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The effect of added salt on polyelectrolyte structure
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Abstract. We present results of molecular dynamics simulations of strong, flexible polyelectrolyte chains
in solution with added salt. The effect of added salt on the polyelectrolyte chain structure is fully treated
for the first time as a function of polymer density. Systems above and below the Manning condensation
limit are studied. The chain structure is intimately tied to the ion density near the chain even for chains
in the counterion condensation (CC) regime. The end-to-end distance is demonstrated to be a function
of the inverse Debye screening length and the Bjerrum length. The ion density near the polymer chain
depends on the amount of added salt, and above the condensation limit the chains significantly contract
due to added salt.

PACS. 61.25.Hq Macromolecular and polymer solutions; polymers melts; swelling – 36.20.Ey Conforma-
tion (statistics and dynamics) – 87.15.He Molecular dynamics and conformational changes

1 Introduction

Polyelectrolytes are a very important class of polymers,
because they are one set of water-soluble polymers. They
include biopolymers such as DNA, RNA, and polysaccha-
rides. Their water solubility makes polyelectrolytes an im-
portant class of synthetic, commercial polymers used for
example, as the key water absorbing ingredient in dispos-
able diapers. The addition of salt is a key means to alter
structure and properties. Our understanding of polyelec-
trolyte structure is limited, and consequently, so is our un-
derstanding of polyelectrolyte system properties [1–5]. Re-
cently, simulations have calculated the structure of strong,
flexible polyelectrolytes in salt-free solution [3]. Here, we
present results of polyelectrolyte simulations with added
salt. In particular we examine the influence of the ionic
distribution on the chain structure.

Our understanding of polyelectrolytes has been poor
because of the difficulties these systems present to both
experiment and theory. Direct measurements of the sin-
gle chain structure, particularly at dilute concentrations
have yet to be done. Recent molecular dynamics (MD)
simulations of salt-free polyelectrolyte systems have over-
come major theoretical difficulties [3,6]. The picture of
polyelectrolyte structure [3,5] has been shown to be more
complicated than the two early theories [7] predicted. Past
theoretical works tended to neglect entropy, in part be-
cause they focused on DNA which is intrinsically very stiff.
For stiff chains entropy is a small contribution to the free
energy. In contrast, for flexible polyelectrolytes, treating
entropy along with the Coulomb interactions is essential
and has only been done properly in simulations [3,5]. More
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recently, self-consistent field theory [8] and PRISM [9] cal-
culations also treat entropy and are promising.

One of the major theoretical difficulties is the calcula-
tion of the ionic density about the chain. Almost all calcu-
lations of chain structure use the Debye-Hückel (DH) ap-
proximation. Moreover, to date analytic calculations have
been for fixed shapes (e.g. cylinders). This approximation
is a linearization of the Poisson-Boltzmann (PB) equa-
tion, valid when the Coulomb interaction energy is much
less than kBT . Yet, polyelectrolytes are highly charged
and the Coulomb energies are often stronger than kBT .
The PB equation [10–12] is a mean field approximation
that neglects ion correlations, and is valid when typical
counterion separations are larger than the Bjerrum length,
λ = e2/εkBT , where ε is the dielectric constant of the so-
lution (water) and e is the electron charge.

By performing MD simulations, we can treat the
fundamental polyelectrolyte problem without any of the
above approximations. Previously, using MD one of us has
successfully characterized strong, flexible polyelectrolytes
in salt-free solution [3,6]. Experimental measurements of
the osmotic pressure and the peak position in the inter-
chain structure factor were reproduced by these simu-
lations. Furthermore, it was shown that polyelectrolyte
structure is fundamentally different from previous theoret-
ical predictions. In particular, the chains contract below
the overlap density, ρ∗. The chains are not fully extended
or rodlike at dilute concentrations. For fully flexible chains
and λ/a ∼ 1 entropy is not dominated by the Coulomb
interactions. While the end-to-end distance is much larger
than for neutral chains, the dilute conformation exhibits
significant bending at large length scales.
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2 Simulation methods

In this article we treat systems with added salt by ex-
tending the methods of previous works. The fundamen-
tal model of polyelectrolytes in solution consists of Np

polymer chains of charged monomers, an equal number
(N) of oppositely charged free monomers (counterions)
and, optionally, additional salt ions (equal numbers of
both positive and negative free particles). The neutral sol-
vent in this model is treated as a continuous dielectric
background. We perform two types of MD simulations.
In one, labeled ‘Coulomb’, the counterions and salt ions
are explicitly included. These simulations completely treat
the fundamental model. In the other simulations, labeled
‘Debye-Hückel’ or DH, the solvent ions are not modeled
explicitly, but implicitly included within the Yukawa po-
tential between monomers of the chains. These simulations
treat the simplified model that is usually treated theoret-
ically. This approximation greatly reduces the computa-
tional effort. As we show, in some cases the DH simulations
are warranted, and in others they are not.

In this work, all ions are monovalent. All the monomers
are charged so that the average bond length b equals
the charge separation a. The systems contains multiple
polyelectrolyte chains. The various densities are denoted
as follows: polymer density, ρp, the monomer density,
ρm = Nρp, and the added salt density, ρs.

In the Coulomb simulations the salt ions are modeled
the same as the counterions. The number of added salt
ions ranges from 0 to 8Nc, where Nc is the number of
counterions which is typically 256 or 512. The salt ions
oppositely charged to the monomers are identical to the
counterions. All ions including the monomers interact via
a purely repulsive Lennard-Jones (RLJ) potential with the
cutoff at rc = 21/6σ:
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]
; r ≤ rc

0; r > rc.
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The Coulomb coupling strength is determined by the Bjer-
rum length. One set of simulations were performed for
the same parameter set as in the earlier salt-free work,
λ = 0.83σ or ξ ≡ λ/a = 0.75 [3]. In order to study the
effects of counterion condensation, we also performed sim-
ulations with λ = 3.2σ > a (ξ = 2.9) which corresponds to
a fully charged chain when mapped to sodium polystyrene
sulfonate [3]. For these Coulomb simulations we used the
particle-particle particle-mesh algorithm to calculate the
long range Coulomb interactions [13,14]. This algorithm’s
computation time scales roughly as M logM , where M
is the number of charged particles. Such scaling is essen-
tial to perform these calculations as added salt increases
the number of charged particles significantly. The simula-
tions performed here involve up to 10 times the number of
charged particles as for the corresponding salt-free simula-
tions [3]. Even with the near linear computational scaling
these simulations are at the edge of computational capa-
bility. The largest system had 4608 particles (all charged)

and ran for 3×105 timesteps. Some systems of 4096 total
particles (N = 64) were run for 8× 105 timesteps.

We also performed simpler simulations using the DH
interaction instead of the full Coulomb interaction [12]. In
this case the monomer-monomer interaction is

uij(r) = kBTλ exp(−κr)/r, (2)

where κ = Λ−1
s = (4πλ(2ρs + ρc))1/2 is the inverse Debye

length, ρc is the counterion density and ρs is the salt den-
sity. For these simulations there are no explicit counterions
or coions as their screening of the monomer-monomer in-
teraction is treated by the DH interaction. This greatly re-
duces the cost of the simulation and yields reasonable val-
ues of the end-to-end distance for the λ = 0.83σ case, but
fails for ξ ∼> 1 [15]. The bond and RLJ monomer-monomer
potentials remain the same for these simulations.

The polymers are modeled as freely-jointed bead-
spring chains. Chains with N = 32, 64 and 128 monomers
are treated. The number of chains is usually 8 with some
simulations of up to 32 chains. The attractive part of the
bond potential is the standard FENE (finite extendable,
nonlinear elastic) potential

UFENE(r) = −1/2kR2
0 ln(1− r2/R2

0), (3)

with k = 7ε/σ2 used for the spring constant, and with
R0 = 2σ used for the maximum extent [16]. The repulsive
part of the bond potential is the above LJ interaction so
that the total bond potential is

Ubond(r) = Uch(r) + ULJ(r) (4)

which gives an average bond length of b = 1.1σ.
The temperature is maintained at T = 1.2ε, using the

Langevin thermostat with damping constant Γ = 1τ−1.
The timestep is 0.015τ . The number of timesteps needed
to equilibrate and obtain good statistics for N = 32, 64
and 128 was about 3×105, 8×105, and 3×106 respectively.

3 Results

The effect of added salt on the chain structure is shown
in Figure 1. The time averaged end-to-end distance, R,
is plotted semilog versus the inverse Debye length κ. We
normalize R by the neutral scaling 1.57N0.588, where the
prefactor is determined from the present data. By this
scaling the large κ regime where the ionic screening be-
comes complete should and does overlap for all N . In
terms of Debye screening the monomer-monomer repul-
sion should be completely screened near Λs = a/2. Our
results show that R does not reach the neutral chain value
until Λs ' 0.25σ or a/4. A further increase of ρs has negli-
gible effect. At low κ the deviation for the different N is a
function of the Coulombic repulsion. In the zero monomer
density limit and infinite chain limit, the scaling for salt-
free chains should be R ∼ N [7]. However, the previous
salt-free simulation work has found that this limit is not
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Fig. 1. The normalized end-to-end distance R as a func-
tion of the inverse Debye length. The open points are for
N = 32; solid points N = 64; crosses N = 128. The differ-
ent point shapes correspond to different monomer densities:
ρmσ

3 = 0.0001 (hexagons), 0.001 (squares), 0.02 (triangles),
0.01 (circles). Also is included one point (asterisk) for N = 64
at ρmσ

3 = 2 × 10−5. The N = 128 data is for ρmσ
3 = 0.01.

Error bars are about the size of the points.

reached for chains (finite N) even at lowest realistic den-
sities [3]. With added salt, we also observe a similar N -
dependent saturation of R as κ decreases. This saturation
is reminiscent of and clearly related to the saturation of
R for salt-free systems as the density decreases [3,6].

Figure 1 shows that for a given N , R depends only on
the value of κ, not on ρm. Different ρm will have different
κ, but this just shifts the position of the points in the curve
in Figure 1. The value of R is solely determined by κ. The
densities studied here are mainly in the dilute regime at
salt-free densities [3]. Since the chains shrink upon added
salt, most of the data is well into the dilute regime. The
value of R may depend on ρm, if ρm is above the overlap
concentration. However, for N = 128 at ρm = 0.01σ−3

and ρs = 0.08σ3, we find R = 25σ. This case is well into
the overlap regime (the overlap density is about ρ∗m =
0.001σ−3), and it fits (not shown) on curves in Figure 1.

We have fit the different N data in Figure 1 with a
function of the form

y ≡ R/1.57(N/32)0.588 =
A

(κ`)2α + 1
+B, (5)

where A, B, ` and α are constants. This form was chosen
just to satify the constraints for κ � 0 and for κ → 0.
At κ = 0, y = A + B and the N -dependent saturation
value is reached. For κ� 0 y → B = 9.6σ, corresponding
to the neutral value of y. Thus, α and ` are the only fit
parameters. For N = 32, 64 and 128, the values of ` =
2.43, 3.75 and 6.40 and α = 1.8, 1.5 and 1.3, respectively.

At λ/a = 0.75, the results of the Coulomb simulation
which treat the solvent ions explicitly are similar to, but

Fig. 2. The normalized end-to-end distance as a function of
the inverse Debye length for full Coulomb simulations. Point
types are the same as in Figure 1, except here the crosses are
the salt-free N = 32 data and the asterisks are the salt free
N = 64 data.

Fig. 3. Plot of end-to-end distance as a function of λ for DH
simulations (©) and Coulomb simulations (2). For these sim-
ulations N = 32 and ρm = 0.001σ−3.

smaller than the DH values. We show the data for the
Coulomb simulations in Figure 2 with the same fitting
curves as for Figure 1 (without the N = 128 line since
there is no Coulomb data for this N). The Coulomb data
exhibits the same lack of ρm dependence. In fact the data
with added salt falls on the curves for the salt-free data.
There is one small, but interesting exception. That is the
point near lnκσ = −0.2 for N = 64 and ρm = 0.064σ−3

and ρs = 0 which is below the other data points. This
monomer density is above the overlap density. This sug-
gests that the chain has become more contracted due to
the repulsion of other chains.
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Fig. 4. The normalized end-to-end distance as a function of
the inverse Debye length for full Coulomb simulations at λ =
3.2σ. Point types are the same as in Figure 2. In order to
help comparison with the earlier data, we plot the same fitting
curves to the DH data for λ = 0.833σ as in the earlier figures.

We now turn to results in the CC regime at λ = 3.2σ
corresponding to fully charged sodium polystyrene sul-
fonate [3]. In this regime the full Coulomb simulations are
essential. To demonstrate this we present Figure 3 which
shows the value of R at ρm = 0.001σ−3 as a function of
varying λ for the Coulomb and DH simulations. Increas-
ing λ at fixed ρs and ρm not only yields stronger screen-
ing (larger κ), but also the prefactor in the pair potential
(Eq. (2)) increases. If λ/a� 1, then the prefactor is much
less than kT for all interactions, and there is not much to
screen in the first place. On the other hand as λ/a ap-
proaches 1, the bare Coulomb interactions become strong
and screening may be significant. From the figure, we see
that for the DH simulations R is monotonically increasing.
This implies that the increase in screening is not sufficient
to offset the increase in the bare Coulomb strength [17].
Comparison with the full Coulomb simulations show that
near λ/a = 1 the DH approximation breaks down. This
occurs right where the Coulomb energy of next-nearest
neighbors on the chain is about 1/2kT and no longer weak.
The Manning approximation of renormalizing λ/a to 1 is
also poor since it would yield a horizontal line in the fig-
ure, and the Coulomb data hasR decreasing. These results
are particularly relevant, since most fully charged poly-
electrolytes are in the λ/a > 1 regime. We now examine
this regime in more detail using full Coulomb simulations.

In Figure 4 we show the scaled plot of R for λ = 3.2σ.
Comparison with Figure 2 shows that the larger λ has
larger R for lnκσ ≥ −0.5. At smaller κ the values of R for
the Coulomb data at the two different λ become similar.
Note that is partly an effect of plotting versus κ which is
a function of λ. At the same ρm and ρs, the end-to-end
distance is smaller for λ = 3.2σ than for λ = 0.83σ which

Fig. 5. Ratio of the positive ion number density about a
monomer to the bulk counterion number density for N = 32
at ρm = 0.001σ−3 and λ = 3.2σ for ρs/ρm = 0 (©), 1 (4),
and 8 (2). This system is in the counterion condensation limit
and has a dilute polymer concentration.

is consistent with Figure 3. Since κ is a function of λ, the
plot of R versus λ exhibits a different behavior. For the
same values of κ, R tends to be larger for λ = 3.2σ than
for λ = 0.83σ. R as a function of κ clearly depends on the
value of λ.

The structure of polyelectrolyte chains is determined
by the ionic density of conterions and salt ions about the
chains. We discuss the ionic densities for ξ > 1, where
ions can become effectively trapped or ‘condense’ onto the
chain. In Figure 5 we directly examine the ionic distribu-
tions. The figure shows the normalized radial ion num-
ber density, ρm+(r), of all positive ions (i.e. counterion
and positive salt) about a negatively charged monomer for
N = 32, λ = 3.2σ and ρm = 0.001σ−3 at several salt den-
sities. This distribution is calculated from the monomer-
positive ion radial distribution function (rdf). The number
density is calculated by multiplying the rdf by the average
positive ion density. We then normalized by the counterion
density.

There is a significant dependence on ρs at small r.
The density is consistently higher for larger ρs. This con-
tradicts the simple DH picture of a fixed ionic density
near the chain [18], but exhibits a ρs dependence found in
PB [19] and HNC solutions [20]. The difference in ρm+ at
small r is especially important, because this ionic density
screens the monomer-monomer interactions. At r = 3σ,
there is a 50% increase in the ion density for ρs = 8ρm

over ρs = 0. Thus, within the volume of the chain the ion
density increases as ρs increases. The repulsion between
monomers distant along the chain is increasingly screened
by increasing ρs, and thus the chains contract even when
counterion condensation occurs. These results are more
consistent with solutions of the PB [19] and HNC equa-
tions [20] for charged cylinders. They contradict CC the-
ory which claims that the ion condensation is dependent
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Fig. 6. Fractional number of the positive ions within x of a
chain for the same systems as Figure 5. ρs/ρm = 0 (circle), 1
(triangle), 2 (hexagon) and 8 (square). The Manning conden-
sation fraction for these systems is 0.65.

on salt concentration. For the flexible chains the Coulomb
energy can be decreased by bending the chain and bring-
ing more oppositely charged particles closer together. The
system entropy increases since the chains access more con-
formations. The condensed ions also access the larger con-
figuration space that the chains possess increasing their
entropy. Thus, on both accounts the free energy improves.

The number of ions near a chain can be directly
counted. We define the distance between an ion and the
chain to be the minimum of the distances between the
ion and each monomer in the chain. Using this metric,
we can calculate the number of ions within a distance x
to x+ dx of the chain. Normalizing by N , we obtain the
fractional number, f(x). Integrating f(x) gives the total
fractional number of ions within a distance, x, which we
define as F (x). If each chain on average has N counte-
rions within xN of it, then F (xN ) = 1. In the case of
added salt, since the counterions and positive salt ions
are indistinguishable, we calculate F where an ion is ei-
ther a counterion or a positive salt ion. Note that F (x)
can now be greater than one, and this will clearly hap-
pen for large enough x. Figure 6 shows F (x) for the same
systems as Figure 5. Because of steric repulsion, there are
almost no ions within 1σ of the chains. Within 2σ there
are a substantial number of ions. At ρs = 0, F (2σ) = 0.60
which is less than the Manning fraction for linear chains,
1/ξ = 0.65. This ionic fraction at the chain as well as
further from the chain varies substantially with salt den-
sity. In particular, with increasing ρs, F (2σ) increases to
about 0.82 at ρs = 8ρm. Furthermore, within less than 3σ,
F reaches 1! This directly confirms that the ionic density
increases significantly near the chains with increasing salt
density.

The simulations presented here on polyelectrolytes
with added salt have several important results. For the
case with λ/a < 1, we find that the end-to-end distance
for dilute concentrations depends on the value of κ and
not ρs and ρm independently. This appears to remain true
for different λ, but R as a function of κ depends also on
λ. We directly demonstrated that for λ/a > 1 the DH
model of polyelectrolytes breaks down even including the
Manning approximation of setting λ/a = 1. Examining
the ionic densities about a chain show that with increas-
ing added salt the ionic density increases near the chain.
This is consistent with minimizing both the Coulombic
and entropy free energies.

This work was supported by the DOE under contract DE-
AC04-94AL8500. Sandia is a multiprogram laboratory oper-
ated by Sandia Corp., a Lockheed Martin Company, for the
DOE.
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