27
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref28
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref28
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref29
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref30
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref30
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref31
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref31
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref32
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref32
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref33
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref33
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref33
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref34
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref35
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref35
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref36
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref36
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref37
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref37
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref37
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref37
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref38
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref38
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref39
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref39
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref40
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref40
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref41
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref41
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref42
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref42
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref43
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref44
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref44
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref45
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref45
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref46
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref46
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref47
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref47
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref48
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref48
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref49
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref49
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref50
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref50
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref51
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref52
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref52
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref53
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref53
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref54
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref54
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref55
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref55
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref56
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref57
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref57
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref58
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref58
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref59
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref59
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref59
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref60
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref60
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref61
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref61
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref62
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref62
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref62
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref63
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref63
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref64
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref64
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref65
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref65
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref66
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref66
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref67
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref67
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref68
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref69
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref69
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref70
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref70
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref71
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref71
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref71
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref72
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref72
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref73
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref73
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref74
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref74
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref75
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref75
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref76
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref76
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref76
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref77
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref77
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref77
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref78
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref78
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref79
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref79
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref80
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref80
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref81
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref81
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref81
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref82
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref82
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref82
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref83
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref83
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref84
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref84
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref84
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref85
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref85
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref85
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref86
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref86
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref87
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref87
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref88
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref88
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref89
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref89
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref90
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref90
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref91
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref91
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref92
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref92
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref92
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref92
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref93
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref93
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref94
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref94
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref95
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref95
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref96
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref96
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref97
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref97
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref98
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref98
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref99
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref99
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref100
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref100
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref100
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref101
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref101
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref101
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref102
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref102
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref102
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref103
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref103
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref104
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref104

A.V. Dobrynin

[105]
[106]
[107]
[108]

[109]

[110]
[111]
[112]
[113]
[114]
[115]

[116]

[117]
[118]

[119]

[120]

[121]

[122]
[123]
[124]

[125]

[126]

[127]
[128]

[129]

[130]

[131]
[132]
[133]
[134]
[135]

[136]

[137]

[138]

[139]

[140]

[141]

U. Micka, K. Kremer, Strongly charged flexible polyelectrolytes in poor solvents-
from stable spheres to necklace chains, Europhys. Lett. 49 (2000) 189-195.

U. Micka, C. Holm, K. Kremer, Strongly charged, flexible polyelectrolytes in poor
solvents: molecular dynamics simulations, Langmuir 15 (1999) 4033-4044.

M. Muthukumar, Dynamics of polyelectrolyte solutions, J. Chem. Phys. 107
(1997) 2619-2635.

M. Muthukumar, Theory of viscoelastic properties of polyelectrolyte solutions,
Polymer 42 (2001) 5921-5923.

Q. Liao, J.M.Y. Carrillo, A.V. Dobrynin, M. Rubinstein, Rouse dynamics of
polyelectrolyte solutions: molecular dynamics study, Macromolecules 40 (2007)
7671-7679.

M. Rubinstein, R.H. Colby, A.V. Dobrynin, Dynamics of semidilute polyelectrolyte
solutions, Phys. Rev. Lett. 73 (1994) 2776-2779.

T.A. Kavassalis, J. Noolandi, New view of entanglements in dense polymer
systems, Phys. Rev. Lett. 59 (1987) 2674-2677.

T.A. Kavassalis, J. Noolandi, A new theory of entanglements and dynamics in
dense polymer systems, Macromolecules 21 (1988) 2869-2879.

T.A. Kavassalis, J. Noolandi, Entanglement scaling in polymer melts and
solutions, Macromolecules 22 (1989) 2709-2720.

Z. Alexandrowicz, A. Katchalsky, Colligative properties of polyelectrolyte
solutions in excess of salt, J. Polym. Sci. 1 (1963) 3231-3260.

G.S. Manning, Counterion condensation theory constructed from different
models, Physica A 231 (1996) 236-253.

G.S. Manning, The critical onset of counterion condensation: a survey of its
experimental and theoretical basis, Berichte der Bunsen-Gesellschaft-Physical
Chemistry Chemical Physics 100 (1996) 909-922.

G.S. Manning, J. Ray, Counterion condensation revisited, J. Biomol. Struct.
Dynam. 16 (1998) 461-476.

E. Raphael, J.F. Joanny, Annealed and quenched polyelectrolytes, Europhys. Lett.
13 (1990) 623-628.

A.V. Dobrynin, M. Rubinstein, Counterion condensation and phase separation in
solutions of hydrophobic polyelectrolytes, Macromolecules 34 (2001)
1964-1972.

M. Muthukumar, Theory of counter-ion condensation on flexible polyelectrolytes:
adsorption mechanism, J. Chem. Phys. 120 (2004) 9343-9350.

E.Y. Kramarenko, A.R. Khokhlov, K. Yoshikawa, A three-state model for
counterions in a dilute solution of weakly charged polyelectrolytes, Macromol.
Theory Simul. 9 (2000) 249-256.

A. Deshkovski, S. Obukhov, M. Rubinstein, Counterion phase transitions in dilute
polyelectrolyte solutions, Phys. Rev. Lett. 86 (2001) 2341-2344.

A.R. Khokhlov, On the collapse of weakly charged polyelectrolytes, J. Phys. 13
(1980) 979-987.

H. Schiessel, P. Pincus, Counterion-condensation-induced collapse of highly
charged polyelectrolytes, Macromolecules 31 (1998) 7953-7959.

H. Schiessel, Counterion condensation on flexible polyelectrolytes: dependence
on jonic strength and chain concentration, Macromolecules 32 (1999)
5673-5680.

R.G. Winkler, M. Gold, P. Reineker, Collapse of polyelectrolyte macromolecules
by counterion condensation and ion pair formation: a molecular dynamics
simulation study, Phys. Rev. Lett. 80 (1998) 3731-3734.

P. Gonzalez-Mozuelos, M.O. de la Cruz, Ion condensation in salt-free dilute
polyelectrolyte solutions, J. Chem. Phys. 103 (1995) 3145-3157.

M. Castelnovo, P. Sens, J.F. Joanny, Charge distribution on annealed
polyelectrolytes, Eur. Phys. J. E 1 (2000) 115-125.

N.V. Brilliantov, D.V. Kuznetsov, R. Klein, Chain collapse and counterion
condensation in dilute polyelectrolyte solutions, Phys. Rev. Lett. 81 (1998)
1433-1436.

Q. Liao, A.V. Dobrynin, M. Rubinstein, Counterion-correlation-induced attraction
and necklace formation in polyelectrolyte solutions: theory and simulations,
Macromolecules 39 (2006) 1920-1938.

J. Jeon, A.V. Dobrynin, Necklace globule and counterion condensation,
Macromolecules 40 (2007) 7695-7706.

H.J. Limbach, C. Holm, Conformational properties of poor solvent
polyelectrolytes, Comput. Phys. Commun. 147 (2002) 321-324.

H.J. Limbach, C. Holm, Single-chain properties of polyelectrolytes in poor
solvent, J. Phys. Chem. B 107 (2003) 8041-8055.

H.J. Limbach, C. Holm, K. Kremer, Structure of polyelectrolytes in poor solvent,
Eur. Lett. 60 (2002) 566-572.

H.J. Limbach, C. Holm, K. Kremer, Conformations and solution structure of
polyelectrolytes in poor solvent, Macromol. Symp. 211 (2004) 43-53.

J. Jeon, A.V. Dobrynin, Molecular dynamics simulations of polyelectrolyte-
polyampholyte complexes. Effect of solvent quality and salt concentration,

J. Phys. Chem. B 110 (2006) 24652-24665.

A.V. Lyulin, B. Dunweg, O.V. Borisov, A.A. Darinskii, Computer simulation
studies of a single polyelectrolyte chain in poor solvent, Macromolecules 32
(1999) 3264-3278.

A.C. Balazs, C. Singh, E. Zhulina, S.S. Chern, Y. Lyatskaya, G. Pickett, Theory of
polymer chains tethered at interfaces, Prog. Surf. Sci. 55 (1997) 181-269.

G. Migliorini, N. Lee, V. Rostiashvili, T.A. Vilgis, Polyelectrolyte chains in poor
solvent. A variational description of necklace formation, European Physical
Journal E 6 (2001) 259-270.

F.J. Solis, M. Olvera de La Cruz, Variational approach to necklace formation in
polyelectrolytes, Macromolecules 31 (1998) 5502-5506.

E.Y. Kramarenko, A.R. Khokhlov, K. Yoshikawa, Collapse of polyelectrolyte
macromolecules revisited, Macromolecules 30 (1997) 3383-3388.

12

[142]
[143]
[144]
[145]
[146]
[147]

[148]

[149]
[150]

[151]

[152]
[153]

[154]

[155]
[156]
[157]

[158]

[159]

[160]

[161]

[162]
[163]
[164]
[165]
[166]

[167]

[168]
[169]

[170]

[171]
[172]

[173]

[174]

[175]

[176]

[177]

[178]

Polymer 202 (2020) 122714

S. Ulrich, A. Laguecir, S. Stoll, Titration of hydrophobic polyelectrolytes using
Monte Carlo simulations, J. Chem. Phys. 122 (2005) 1-9, 094911.

S. Uyaver, C. Seidel, Pearl-necklace structures in annealed polyelectrolytes,

J. Phys. Chem. B 108 (2004) 18804-18814.

S. Uyaver, C. Seidel, Effect of varying salt concentration on the behavior of weak
polyelectrolytes in a poor solvent, Macromolecules 42 (2009) 1352-1361.

A.Z. Panagiotopoulos, Charge correlation effects on ionization of weak
polyelectrolytes, J. Phys. Condens. Matter 21 (2009), 424113.

S.Q. Wang, S. Granick, J. Zhao, Charge on a weak polyelectrolyte, J. Chem. Phys.
129 (2008).

P. Vallat, J.M. Catala, M. Rawiso, F. Schosseler, Conformational transitions of
conjugated annealed polyelectrolytes, Epl (2008) 82.

L.J. Kirwan, G. Papastavrou, M. Borkovec, S.H. Behrens, Imaging the coil-to-
globule conformational transition of a weak polyelectrolyte by tuning the
polyelectrolyte charge density, Nano Lett. 4 (2004) 149-152.

A. Katchalsky, O. Kunzle, W. Kuhn, Behavior of polyvalent polymeric ions in
solution, J. Polym. Sci. 5 (1950) 283-300.

M. Muthukumar, Adsorption of a polyelectrolyte chain to a charged surface,

J. Chem. Phys. 86 (1987) 7230-7235.

M. Beer, M. Schmidt, M. Muthukumar, The electrostatic expansion of linear
polyelectrolytes: effects of gegenions, co-ions, and hydrophobicity,
Macromolecules 30 (1997) 8375-8385.

K. Ghosh, G.A. Carri, M. Muthukumar, Configurational properties of a single
semiflexible polyelectrolyte, J. Chem. Phys. 115 (2001) 4367-4375.

M. Ullner, Comments on the scaling behavior of flexible polyelectrolytes within
the Debye-Huckel approximation, J. Phys. Chem. B 107 (2003) 8097-8110.

T. Odijk, A.C. Houwaart, On the theory of the excluded-volume effect of a
polelectrolyte in a 1-1 electrolyte solution, J. Polym. Sci. Polym. Phys. Ed 16
(1978) 627-639.

J.M.Y. Carrillo, A.V. Dobrynin, Polyelectrolyte in salt solutions: molecular
dynamics simulations, Macromolecules 44 (2011) 5798-5816.

J.M.Y. Carrillo, A.V. Dobrynin, Salt effect on osmotic pressure of polyelectrolyte
solutions: simulation study, Polymers 6 (2014) 1897-1913.

J. Kotz, S. Kosmella, T. Beitz, Self-assembled polyelectrolyte systems, Prog.
Polym. Sci. 26 (2001) 1199-1232.

C.I. Huang, M.O. de la Cruz, Polyelectrolytes in multivalent salt solutions:
monomolecular versus multimolecular aggregation, Macromolecules 35 (2002)
976-986.

E. Dubois, F. Boue, Conformation of poly(styrenesulfonate) polyions in the
presence of multivalent ions: small-angle neutron scattering experiments,
Macromolecules 34 (2001) 3684-3697.

F.J. Solis, M.O. de la Cruz, Flexible linear polyelectrolytes in multivalent salt
solutions: solubility conditions, Eur. Phys. J. E 4 (2001) 143-152.

LI Potemkin, V.V. Vasilevskaya, A.R. Khokhlov, Associating polyelectrolytes:
finite size cluster stabilization versus physical gel formation, J. Chem. Phys. 111
(1999) 2809-2817.

P.Y. Hsiao, E. Luijten, Salt-induced collapse and reexpansion of highly charged
flexible polyelectrolytes, Phys. Rev. Lett. 97 (2006), 148301.

A.V. Ermoshkin, M.O. de la Cruz, Gelation in strongly charged polyelectrolytes,
J. Polym. Sci. B 42 (2004) 766-776.

A.V. Ermoshkin, A.N. Kudlay, M.O. de la Cruz, Thermoreversible crosslinking of
polyelectrolyte chains, J. Chem. Phys. 120 (2004) 11930-11940.

Z.J. Zhang, Q. Chen, R.H. Colby, Dynamics of associating polymers, Soft Matter
14 (2018) 2961-2977.

V.A. Bloomfield, DNA condensation by multivalent cations, Biopolymers 44
(1997) 269-282.

1. Rouzina, V.A. Bloomfield, Competitive electrostatic binding of charged ligands
to polyelectrolytes: planar and cylindrical geometries, J. Phys. Chem. 100 (1996)
4292-4304.

B.I. Shklovskii, Screening of a macroion by multivalent ions: correlation- induced
inversion of charge, Phys. Rev. E 60 (1999) 5802-5811.

B.I. Shklovskii, Wigner crystal model of counterion induced bundle formation of
rodlike polyelectrolytes, Phys. Rev. Lett. 82 (1999) 3268-3271.

A.Y. Grosberg, T.T. Nguyen, B.I. Shklovskii, Colloquium: the physics of charge
inversion in chemical and biological systems, Rev. Mod. Phys. 74 (2002)
329-345.

Y. Levin, Electrostatic correlations: from plasma to biology, Rep. Prog. Phys. 65
(2002) 1577-1632.

R. Kakehashi, H. Maeda, Donnan equilibria of simple electrolytes in
polyelectrolyte solutions, J. Chem. Soc. Faraday. Trans. 92 (1996) 3117-3121.
R. Kakehashi, H. Maeda, Donnan equilibria of simple electrolytes in
polyelectrolyte solutions .2. Extension to polycations and the effect of charge
densities, J. Chem. Soc. Faraday. Trans. 92 (1996) 4441-4444.

R. Kakehashi, H. Yamazoe, H. Maeda, Osmotic coefficients of vinylic
polyelectrolyte solutions without added salt, Colloid Polym. Sci. 276 (1998)
28-33.

E. Raspaud, M. de Conceicao, F. Livolant, Do free DNA counterions control the
osmotic pressure? Phys. Rev. Lett. 84 (2000) 2533-2536.

P.L. Hansen, R. Podgornik, A.V. Parsegian, Osmotic properties of DNA: critical
evaluation of counterion condensation theory, Phys. Rev. E 64 (1997) 1-4,
021907.

M. Reddy, J.A. Marinsky, Further investigation of the osmotic properties of
hydrogen and sodium polystyrenesulfonate, J. Phys. Chem. 74 (1970)
3884-3891.

L. Wang, V.A. Bloomfield, Osmotic pressure of polyelctrolytes without added salt,
Macromolecules 23 (1990) 804-809.


http://refhub.elsevier.com/S0032-3861(20)30544-9/sref105
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref105
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref106
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref106
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref107
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref107
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref108
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref108
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref109
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref109
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref109
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref110
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref110
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref111
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref111
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref112
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref112
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref113
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref113
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref114
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref114
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref115
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref115
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref116
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref116
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref116
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref117
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref117
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref118
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref118
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref119
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref119
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref119
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref120
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref120
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref121
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref121
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref121
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref122
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref122
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref123
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref123
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref124
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref124
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref125
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref125
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref125
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref126
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref126
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref126
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref127
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref127
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref128
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref128
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref129
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref129
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref129
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref130
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref130
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref130
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref131
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref131
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref132
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref132
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref133
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref133
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref134
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref134
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref135
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref135
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref136
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref136
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref136
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref137
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref137
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref137
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref138
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref138
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref139
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref139
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref139
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref140
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref140
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref141
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref141
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref142
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref142
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref143
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref143
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref144
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref144
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref145
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref145
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref146
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref146
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref147
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref147
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref148
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref148
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref148
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref149
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref149
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref150
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref150
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref151
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref151
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref151
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref152
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref152
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref153
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref153
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref154
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref154
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref154
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref155
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref155
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref156
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref156
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref157
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref157
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref158
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref158
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref158
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref159
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref159
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref159
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref160
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref160
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref161
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref161
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref161
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref162
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref162
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref163
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref163
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref164
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref164
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref165
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref165
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref166
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref166
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref167
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref167
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref167
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref168
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref168
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref169
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref169
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref170
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref170
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref170
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref171
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref171
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref172
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref172
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref173
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref173
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref173
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref174
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref174
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref174
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref175
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref175
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref176
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref176
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref176
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref177
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref177
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref177
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref178
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref178

A.V. Dobrynin

[179]

[180]
[181]

[182]

[183]
[184]

[185]
[186]

[187]
[188]

[189]
[190]

[191]
[192]

[193]
[194]

[195]

[196]

[197]

[198]

R.S. Koene, T. Nicolai, M. Mandel, Scaling relations for aqueous polyelectrolyte-
salt solutions. 3. Osmotic pressure as a function of molar mass and ionic strength
in the semidilute regime, Macromolecules 16 (1983) 231-236.

A. Takahashi, N. Kato, M. Nagasawa, The osmotic pressure of polyelectrolyte in
neutral salt solutions, J. Phys. Chem. 74 (1970) 944-946.

B. Zhang, D.H. Yu, H.L. Liu, Y. Hu, Osmotic coefficients of polyelectrolyte
solutions, measurements and correlation, Polymer 43 (2002) 2975-2980.

Q. Liao, A.V. Dobrynin, M. Rubinstein, Molecular dynamics simulations of
polyelectrolyte solutions: osmotic coefficient and counterion condensation,
Macromolecules 36 (2003) 3399-3410.

M. Ullner, K. Qamhien, B. Cabane, Osmotic pressure in polyelectrolyte solutions:
cell-model and bulk simulations, Soft Matter 14 (2018) 5832-5846.

H.J. Kwon, Y. Osada, J.P. Gong, Polyelectrolyte gels - fundamentals and
applications, Polym. J. 38 (2006) 1211-1219.

Y. Osada, A.R. Khokhlov, Polymer Gels and Networks, Marcel Dekker, 2001.
R.S. Harland, R.K. Prudhomme, Polyelectrolyte Gels: Properties, Preparation, and
Applications, American Chemical Society, Washington, DC, 1998.

P. Calvert, Hydrogels for soft machines, Adv. Mater. 21 (2009) 743-756.

G.F. Elliott, S.A. Hodson, Cornea, and the swelling of polyelectrolyte gels of
biological interest, Rep. Prog. Phys. 61 (1998) 1325-1365.

J.P. Gong, Y. Osada, Surface friction of polymer gels, Prog. Polym. Sci. 27 (2002)
3-38.

W.T.S. Huck, Responsive polymers for nanoscale actuation, Mater. Today 11
(2008) 24-32.

M. Malmsten, Soft drug delivery systems, Soft Matter 2 (2006) 760-769.

N.A. Peppas, P. Bures, W. Leobandung, H. Ichikawa, Hydrogels in pharmaceutical
formulations, Eur. J. Pharm. Biopharm. 50 (2000) 27-46.

A.R. Khokhlov, S.G. Starodubtsev, V.V. Vasilevskaya, Conformational transitions
in polymer gels: theory and experiment, Adv. Polym. Sci. 109 (1993) 123-171.
D. Kaneko, J.P. Gong, Y. Osada, Polymer gels as soft and wet chemomechanical
systems - an approach to artificial muscles, J. Mater. Chem. 12 (2002) 2169.

M. Sedlak, The ionic strength dependence of the structure and dynamics of
polyelectrolyte solutions as seen by light scattering: the slow mode dilemma,

J. Chem. Phys. 105 (1996) 10123-10133.

M. Sedlak, Dynamic light scattering from binary mixtures of polyelectrolytes. I.
Influence of mixing on the fast and slow polyelectrolyte mode behavior, J. Chem.
Phys. 107 (1997) 10799-10804.

M. Sedlak, Dynamic light scattering from binary mixtures of polyelectrolytes. II.
Appearance of the medium polyelectrolyte mode upon mixing and comparison
with experiments on binary mixtures of neutral polymers, J. Chem. Phys. 107
(1997) 10805-10815.

M. Sedlak, Long-time stability of multimacroion domains in polyelectrolyte
solutions, J. Chem. Phys. 116 (2002) 5246-5255.

13

[199]

[200]
[201]

[202]

[203]
[204]

[205]

[206]

[207]
[208]
[209]
[210]
[211]
[212]
[213]
[214]

[215]

[216]

[217]

Polymer 202 (2020) 122714

A. Sehgal, T.A.P. Seery, The ordinary-extraordinary transition revisited: a model
polyelectrolyte in a highly polar organic solvent, Macromolecules 31 (1998)
7340-7346.

D. Jia, M. Muthukumar, Effect of salt on the ordinary-extraordinary transition in
solutions of charged macromolecules, J. Am. Chem. Soc. 141 (2019) 5886-5896.
Y. Qiu, K. Park, Environment-sensitive hydrogels for drug delivery, Adv. Drug
Deliv. Rev. 53 (2001) 321-339.

J. Ruhe, M. Ballauff, M. Biesalski, P. Dziezok, F. Grohn, D. Johannsmann,

N. Houbenov, N. Hugenberg, R. Konradi, S. Minko, M. Motornov, R.R. Netz,

M. Schmidt, C. Seidel, M. Stamm, T. Stephan, D. Usov, H.N. Zhang,
Polyelectrolyte brushes, Adv. Polym. Sci. 165 (2004) 79-150.

P.L. Dubin, R.S. Farinato, Colloid-Polymer Interactions: from Fundamentals to
Practice, Wiley-Interscience, 1999.

V.Y. Borue, LY. Erukhimovich, A statistical theory of globular polyelectrolyte
complexes, Macromolecules 23 (1990) 3625-3632.

S.P.O. Danielsen, J. McCarty, J.-E. Shea, K.T. Delaney, G.H. Fredrickson,
Molecular design of self-coacervation phenomena in block polyampholytes, Proc.
Nat. Acad. Sci. USA 116 (2019) 8224-8232.

S.L. Perry, C.E. Sing, 100th anniversary of macromolecular science viewpoint:
opportunities in the physics of sequence-defined polymers, ACS Macro Lett. 9
(2020) 216-225.

C.E. Sing, Development of the modern theory of polymeric complex coacervation,
Adv. Colloid Interface Sci. 239 (2017) 2-16.

M. Rubinstein, Q. Liao, S. Panyukov, Structure of liquid coacervates formed by
oppositely charged polyelectrolytes, Macromolecules 51 (2018) 9572-9588.
R.R. Netz, D. Andelman, Neutral and charged polymers at interfaces, Phys. Rep.
380 (2003) 1-95.

G. Decher, J.B. Schlenoff, Multilayer Thin Films, Wiley-VCH, 2003.

S.A. Sukhishvili, E. Kharlampieva, V.A. Izumrudov, Where polyelectrolyte
multilayers and polyelectrolyte complexes meet, Macromolecules 36 (2006)
8873-8881.

G. Decher, Fuzzy nanoassemblies: toward layered polymeric multicomposites,
Science 277 (1997) 1232-1237.

C.G. Lopez, Entanglement properties of polyelectrolytes in salt-free and excess-
salt solutions, ACS Macro Lett. 8 (2019) 979-983.

F. Hofmeister, Zur lehre von der wirkung der salze, Naunyn-Schmiedeberg’s Arch.
Pharmacol. 25 (1888) 1-30.

W. Kunz, J. Henle, B.W. Ninham, Zur lehre von der wirkung der saltze’ (About the
science of the effect of salts): franz Hofmeister’s historical papers, Curr. Opin.
Colloid Interface Sci. 9 (2004) 19-37.

S.Z. Moghaddam, E. Thormann, The Hofmeister series: specific ion effects in
aqueous polymer solutions, J. Colloid Interface Sci. 555 (2019) 615-635.

N. Schweirz, D. Horinek, U. Sivan, R.R. Netz, Reversed Hofmeister series - the rule
rather than the exception, Curr. Opin. Colloid Interface Sci. 23 (2016) 10-18.


http://refhub.elsevier.com/S0032-3861(20)30544-9/sref179
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref179
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref179
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref180
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref180
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref181
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref181
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref182
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref182
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref182
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref183
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref183
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref184
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref184
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref185
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref186
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref186
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref187
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref188
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref188
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref189
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref189
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref190
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref190
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref191
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref192
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref192
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref193
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref193
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref194
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref194
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref195
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref195
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref195
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref196
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref196
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref196
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref197
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref197
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref197
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref197
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref198
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref198
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref199
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref199
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref199
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref200
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref200
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref201
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref201
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref202
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref202
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref202
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref202
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref203
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref203
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref204
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref204
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref205
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref205
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref205
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref206
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref206
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref206
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref207
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref207
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref208
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref208
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref209
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref209
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref210
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref211
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref211
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref211
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref212
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref212
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref213
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref213
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref214
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref214
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref215
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref215
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref215
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref216
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref216
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref217
http://refhub.elsevier.com/S0032-3861(20)30544-9/sref217

	Polyelectrolytes: On the doorsteps of the second century
	1 Introduction: a historical note
	2 Polyelectrolyte solutions
	2.1 Dilute salt-free solutions
	2.2 Semidilute salt-free solutions
	2.3 Dynamics of salt-free polyelectrolyte solutions
	2.4 Counterion condensation and ionization equilibrium
	2.5 Polyelectrolytes in salt solutions
	2.6 Osmotic pressure

	3 Conclusions and outlook
	Declaration of competing interest
	CRediT authorship contribution statement
	Acknowledgements
	References


