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COUNTERION CONDENSATION (I)
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I. Condensed counterions 
II. Free counterions 

Counterions will condense onto the chain until the charge density 
decreases to a value of e/lB.

Manning’s condensation theory:
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Oosawa-Manning condensation theory
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Counterions will condense onto the chain until 
the charge density decreases to a value of 1/𝑍𝑙!.
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Where in the world are condensed counterions?

Qishun Tang a and Michael Rubinstein *bc

A scaling model of the concentration profiles of both condensed and free counterions is presented for

solutions of spherical and cylindrical charged nanoparticles of different charge valences, nanoparticle

sizes, and salt concentrations. The distribution of counterions for both spherical and cylindrical charged

particles in salt-free solutions is determined by the condensation parameter g0 defined as the ratio

of nanoparticle valence Z0 to the number of Bjerrum lengths lB = e2/(ekT) per nanoparticle size

(g0 = Z0lB/(2r0) for spherical nanoparticles with radii r0 or g0 = Z0lB/L for cylindrical particles with length L),

where e is solution dielectric permittivity, e is elementary charge and kT is thermal energy. Depending on

the magnitudes of the condensation parameter g0 and nanoparticle volume fraction f, we find three

qualitatively different regimes for the counterion distribution near charged particles: (i) weakly charged

particles with no condensed counterions, (ii) regime of weak counterion condensation with less than half

of the counterions condensed, and (iii) regime of strong counterion condensation with the majority of

counterions condensed. The magnitude of electrostatic energy of a condensed counterion with respect to

solution locations with zero electric field is larger than thermal energy kT, and the fraction of condensed

counterions increases from less than half in the weak condensation regime to the majority of all

counterions in the strong condensation regime. The condensed counterions are not bound to the

nanoparticle surface but instead are localized within the condensed counterion zone near the charged

particle. The thickness of the condensed counterion zone varies with the condensation parameter g0, the

nanoparticle shape and volume fraction f, and the salt concentration and can be as narrow as Bjerrum

length (Bnm) or as large as the particle size (BL the length of charged cylinder).

1. Introduction
Electrostatic stabilization is one of the main methods of
preparing homogeneous solutions of colloids and polymers in
polar solvents such as water. Stabilization of these solutions
takes place both due to the entropy of counterions and due to
the electrostatic repulsion between charged objects. Increasing
the bare charge of nanoparticles or polymers does not necessarily
lead to improved solution stability. Counterions to this additional
charge may not be able to escape the strong electrostatic
attraction and are instead localized near these highly charged
surfaces reducing their effective charge and in some cases even
inducing attraction.

The motion of the counterions and charged particles due to
the action of the external electric field or fluid flow is also
affected by the electrostatic interactions between the charged

particles and their counterions. The electrophoretic mobility of
charged particles or polymers is reduced by the drag imposed
by the counterions pulled in the opposite direction by the
external electric field. The viscosity of dilute solutions of
polyelectrolytes and charged particles depends on the way
counterions that are strongly electrostatically coupled to these
solutes modify the solvent flow around these solutes. In all of
these examples, it is essential to know the distribution of
counterions around charged particles of different charge
valences, shapes, sizes, and concentrations in solution as well
as the strength of electrostatic interactions between these
particles and their counterions.

The distribution of counterions at charged surfaces with
different symmetries – planes, cylinders, and spheres has been
extensively studied. In the present paper, we summarize and
connect these classical results on counterion distribution and
condensation at surfaces with different symmetries into a
comprehensive scaling picture. The Gouy–Chapman theory1,2

presents the analytical solution of counterion distribution near
a charged plane,3,4 which will be reviewed in the introduction
below for the salt-free case and used throughout the paper.
The classical results5,6 of counterion distribution near
charged cylinders were obtained within the cylindrical cell
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Theory of counter-ion condensation on flexible polyelectrolytes:
Adsorption mechanism

M. Muthukumara)
Polymer Science and Engineering Department, University of Massachusetts, Amherst, Massachusetts 01003

!Received 5 January 2004; accepted 18 February 2004"

A new model is presented for counterion distribution around flexible polyelectrolytes by considering
!i" free energy of the polyelectrolyte chain, !ii" translational entropy of adsorbed counterions, !iii"
adsorption energy, !iv" translational entropy of unadsorbed counterions, !v" fluctuations of
dissociated ions, and !vi" correlation among ion-pairs formed by adsorbed counterions on the
polymer. The effective charge and size of the polymer are calculated self-consistently. The degree
of ionization f of the polymer decreases continuously with 1/#T !# and T are the dielectric constant
of the solvent and temperature, respectively", depending sensitively on local dielectric
heterogeneity. Further, f decreases with an increase in salt concentration, monomer concentration, or
chain flexibility. The polymer size, accompanying the changes in f, depends nonmonotonically on
1/#T . The predictions of the model are consistent with all trends observed previously in simulations
and are distinctly different from the Manning argument for rodlike chains. © 2004 American
Institute of Physics. $DOI: 10.1063/1.1701839%

I. INTRODUCTION

The effective electric charge of polyelectrolytes dis-
solved in a polar solvent mediates how these molecules in-
teract among themselves and how they move from one loca-
tion to another in the solution. Examples of this situation
include aqueous solutions containing DNA, proteins and
other charged biopolymers and all synthetic polyelectrolytes,
in the contexts of biological self assembly, signal transduc-
tion, electrophoresis, and polyelectrolyte characterization.
Thus an understanding of the nature and origin of the effec-
tive charge of a polyelectrolyte molecule in water and other
polar solvents is important and continues to be a significant
challenge.

The effective charge of a strongly ionized flexible poly-
electrolyte in water measured by electrophoretic and dielec-
tric methods is known1–11 to be much lower than the chemi-
cal charge determined by elemental analysis and titration
curves. As examples,11 the effective charge of polyvinyl py-
ridinium and polystyrene sulfonate salts in water at room
temperatures is lower than 40% of the fully ionized value.
This phenomenon is attributed to the Manning counterion
condensation,2–4 whereby some of the charges on the poly-
mer backbone are effectively neutralized by the counterions.
The counterions equivalent in number to the unneutralized
charges of the polymer are distributed in the solution con-
taining the polyelectrolyte. There may be additional ions in
the solution due to dissolved small-molecular salts, depend-
ing on experimental conditions.

The classic Manning theory2–4 of counterion condensa-
tion is based on modeling the polymer as an infinitely long
line charge, and this theory is commonly used to explain
counterion condensation on flexible polyelectrolytes. In the
Manning theory, the polymer is imagined $Fig. 1!a"% to be an

infinitely long line with each monomer bearing a point
charge of Zpe and the uniform distance between the mono-
mers being !. The electrostatic potential energy, V(X), asso-
ciated with bringing a counterion of point charge !Zce to a
distance X in a plane, perpendicular bisector to the polymer
line of length N! placed along the z axis is12

V!X""!
ZpZce2

4&#0#

2
! !0

N!/2 dz
!z2#X2

"
ZpZce2

2&#0#!
logX ,

!1.1"
where X""X", e is the electron charge, #0 is the permittivity
of vacuum, and # is the dielectric constant of the solution. In
writing Eq. !1.1", the polymer line is taken to be infinitely
long, terms independent of X are omitted, and the reference
point X0 for V"0 is taken as unity. It was argued2 exactly
that the partition sum !Z, related to the system’s Helmholtz
free energy F by F"!kBT logZ, where kBT is the Boltz-
mann constant times absolute temperature",

Z"! dX exp!!V!X"/kBT ", !1.2"

diverges $see Eq. !5" in Ref. 2% at short distances !lower limit
of the integral", if

ZpZc!B
!

$1, !1.3"

where !B is the Bjerrum length

!B"
e2

4&#0#kBT
. !1.4"

In order to avoid the physically unrealistic divergence, Man-
ning argued2–4 that if ZpZc!B /!$1, the counterions con-
dense so that ZpZc!B /!"1. For monovalent monomers
(Zp"1) and counterions (Zc"1), the Manning condensa-
tion of counterions occurs if !B$! . It is evident from Eq.a"Electronic mail: muthu@polysci.umass.edu
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Evaluation of the Counterion Condensation Theory of Polyelectrolytes

Dirk Stigter
Department of Pharmaceutical Chemistry, University of California, San Francisco, California 94143 USA

ABSTRACT We compare free energies of counterion distributions in polyelectrolyte solutions predicted from the cylindrical
Poisson-Boltzmann (PB) model and from the counterion condensation theories of Manning: CC1 (Manning, 1 969a, b), which
assumes an infinitely thin region of condensed counterions, and CC2 (Manning, 1977), which assumes a region of finite
thickness. We consider rods of finite radius with the linear charge density of B-DNA in 1-1 valent and 2-2 valent salt solutions.
We find that under all conditions considered here the free energy of the CC1 and the CC2 models is higher than that of the
PB model. We argue that counterion condensation theory imposes nonphysical constraints and is, therefore, a poorer
approximation to the underlying physics based on continuum dielectrics, point-charge small ions, Poisson electrostatics, and
Boltzmann distributions. The errors in counterion condensation theory diminish with increasing distance from, or radius of, the
polyion.

INTRODUCTION
One of the main theoretical tools for predicting the distri-
butions of small, mobile ions around polymers, colloids,
biomembranes, and biomolecules in solution has been the
Poisson-Boltzmann (PB) theory, which originated in the
early part of this century. For the subclass of solution
electrostatics problems that involve charged rods, a popular
alternative has been the Manning theory of counterion con-
densation (CC) (Manning, 1969a, b, 1977).
The counterion condensation theory arose in response to

mathematical difficulties in the PB theory. The two theories
treat essentially the same physical model. Which is more
correct? This question has not been answered satisfactorily
in the past in part because CC and PB both rest on ques-
tionable, but different, approximations. Here we compare
the theories by using a free energy test. We reason that
whichever model gives the small ion distribution with the
lower free energy is the model with the least artificial
constraint. In all of the cases we tested, we found that the
PB theory gives the lower free energy and, hence, the more
stable ion distribution.

Although the PB theory is now widely used in solution
electrostatics, it fell out of favor for a considerable period of
time when it was found that its mean-field approximation
does not suitably treat ion fluctuations, and that this is
important for small multivalent ions. Early treatments of
electrostatic effects in polyelectrolyte-salt solutions were
based on a PB description of the distribution of the small,
mobile ions, by Hermans and Overbeek (1948) for a porous
sphere model, and by Katchalsky and others (Fuoss et al.,
1951; Alfrey et al., 1951) for a charged rod model of
polyelectrolyte molecules. In view of the high local poten-
tial near polyelectrolyte chains, the full (nonlinear) PB

Received for publication 13 February 1995 and in final form 21 April
1995.
Address reprint requests to Dr. Dirk Stigter, 1925 Marin Ave., Berkeley, CA
94707. Tel.: 510-5264989; E-mail: stigter@violet.berkeley.edu.
C) 1995 by the Biophysical Society
0006-3495/95/08/380/09 $2.00

equation was preferred to the linearized Debye-Huckel ap-
proximation. The full PB equation was solved analytically
for a cell model of the charged rod (Fuoss et al., 1951;
Alfrey et al., 1951) and numerically for the single charged
rod in a salt solution (Kotin and Nagasawa, 1962; Sugai and
Nitta, 1973; Stigter, 1975). But Kirkwood (1934) showed
that the PB equation ignores the distinction between two
different types of averages of the potential, which causes
serious errors in the Debye-Huckel theory of strong elec-
trolytes, except at low concentrations where the linearized
PB equation is adequate. This difficulty discouraged use of
the nonlinear PB equation in biophysics for many years.

But progress on the theory of charged rods was reinvig-
orated by Manning's development of the counterion con-
densation theory (Manning, 1969a, b, 1977). This approach
treats the distribution of counterions around highly charged
polyelectrolytes in terms of the linear charge density pa-
rameter ( = laBb, where 'B = e2/47rE0EkT is the Bjerrum
length (lB = 7.13 A at 25° C in water), and b is the axial
distance between successive charges fixed to the polyelec-
trolyte chain. Manning considered highly charged polyelec-
trolytes, ( > 1, and counterions with valency zi. He argued
that the PB ion atmosphere around the polyion is unstable
for ( > 1/zi and proposed that, as a result, the fraction 1 -
1/zj of the fixed charges on the rod becomes completely
neutralized by counterions that condense onto them, effec-
tively reducing the density of the fixed charges on the rod
from ( to the value 1/z1. Counterion condensation theory
then assumes that the noncondensed counterions are distrib-
uted according to the linearized PB equation. It is partly the
nature of Manning's arguments that has made his conden-
sation theories controversial.

There are two counterion condensation theories. The first
condensation treatment (CC1) (Manning, 1969a, b) mod-
eled the polyelectrolyte chain as a charged rod (having finite
thickness) or a line charge (infinitely thin), with counterions
condensing onto the rod surface or onto the line charge as a
radial 8-function. In the second condensation treatment
(CC2) (Manning, 1977), the polyion was represented as a
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Manning-Oosawa Counterion Condensation
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Counterion condensation is a basic feature of 2D electrostatics exhibited by highly charged rodlike
polymers such as DNA. In the framework of the Poisson Boltzmann equation with salt, we show that such
a polymer of radius a attracts a condensate of thickness RM ! A"a!#1=2 where ! is the Debye length and A
depends weakly on the polymer charge density q0. To leading order in 1= ln"!=a#, we derive the
condensate structure and show that free ions follow universal density profiles independent of a and q0.
Generalizing this approach we calculate ion profiles for finite concentration solutions.

DOI: 10.1103/PhysRevLett.94.048302 PACS numbers: 82.35.Rs, 61.20.Qg, 87.14.Gg

The long range character of Coulomb interactions is the
origin of many remarkable and counterintuitive phe-
nomena. A celebrated example is Manning-Oosawa coun-
terion condensation. In his widely cited work [1], Manning
showed that a highly charged cylinderlike polymer exerts
such a powerful attraction on its counterions that a certain
fraction condenses onto the polymer in the limit of vanish-
ing polymer radius, a! 0. The same effect was captured
by Oosawa’s two-state model where a condensed and gas-
like counterion phase coexist [2]. Both predicted conden-
sation is triggered when the Manning parameter q0 $ lB=l
is greater than unity (see Fig. 1). Here e=l is the backbone
charge density and lB ! e2="kT the Bjerrum length where
e is the electron charge, " the dielectric constant, and kT
the thermal energy. The condensed fraction is just suffi-
cient to reduce the net charge density to the universal value
e=lB, i.e., q0 ! 1.

The concept of counterion condensation is fundamental
to our view of highly charged polymers, q0 > 1. This
includes DNA [3] in both its double-stranded (q0 ! 4:2)
and single-stranded (q0 ! 1:7) forms and many synthetic
polyelectrolytes such as polystyrenesulfonate (q0 ! 3 at
100% sulfonation). DNA hybridization, DNA protein bind-
ing, electrophoretic migration, and polyelectrolyte surface
adsorption are examples of phenomena where counterion
condensation is deeply involved [3,4].

As is clear from Manning’s and Oosawa’s [1,2] original
works, counterion condensation is intrinsically nonlinear
and occurs only if salt concentration n is low enough to
satisfy !% a, where ! ! "8"lBn#&1=2 is the Debye
length. Seeking to elaborate the structure of condensate
and free ion distributions and the nonlinear potential pro-
file  "r#, many theoretical works have explored this limit
in the framework of the nonlinear Poisson Boltzmann
equation (PBE). The exact potential at the polymer,  "a#,
was calculated by Ramanathan [5] and generalized to
many-rod solutions by Ramanathan and Woodbury [6]
who also bounded the difference between the true profile
and the exactly solvable no-salt solution. Exploiting the
fact that the PBE is a special case of the Painlevé III

equation [7], McCaskill and Fackerell [8] determined the
exact prefactor of  in the far field linear region, r% !.
However, globally accurate analytical solutions have not
been obtained and the structure and thickness of the con-
densate and what precisely distinguishes it from the free
(uncondensed) ions remains unsettled.

In this Letter we will establish the condensate structure
and free ion profiles to within quantified errors which are
globally small. Our framework is the PBE in the presence
of added salt. An important finding is that the condensate
has thickness RM ! A"a!#1=2, where A depends weakly on
polymer charge density q0. Thus with decreasing salt
concentration the condensate expands but does not evapo-
rate, a quite different conclusion to that of Oosawa’s two-
state model [2]. We find condensation is driven by the
smallness of the parameter # $ 1= ln"!=a#. It is interesting
to compare our findings with those of Le Bret and Zimm
[9] for the exactly solvable PBE with no added salt. They
found RM ' "aR#1=2 for small 1= ln"R=a#, suggesting the
Debye length ! acts as an effective cell radius R.
Generalizing our approach, we calculate ion distributions
for finite concentration polymer solutions. Further, we
demonstrate free ion distributions are highly nonlinear
and to leading order follow universal profiles independent
of small scale polymer features.

FIG. 1 (color online). A highly charged (l < lB; q0 > 1) rod-
like polymer in salt solution attracts an oppositely charged
condensate of thickness RM. The net charge q"r# within r, per
polymer length lB, decreases from q0 to zero at infinity.
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Counter-Ion Condensation and System Dimensionality 

Abstract 
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Condensation of the counter-ions around a highly charged infinitely long cylindrical molecule, 
such as DNA, can be described in detail in terms of the solutions of the Poisson-Boltzmann 
(Gouy-Chapman) equation. By using the Alfrey-Berg-Morawetz (1951) solution of this equa-
tion one can show that a certain fraction of the counter-ions remain within finite distances of 
the poly-ion even when the volume of the system is expanded indefinitely; these ions can be 
appropriately called "condensed". The fraction of the macromolecule's charge represented 
by these ions is just 1-11 where is the linear charge-density parameter of the macro-
molecule; this is also the value given by Manning's theory. The question arises: Is this 
property unique to the infinite cylinder? Using the same PB equation, we can consider the 
infinite charged plane and a large finite charged sphere for comparison. In the case of the 
plane all of the counter-ions are condensed in the above sense, not just a fraction, for any 
surface charge density of the plane. These ions form the classical Gouy double layer. On the 
other hand, none of the counter-ions of the charged sphere are condensed in the above 
sense, no matter how high the surface charge density. Thus the cylinder is a unique intermedi-
ate case in which a fraction of the counter-ions are condensed if the linear charge density is 
higher than the critical value of unity. 

Introduction 

The idea of condensation of counter-ions around a highly charged long cylindrical 
molecule, such as DNA, an idea for which Gerald Manning has been the main 
proponentt4 has become widely accepted. From this simple idea it is easy to obtain 
many formulas that turn out to be useful over a surprisingly large range of salt 
concentrations, including those of most interest to biochemists. The basic idea is 
that the condensed counter-ions effectively neutralize an equivalent amount of the 
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Counterion Condensation in Solutions of Rigid Polyelectrolytes

Rebecca M. Nyquist, Bae-Yeun Ha, and Andrea J. Liu
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ABSTRACT: We present a simple theory to examine counterion condensation in isotropic solutions of
finite-length rigid polyelectrolytes. Electrostatic interactions are described by an extension of Debye-
Hückel theory, in which a wavevector-dependent screening length takes into account the connectivity of
the polyions. The counterions are divided into two classes, free and condensed, in chemical equilibrium.
We demonstrate that trends in counterion condensation are affected by the polyion concentration, the
polyion shape, and the solvent quality and that these trends in counterion condensation in turn affect
the phase behavior and osmotic pressure of the polyelectrolyte solution.

1. Introduction

Polyelectrolytes are polymers with ionizable groups
that dissociate in polar solvent into charges bound to
the chain and counterions in solution. Many properties
of the resulting solution, such as conductivity and
osmotic pressure, depend sensitively on the spatial
distribution of the counterions. Entropy of mixing drives
the counterions to distribute uniformly, whereas
electrostatic interactions attract the counterions to
the oppositely charged polymer chains. For a single,
infinitely long, rigid rod at zero concentration, the
counterion distribution around the rod can be calculated
using the Poisson-Boltzmann (PB) equation.1-3 An
alternate, two-state model developed by Manning4 and
Oosawa,5 however, simplifies the problem further by
replacing the spatial distribution of counterions with a
step function. Counterions are thus divided into two
species: free, those that have been driven to infinity by
entropy of mixing, and condensed, those whose entropy
of mixing has been overcome by electrostatic attraction
to the rod and are found within some finite distance of
the rod. The competition between the logarithmic
electrostatic attraction of the counterions to the rod and
the logarithmic entropic gain driving counterions away
from the rod results in a nonzero fraction of condensed
counterions for sufficiently strongly charged rods. This
phenomenon is known as counterion condensation. The
condensed counterions partially neutralize the bare-rod
charge density uniformly to a net charge density. This
quantity is important to the interpretation of experi-
ments on polyelectrolyte solutions and is often assumed
to be given by the Manning/Oosawa (MO) theory.6-9

However, MO theory applies to an infinite line charge
at zero concentration. In this paper, we present a simple
theory that not only uses the two-state approach and
reduces to MO theory in the limit of a single infinite
chain, but also allows calculation of the net charge
density at conditions appropriate to experiments, namely,
finite chains at nonzero concentration. Our main moti-
vation has been to establish trends as a function of
concentration, chain length, and solvent quality that can
be used as a guideline for experiments.

One might ask: why use a two-state model when the
Poisso-Boltzmann equation gives the entire spatial
distribution of counterions? The reason is that the
Poisson-Boltzmann equation cannot be solved for an
isotropic distribution of finite-length charged rods. It can

only be solved numerically for a fixed configuration of
rods. Thus, the PB equation is generally applied to very
simple models, such as an infinitely-long rod confined
in a cylindrical cell as an approximation to a periodic
lattice of parallel infinite rods.3 There are many
differences between the cell model and an isotropic
distribution of finite-length rods. Perhaps the most
important difference is the behavior at zero concentra-
tion: the cell model yields the amount of counterion
condensation predicted by Manning/Oosawa theory in
the zero concentration limit, whereas a solution of finite-
length rods exhibits no counterion condensation at
zero concentration. To understand the concentration
dependence of counterion condensation, it is therefore
essential to treat a solution of finite-length rods. This
is why we have adopted the more primitive two-state
model.

Our approach is to use Debye-Hückel (DH) theory,
extended to particles of arbitrary structure by the
random phase approximation (RPA).10-13 Debye-
Hückel theory alone does not allow for nonlinear effects
such as counterion condensation. This is why we
augment DH theory with the two-state model, which
treats the strong interactions that lead to counterion
condensation by allowing for a new species, condensed
counterions, which is in chemical equilibrium with free
counterions. Thus, the two-state model recovers these
strong interactions in the same spirit as Bjerrum pairs
used in the case of electrolyte solutions.14 The distinction
between free and condensed counterions becomes less
obvious at nonzero concentrations and breaks down
altogether at high concentrations. However, the two-
state model should be useful up to concentrations where
the mesh size of the solution is comparable to the
screening length due to the thickness of the condensed
counterion layer. This thickness cannot be calculated
within our approach, but a useful definition might be
the distance at which the interaction of the counterion
with a charge on a rod is of order kT; this corresponds
to the Bjerrum length. There is also a lower concentra-
tion limit, because the generalized DH theory, unlike
DH theory for point ions, is not exact at low densities.
This is because a single polyion interacts strongly with
itself, whereas the RPA assumes small deviations in the
local electrostatic energy compared to kT. All of our
results are therefore restricted to the semidilute regime,
where both the RPA and the two-state model are useful

3481Macromolecules 1999, 32, 3481-3487
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several experimental phenomena defy a simple explanation based on current concepts of 
polyelectrolyte science. The main difference between systems like TBACMC /ethanol and 
NaCMC/water is that in the former, thermodynamics are dominated by counterion-solvent 
energetic interactions while in the latter such interactions are of secondary importance relative 
to counterion entropy.  
 
1.1.4 Preliminary results 
 
Polyelectrolyte solubility 
 

Figure 1 considers the solubility of the sodium and tetrabutylammonium (TBA) salts of 
carboxymethylcellulose (CMC) in various solvents (unpublished data). We classify the observed 
behaviour into three categories: ‘dissolved’ corresponds to the formation of clear solutions, 
‘swollen’ refers to when the solvent visibly penetrates the polymer powder but does not dissolve 
it. ‘Insoluble’ refers to when no solvent uptake by the polymer is observed. While NaCMC is 
insoluble in all solvents tested except for water, TBACMC can be dissolved in a wide variety of 
organic solvents. The reason for this difference can be assigned to the favourable interactions 
between the TBA+ counterions and the various organic solvents.  
 

All the solvents considered have a minimum purity of 99.8% as quoted by the 
manufacturer. The water content of the polymer powder is estimated from thermogravimetric 
analysis to be approximately 11wt% which means that for the solution studied, the organic solvent 
contains approximately 1wt% of water. Dielectric data for water-organic solvent mixtures are 
widely available in the literature so that the influence of residual water in the solvents can be 
accounted for. Based on these, we do not expect residual water to alter the permittivity of the 
solvents by more than ≈ 1-2%. Changes in viscosity are, for the most part, equally small. 

In Figure 1 a general trend is observed that TBACMC becomes more soluble in solvents 
of higher dielectric constant, as expected due to the increase in counterion entropy [Dobrynin & 
Rubinstein 2005]. However, deviations from this trend are observed. For example, acetone (e = 
22) does not dissolve TBACMC, but Pyridine (e = 12) does, which indicates that other factors, 
presumably linked to counterion solvation, are at play. In the right panel of Figure 1, the combined 
influence of solvent polarity and dielectric constant is considered but no clear trend with solvent 
polarity can be observed. Correlation with other parameters such as the Hildebrandt or Hansen 
solubility parameters do not yield clear trends either. On the other hand, the enthalpy of solution 
of the TBA+ ion (DHTBA) is larger for solvents than for non-solvents of TBACMC. We therefore 

Figure 1. Left: Solubility of 1wt% of Tetrabutylammonium and sodium salts of carboxymethylcellulose. Replacing
Na+ by TBA+ counterions leads to a large increase in the solubility of CMC in organic media. Solubility diagram for
TBACMC at a concentration of 1wt% as a function of solvent dielectric constant (e) for solvents of varying dipole
moment P. Unpublished results.
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0 10 20 30 40 50

P
(D
)

e

Solvent e Solution state for 
1wt% TBACMC

Solution state for 
1wt% NaCMC

Water 78 dissolved dissolved

DMSO 48 dissolved insoluble

DMF 38 dissolved insoluble

Dipropylene glycol 24 dissolved insoluble

Acetone 22 swollen insoluble

propan-1-ol 18 dissolved insoluble

propan-2-ol 18 swollen insoluble

1-Octanol 10 swollen insoluble

Pyridine 12.4 dissolved insoluble

THF 7.8 insoluble insoluble

1-Decanol 6.5 swollen insoluble

Xylene 2.6 insoluble insoluble

Toluene 2.4 insoluble insoluble

Benzene 2.3 insoluble insoluble

Hexane 2.0 insoluble insoluble

Figure 1: Left: Solubility of tetrabutylammonium and sodium salts of CMC. Replacing Na!

by TBA! counterions leads to a large increase in the solubility of CMC in organic media.
Right: Solubility diagram for TBACMC as 1wt% as a function of solvent permittivity (e) for
solvent of varying dipole moment P. (!"#$%&'()*+ ,*($&-().

Figure 1: Left: Solubility of tetrabutylammonium and sodium salts of CMC. Replacing Na+ by 
TBA+ counterions leads to a large increase in the solubility of CMC in organic media.  Right: 
Solubility diagram for TBACMC as 1 wt% as a function of solvent permittivity (e) for solvent of 
varying dipole moment P. (Unpublished results). 
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5.3. Results and Discussion 77

Solvent c [M] ! [Sám2] Solvent c [M] ! [Sám2]

Water 0.0651 0.0040 EtOH 0.0651 0.0006
Water 0.0465 0.0043 EtOH 0.0465 0.0006
Water 0.0279 0.0039 EtOH 0.0279 0.0007
Water 0.0158 0.0047 EtOH 0.0167 0.0009
Water 0.0093 0.0047 EtOH 0.0093 0.0008
Water 0.0074 0.0048 EtOH 0.0070 0.0009
Water 0.0047 0.0050 EtOH 0.0028 0.0010
Water 0.0023 0.0053 EtOH 0.0019 0.0011
DMF 0.0651 0.0012 MeOH 0.0660 0.0026
DMF 0.0465 0.0012 MeOH 0.0465 0.0026
DMF 0.0279 0.0015 MeOH 0.0316 0.0029
DMF 0.0159 0.0016 MeOH 0.0186 0.0027
DMF 0.0093 0.0017 MeOH 0.0093 0.0028
DMF 0.0074 0.0017 MeOH 0.0068 0.0028
DMF 0.0046 0.0021 MeOH 0.0047 0.0030
DMF 0.0028 0.0023 MeOH 0.0028 0.0107
DMSO 0.0651 0.0009 MeOH 0.0009 0.0040
DMSO 0.0465 0.0009 EG 0.0651 0.0001
DMSO 0.0307 0.0010 EG 0.0419 0.0001
DMSO 0.0186 0.0010 EG 0.0279 0.0001
DMSO 0.0093 0.0010 EG 0.0130 0.0001
DMSO 0.0074 0.0010 EG 0.0093 0.0001
DMSO 0.0047 0.0011 EG 0.0056 0.0001
DMSO 0.0028 0.0013 EG 0.0023 0.0002

TABLE 5.2: SpeciÞc conductance of TBACMC solutions as a function of concentration in different solvents

FIGURE 5.5: SpeciÞc conductance (! ) v. concentration of TBACMC solutions in different solvents

Figure 5.6a plots the values forf determined from equation 5.1 as a function of TBACMC con-

centration in the different solvents. Here, only those solvents have been considered for which the

correlation length data could be obtained using small-angle scattering measurements, which is es-

sential to use equation 5.1. These scattering measurements have been provided and discussed in the

!"#!$!"%!

&'%()&*+,+*-

78 Chapter 5. Inßuence of solvent on the solution behaviour of polyelectrolytes

Solvent lB [nm] ! [mSácm2] fexp [-] fexp/ fM [-]
Water 0.7 1.9551 0.5245 0.7117
DMSO 1.18 2.1091 0.2774 0.6381
DMF 1.46 2.1489 0.1587 0.4509
Methanol 1.7 2.6962 0.2508 0.8261
Ethanol 2.21 1.2 0.1503 0.6455
EG 1.35 15.5 0.3496 0.9179

TABLE 5.3: Conductometric and thermodynamic properties for TBACMC at 0.065 M in various solvents.

next section. As seen in the Þgure, the values forf are either concentration-independent or show

a weak decrease with increasingc for most of the solvents studied. The only exception is ethylene

glycol, which shows a strong increase inf with TBACMC concentration.

FIGURE 5.6: a) Fraction of charged monomers (f ) as a function of polymer concentration, b)f as a function
of Bjerrum length (lB). The dotted line is the Manning prediction and the solid line is a linear Þt for our

experimental data.

The Manning condensation theory predicts the presence of one dissociated charge per Bjerrum

length (lB) along the contour length of the chain for strong polyelectrolytes. At the length scale of

lB, the electrostatic energy is equal to the thermal energy, mathematically expressed as:

lB =
e2

4!" 0" kBT
(5.2)

where" is the dielectric constant,T is the absolute temperature andkB is BoltzmannÕs constant.

This equivalence allows for the determination of the theoretical prediction of the fraction of charged

monomers (fM) considering the CMC monomer length (b) to be 5.15 •. This can be used to compute

the fraction fM asb/ lB. The theoretical estimate,fM, has been plotted simultaneously with the

experimentally determined fraction,fexp, as a function oflB in Þgure 5.6b atc = 0.065 M to test

the applicability of the Manning model to these systems. As evident, a linear relationship between

f and lB is in qualitative agreement with the theoretical prediction. Quantitatively, however, the

data from equation 5.1 using empirical results estimate fewer than predicted fraction of charged

monomers i.e. one charge per! 1.5lB. This is in line with the earlier results for NaCMC in aqueous

solutions, which also indicate lower charge densities than those predicted from ManningÕs model.

./"&*+'%0'.0&1"/23(0
4'%'43/!

Λ = 𝑓𝑐 𝜆- +
𝑐𝑒.𝜉. ln 𝜉

𝐷
3𝜋𝜂/

ξ = 2𝜋/𝑞∗

Colby, R.H., Boris, D.C., Krause, W.E. and Tan, J.S., 1997. Polyelectrolyte 
conductivity. !"#$%&'(")(*"'+,-$(./0-%/-(*&$1(23(*"'+,-$(*4+50/5 , 67(17), pp.2951-2960.

Colby et al 1997:



������

������

������

������

������

������

�� �	
�����


����
�


������������������������������

�������� �����


+$,-#&.').+)+$"")-./'#"$&.'0)102)
!&"3"-#$&-)-.'0#,'#)4&&5

8

NMF

NMA
water

DMSO
EG

EtOH

Oosawa-Manning 
prediction:

𝑓!""
𝑓#*!+

= 1	𝑖𝑓
𝑏
𝑙C
> 1

𝑓!"" =
𝑏
𝑙C
𝑖𝑓
𝑏
𝑙C
< 1

Experiments: ≈ 20% lower 
charge than predicted 

Oosawa-Manning

0.8xOosawa-Manning

!
"#

$%
&

'()
'*)

$+
#"

,-
.)

/'(
'/-

"0
)1

*
!"

"2

b - distance between charged groups



3 EXPERIMENTAL TESTS
𝑓"##

𝑍$%&'(")*%'

𝑓"##

1/𝑙!

𝑙! =
𝑒"

4𝜋𝜖#𝜖$𝑘!𝑇	

𝑓"##

𝑓$+",𝑏/𝑓 ≈ 𝑙!



+$,-#&.').+)+$"")-./'#"$&.'0)102)
-*"%&-,3)-*,$(")!"'0&#6)

Oosawa-Manning 
prediction:

𝑓 = 1	𝑖𝑓
𝑏
𝑙C
< 1

𝑓	~
1
𝑏 	 𝑖𝑓

𝑏
𝑙C
> 1

Experiments show a somewhat less 
sharp transition

b – distance between charges
lB – Bjerrum length
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𝛿𝜔	~
Δ𝑉.

1 + 𝜔
𝜔$

.

34%"#0'5(.)#60'"7%&'(

Zana, R., Tondre, C., Rinaudo, M. and Milas, M., 1971. !"#$%&'(
8-( 940,0- (*4+50:#- , ;< , pp.1258-1266.

𝐿𝑖] > 𝑁𝑎] > 𝐾] > 𝐶𝑠]
8-,"--)'*)(-5%"#4&0#%&'(

! " #$%&'()*(*
+ *,'-%.(' #$-%#/$%0$%.! "--) 9 '(.-(0-.) :'5(.

Atkinson, G., Baumgartner, E. and Fernandez-Prini, R., 1971. !"#$%&'(")(14-(=,-$0/&%(
94-,0/&'(."/0-1+ , >6(24), pp.6436-6443.
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• *+"',' -#'..)./  condensation correctly predicts the dependence of 

polyelectrolyte effective charge on dielectric constant, bare charge density and 

counterion valence.

• Condensation threshold is 01+'231  than predicted by theory

• 4+.-5')1)./$ due to solvation shell sharing takes place but has a minor effect on 

the effective charge of the polyelectrolytes.
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