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ABSTRACT: We present an analytic theory for the structure of intrinsically flexible polyelectrolyte chains
in solution at arbitrary concentrations, with or without added salt. We use a self-consistent approach
based on an idea suggested by generalized Debye—Hoiickel theory, namely, that the screening length from
polyions is wavevector-dependent, due to chain connectivity. At high wavevectors (short length scales),
only counterions contribute to screening, but at lower wavevectors, both polyions and counterions
contribute. The results of the theory are in quantitative agreement with molecular dynamics simulations,

with no adjustable parameters.

I. Introduction

Polyelectrolytes are long-chain molecules with ioniz-
able groups that can dissociate in solution, leaving ions
of one sign bound to the chain and counterions free in
solution. Because polyelectrolytes tend to be soluble in
highly polar solvents such as water, they are ubiquitous
in biological systems and are useful to environmentally-
benign polymer processing. In order to understand
important properties of polyelectrolyte solutions such
as viscoelasticity, however, it is first necessary to
understand chain structure, which controls key proper-
ties such as the number of entanglements among chains.
Chain structure is governed by the electrostatic interac-
tions among the chains and counterions; electrostatic
repulsion along a chain tends to stiffen it, and counte-
rions screen this repulsion. It is now fairly straight-
forward to estimate the electrostatic interaction between
a polyelectrolyte of known structure, such as a folded
protein, and its counterions, by solving the nonlinear
Poisson—Boltzmann equation numerically.! However,
if the structure of the polyelectrolyte chain can adjust
in response to the electrostatic interactions, then one
must solve self-consistently for the structure and the
interactions. This is especially difficult because the
Coulomb interaction is long-ranged and can be either
attractive or repulsive, leading to competing interac-
tions, and so a variety of approaches have been sug-
gested.?

Previous theoretical work on chain structure in poly-
electrolyte solutions has focused on the structure of a
single, screened chain in solution,®~7 while experimental
work has necessarily studied polyelectrolyte solutions
at nonzero concentrations. To generalize single-chain
results to nonzero concentrations, two approaches have
been used. The first is scaling theory,® which has
proven highly successful in describing neutral polymer
systems. Unfortunately, the applicability of scaling
theory to polyelectrolytes is severely limited by the
existence of additional important length scales such as
the Debye screening length, the Bjerrum length (the
distance at which the electrostatic energy is equal to
the thermal energy), the average separation of charges
along the chain, and the average separation of counte-
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rions. The second approach to polyelectrolyte solutions
at nonzero concentrations, the “double screening” theory
of Muthukumar,? is much closer in spirit to ours. This
approach is based on field theoretical calculations and
can, in principle, yield predictions for chain structure
in the nonasymptotic regime, relevant to simulations
and experiments, as well as in the asymptotic scaling
regime.

The crux of our approach lies in the nature of polyion
screening. One way of deriving Debye—Huckel theory
is to integrate over small fluctuations in the local
densities of ionic components. If the ions are point
particles, this approach leads to the standard Debye
screening length. If the ions are connected into chains,
however, this changes the correlations and affects the
fluctuations. Thus, chain connectivity causes the Debye
screening length to become wavevector-dependent: it
depends on the structure factor of the polymer.1° This
screened electrostatic interaction prefers the chain to
be a rigid rod. However, it costs free energy to stretch
the chain beyond its intrinsic persistence length. The
competition between the electrostatic free energy, which
depends on chain structure through the screening
length, and the stretching free energy, which also
depends on chain structure, leads to an optimal chain
structure. In this paper, we describe the interactions
between chains using a wavevector-dependent screening
length, and we calculate the electrostatic persistence
length self-consistently using a technique first intro-
duced by Edwards and Singh to describe the structure
of excluded volume chains at nonzero concentrations.!!
Section Il contains the derivation of a self-consistent
equation for the electrostatic persistence length for
arbitrary polyelectrolyte concentration. Finally, section
111 applies the self-consistent equation to polyelectrolyte
solutions at nonzero concentrations. We obtain quan-
titative agreement with recent molecular dynamics
simulations by Stevens and Kremer!213 and by Stevens
and Plimpton.’* In comparing our results to the mo-
lecular dynamics simulations, we use no adjustable
parameters.

I1. Derivation of the Self-Consistent Equation
for the Electrostatic Persistence Length

A. The Random Phase Approximation: Debye—
Huckel Theory Generalized to Polyions. We first
review the random phase approximation result of Borue
and Erukhimovich!® in order to justify the use of a

© 1997 American Chemical Society



Macromolecules, Vol. 30, No. 4, 1997

wavevector-dependent screening length. We study a
simple model of a salt-free polyelectrolyte solution, in
which the ions are monovalent and the charge fraction
along the chain is denoted f. We assume that the charge
is distributed evenly along the length of the chain and
that the particles are otherwise non-interacting. There
are n- negatively-charged polymers made up of M
repeat units of length a and volume a2 and n. positively-
charged counterions, also of size a and volume a3, in a
volume V. For simplicity, we will work in units where
a = 1. The whole system is assumed to be neutral, so
n- fM = ny. The microscopic dimensionless number
densities of the polyions and counterions are then

p-)=3 fy'ds ofF ~ T (9)

n4

p(F) =" o(F — 1) @)

where T; (s) is the position of the sth monomer and the
ith chain and ¥ is the position of the ith counterion.
Hence, the dimensionless charge and total monomer
densities are

p(F) = fo,.(F) — p_(F)
$(F) = p.(F) + p_(F) @)

The full, unscreened electrostatic interaction Hamilto-
nian is

ffdrd

where € is the dielectric constant of the solvent, e is the
electronic charge and g = 1/kgT. Finally, we include a
Hamiltonian, SH., that describes the conformations that
individual polyion chains would have if they were
neutral. Thus, SH. describes the intrinsic structure of
the chain. This could correspond to a Gaussian chain,
wormlike chain, or rigid rod, etc. For now, we leave it
unspecified. Thus, the total Hamiltonian for the poly-
electrolyte system is

dmer = PO AT G

H=Y H,+H, 4)

n-—

where the sum over n_ represents the sum over all
chains. The free energy resulting from this Hamilto-
nian can be calculated within the random phase ap-
proximation (RPA). This approach assumes that the
fluctuations in the local charge densities p(F) and p_(F)
are weak and can be integrated over within the Gauss-
ian approximation. The RPA result for the dimensional
Helmholtz free energy density, F = Fad/kgTV, expressed

in terms of the total average volume fraction ¢ = pi +

,o(i, is

Froa = ffj’?"¢log¢+(1—¢)log(1—¢)
¢ dk K“(K)
a9t |1+ ](5)

The first term in eq 5 represents the ideal gas entropy
of mixing of the polyions and the counterions, and the
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second term contains the entropy of mixing of the
solvent molecules. The third term represents the
configurational free energy of the chains, where Qo is
the partition function of a single chain. Finally, the
fourth term represents the one-loop electrostatic per-
turbation to the neutral system; the integral over k
represents the energy arising from screened Coulomb
interactions, where the inverse screening length «(k)
depends on the wavevector:

K*(k) = [fS(k) + 1] (6)

K°1+f

Note that «?(k) is proportional to a charge-weighted
average of the structure factors of the polyion, S(k) and
counterion, S¢(k) = 1. When the polyion is replaced by
a point particle, then f =1 and S(k) = 1. In that limit,
«?(k) reduces to the well-known Debye—HUckel result
for the inverse squared screening length,

Ky> = Amlge (7)

in terms of the Bjerrum length, Iz = Be?/4me. Note that
we started with unscreened Coulomb interactions in the
Hamiltonian (see eqs 3 and 4). Evidently, the screening
arises from fluctuations in the charge densities pL(K),
which have been included at the Gaussian level. The
most important feature of eq 6, however, is that the
screening length is wavevector-dependent when the ions
have structure.l® This is physically reasonable: the
screening of the electrostatic interaction felt by ions on
a polymer should be affected by the shape of the polymer
chain. At high wavevectors k, the polyion structure
factor S(k) vanishes,® so all the screening comes from
counterions. In other words, polyions do not screen
electrostatic interactions at very short length scales
because they cannot “wrap around” counterions to
screen them. Instead, polyions contribute to screening
only at longer length scales. Thus, both polyions and
counterions contribute to screening at small wavevectors
k.

We note that it is simple to generalize eq 6 to include
salt. If the screening due to salt alone is denoted as «s?
= 4nlggps, Where ¢s is the volume fraction of salt ions,
then the total wavevector-dependent screening is

(k) = Kozﬁ[fS(k) 1]+ k2 )

B. Self-Consistent Calculation. The RPA result
in eq 5 represents an estimate of the free energy when
the structure of the polyion is known. However, the
structure is not known, and our goal is to calculate it.
In this paper, we will assume that the structure of the
chain is semiflexible and can be characterized by two
guantities: the average contour length and a persis-
tence length. This simplifying assumption has also been
adopted by Barrat and Joanny® and Ha and Thirumalai®
to describe a single, intrinsically flexible polyelectrolyte
chain. However, Li and Witten” claim that this as-
sumption leads to erroneous scaling behavior. We will
discuss this issue further in section III.

Given the assumption that the structure is character-
ized by a persistence length, one might be tempted to
minimize eq 5 with respect to persistence length to
determine the electrostatic persistence length. This is
wrong, however, because the RPA result for the free
energy is not variational. In other words, we cannot
show that the RPA free energy is higher than the true
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free energy, so we may not minimize it to find the
preferred chain structure. Our aim is to calculate the
optimal chain structure in a way that retains the
beautiful physical result of wavevector-dependent screen-
ing. To do so, we have used a self-consistent method
introduced by Edwards and Singh'! to describe the
structure of excluded volume chains as a function of
polymer concentration in solution. This method has also
been used by Ha and Thirumalai® to describe the
conformations of a single polyelectrolyte chain. The idea
is to approximate the mean-square end—end distance
of the system of interacting chains with an intrinsic
persistence length, lp, by the mean-square end—end
distance of a system of non-interacting chains with a
different, electrostatically-stiffened persistence length,
. Thus, the first step in the calculation is to find the
Hamiltonians characterizing these two systems, and the
second step is to calculate the mean-square end—end
distance given these Hamiltonians.

1. Definition of Interacting and Trial Hamilto-
nians. Our first task is to construct the Hamiltonians
for two systems: a solution of interacting chains with
intrinsic persistence length |y (described by the Hamil-
tonian Hj ) and a solution of non-interacting chains with
electrostatic persistence length | (described by the trial
Hamiltonian H). We will construct the trial Hamilto-
nian first.

Since the trial Hamiltonian describes a system of non-
interacting chains, it is simply the sum over chains of
a single-chain Hamiltonian H, that describes a semi-
flexible chain with persistence length I:

H= Y H.() (©)

where the sum over n- represents the sum over all
chains. We use a semiflexible chain Hamiltonian H(l)
that is an approximation to the true semiflexible chain,
or wormlike chain.'® If we define ¥(s) as the position
vector of a segment of the chain as a function of the
contour variable s, where 0 < s < M, then the wormlike
chain obeys the constraint that the tangent vector U(s)
= gJr/os has unit length |T(s)|2 = 1 for all s. This
describes a chain that is not extensible but can bend.
The constraint on the tangent vector makes it difficult
to solve for the structure factor of the chain. We
therefore follow the approach of Ha and Thirumalai®
and adopt the semiflexible chain Hamiltonian of Lagows-
ki, Noolandi, and Nickel” (LNN), which only imposes
the constraint on average: Mi%(s)(= 1. The Hamiltonian
is

ﬁHc(l)=%[J;MdS (%) [ (8_2)]

3[(o7)? a? 2
allas| ot
This Hamiltonian yields a mean-square end—end dis-
tance

] (10)

RO= FM) —~ FOY D= 20(] — 1+ e ™)y
which is identical to the corresponding expression for a
wormlike chain.16

The system of interacting chains with intrinsic per-
sistence length |y is described by the Hamiltonian

Macromolecules, Vol. 30, No. 4, 1997

H, = z H.(lp) + Hine (12)

where Hc(lo) is given by eq 10 with |y substituted for I.
The second term, Hin, is an interaction Hamiltonian
that describes the electrostatic interactions between
chains. We use the insight provided by the RPA free
energy to make an ansatz for the form of the interaction.
In terms of wavevector k, the screened Coulomb inter-
action for chains with charge fraction f with screening
length «~1 is described by the Hamiltonian

o 12 [ kel ol d*kp(k) p(—K)

ﬂHSCI’ (2]_[) (k2+ )

(13)

where lg is the Bjerrum length and p(K) is the Fourier
transform of the local charge density defined in eq 2.
According to the RPA result, however, the screening
length is wavevector-dependent. Thus the generaliza-
tion of eq 13 suggested by the RPA result is

2 d*kp(k) p(—K)
5 @a e + W)

PHin= 4 (14)

where «2(K) is given by eq 6 in the case of no added salt,
and by eq 8 in the case of added salt.’® Note from eqgs
6 and 8 that the interaction Hamiltonian depends on
the single-chain structure factor through «?(k). The
structure factor, in turn, depends on the persistence
length of the chains, and can be calculated given the
Hamiltonian H; in eq 10. According to the RPA, the
appropriate persistence length would be the intrinsic
one, lp. We provide a more accurate estimate of the
interaction by using the electrostatic persistence length,
I, instead. This is an uncontrolled approximation, but
it improves substantially on the simple RPA result.
Thus our final ansatz for the Hamiltonian H; of the fully
interacting system of charged chains and counterions
is given by eq 12 with H; depending on ly and Hint
depending on 1.

In summary, the Hamiltonian for the system of
interacting chains with persistence length Iy is

Hl = Z HC(IO) + Hint (15)

and the trial Hamiltonian for the system of non-
interacting chains with persistence length | is

He= Y H) (16)

where H¢ is given by eq 10 and Hin: by eq 14.

2. Self-Consistent Calculation of R[] Now that
we have constructed the two Hamiltonians in terms of
the electrostatic persistence length I, we can solve for |
self-consistently using the method of Edwards and
Singh.1! Given a Hamiltonian H, the mean-square
end—end distance is

JDTR% ™"
[[F(s=M) — T(s=0))’[= [R’(= ﬁ (17)
DTte”

We have set § = 1 here. It is straightforward to
calculate R2[{, with H in eq 17 given by the trial
Hamiltonian H¢ in eq 16, because the chains are non-
interacting. However, it is not possible to solve for R[]
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using the interacting Hamiltonian H;. Thus, one cannot
simply adjust | so that R2[§ and [R2[] are identical.
However, one can calculate [R2[] as a perturbation series
around R2[E

, JDTR% ™™ [DFR% e (M
[R = = =
. JDre™ JDre e ()

[R’[]+ AR? (18)

In the last step, the exponential e~(H.—Hv is expanded
in a power series. Finally, the first-order term in the
correction AR? is set to O:

R*QH, - HO- R¥H, —HY)E=0 (19
This is a self-consistent equation that can be solved for

l. It can be rewritten explicitly in terms of the param-
eters M, lp, and Ig :

1M(1 _ 1) 1M (IL _ '_o) _1(31 o 2) y

2\, 1) 41 o 1) 4, 1
_ 1 ~d3k Arlgf 2 5 M M
1-eMy== Kk ds [0 ds' x
18f (27)% k* + «*(K) Jo ds o
s —s—2le M ginh =3

21

cosh ol

This is our final result. In the limit of zero concentra-
tion, all the screening comes from salt so «?(k) = «s2 and
eq 20 becomes identical to eq 14(b) of Ha and Thiru-
malai.® Thus, in the single-chain limit, our theory
reduces to theirs. Note that there is a typographical
sign error in the last term on the left-hand side of their
eq 14(b).

Our theory differs from the double screening theory
of Muthukumar® in several respects. The double screen-
ing theory uses a variational approach, assumes that
the swelled chains can be modeled as Gaussian chains,
and includes excluded volume screening as well as
electrostatic screening. The screening from polyions is
not assumed to be wavevector-dependent in the form
of eq 6. In contrast, we use a self-consistent approach,
assume that the swelled chains can be modeled as
semiflexible chains, and ignore excluded volume screen-
ing; it is not necessary because electrostatic repulsion
generates an effective excluded volume interaction
between like ions that is included in our theory.® This
can be seen from the following argument: consider two
points s and s' along the chain that are separated by a
contour distance large compared to the screening length
«~1. Because of electrostatic repulsion, the two points
will avoid each other. Thus, for |s' — s| > «71, the
electrostatic repulsion acts like an excluded volume
interaction of size «1. This swells the chain and
changes the chain statistics. The effective excluded
volume interaction is longer in range than the true one
as long as «~1 exceeds the monomer size. This condition
is always met except at very high concentrations.
Therefore, it is unnecessary to retain true excluded
volume interactions among chains.

M —S'—S] 2 e—1/3k2I[\s'—s\—I(l—e"s"s"')] (20)

I11. Results

Our result in eq 20 allows calculation of the electro-
static persistence length for many-chain systems from
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Figure 1. Effect of concentration on chain size in salt-free
solutions. We plot the end—end distance, R, as a function of
volume fraction, ¢, for three different chain lengths, M. Our
results are the curves (M = 32, solid; M = 64,dashed; M =
128, dotted). The simulation results of Stevens and Kremer*?
are the points (M = 32, squares; M = 64, circles; M = 128,
triangles). There are no adjustable parameters in our theory.
Note that the agreement is excellent, especially at higher
concentrations.

an analytic theory. Remarkably, our predictions are in
guantitative agreement with molecular dynamics simu-
lations by Stevens and Kremer®? and by Stevens and
Plimpton.13 In the comparisons that follow, there are
no adjustable parameters. The parameters that enter
into eq 20 are the intrinsic persistence length, Iy, the
Bjerrum length, Ig, and the index of polymerization, M.
These parameters are all specified within the molecular
dynamics simulations. Stevens and Kremer use a
freely-jointed, bead-chain polymer model with excluded
volume interactions between the beads, and between the
beads and counterions.’® The excluded volume interac-
tion parameter is 0 = 1/1.1 in units of the average bond
length, which is 1 in our units. Because the intrinsic
chain is a freely-jointed chain, the intrinsic persistence
length is half of the average bond length, Io = 0.5. The
simulations were carried out with a Bjerrum length of
Ig = 0.8330 = 0.758. The volume fraction can be
expressed in terms of the number density p as ¢ =
2(7/6) po®. With these parameters in hand, we can
directly compare our results to theirs as a function of
the index of polymerization, M, and volume fraction, ¢.
Note that ¢ is the volume fraction of polyelectrolytes
and counterions. Thus, in a salt-free solution, the
volume fraction of solvent is 1 — ¢. In a solution with
salt, the volume fraction of solvent is 1 — ¢ — ¢s.

The results of the comparison for salt-free solutions
are shown in Figure 1. We have plotted the end—end
distance R = (R2)Y2 as a function of ¢ for three
different chain lengths, M = 32, M = 64, and M = 128.
Our results are the curves (solid, M = 32; dashed, M =
64; and dotted, M = 128). The simulation results of
Stevens and Kremer!3 are the points (squares, M = 32;
circles, M = 64; and triangles, M = 128). Itis clear from
the plot that our theoretical results are in excellent
agreement with the simulations, especially at higher
concentrations. The results in the dilute, single-chain
limit differ by roughly 20%.

The agreement between theory and simulation im-
proves with increasing concentration. This suggests
that the discrepancy in the single-chain limit may be
due to the crude nature of our semiflexible chain model.
Electrostatic repulsion gives rise to effective excluded
volume interactions that swell the chain in the dilute
limit and lead to a chain structure that is not well-



1192 Donley et al.

120 ey

T

100

R 80

60

L B

T

]
]

LI B S B B

._]

T Tk i 1111

-~
-
0 Cod vl el vl el

1077 10°% o 103 107"

Figure 2. Onset of chain contraction with increasing volume
fraction in salt-free solutions. The end—end distance, R, is
again plotted as a function of ¢ for M = 32 (solid), M = 64
(dashed), and M = 128 (dotted). In addition, the overlap
volume fraction, ¢*, is shown for each chain length as a solid
circle. Finally, the screening length due to counterions, «. 2,
is shown as a heavy dashed line. The points where k. = R are
labeled as solid squares. Note that chain contraction occurs
at the squares for each of the three chain lengths, at volume
fractions almost two orders of magnitude smaller than ¢*.

approximated by a semiflexible chain with a single
persistence length. Instead, the chain is better de-
scribed by a scale-dependent persistence length, as
discussed by Li and Witten.” As the concentration
increases, however, the effective excluded volume in-
teraction is screened and the polyion structure is better
approximated by a semiflexible chain. Another less
important reason for the discrepancy between our
results and those of Stevens and Kremer lies in our
treatment of the counterions. We assume that the only
effect of the counterions is to give a contribution to the
screening length «2(k) (see the last term in eq 6). This
is known as the Debye—Huckel approximation for
counterions. Simulations by Stevens and Kremer?0
show that this approximation works extremely well at
higher concentrations. In the dilute limit, however, they
find that the Debye—Huckel approximation for counte-
rions yields values of R that are too high by 3—4%.
Thus, this approximation is a contributing factor to our
high estimate.

Stevens and Kremer!® found that polyelectrolyte
chains contract at volume fractions far below the overlap
concentration, ¢*. The overlap concentration defines
the point where the volume fraction of spheres of
diameter R(¢) reaches the random close packing volume
fraction of 0.64. Our calculated values of ¢* for M =
32, M = 64, and M = 128 are shown as the circles in
Figure 2. The corresponding values for the simulation
data are almost identical, since the theory and simula-
tion are in nearly perfect agreement at these volume
fractions. Note that our theory yields chain contraction
at concentrations that are 2 orders of magnitude below
¢*, in agreement with the simulations. This contradicts
earlier theories based on scaling considerations,21-23
which predict that the chains remain rodlike up to ¢*.
From eq 20, we see that the reason for chain contraction
at concentrations below ¢* is that screening occurs on
scales smaller than the chain size R. If we approximate
the screening by the screening length due to counteri-
ons, given by the Debye—Huckel expression, «.~1 =
1/(4xlzepc)Y2, then chain contraction should occur when
the screening length, «.~1, becomes smaller than the
chain size, R. In Figure 2, we plot .~ (heavy dashed)
as a function of ¢. We also show R for M = 32 (solid),
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Figure 3. Importance of wavevector-dependent screening in
salt-free solutions. The end—end distance R is plotted as a
function of ¢ for M = 64, using three different models. The
first model (solid) assumes that the screening length is
wavevector-dependent as in eq 6. The second model (dashed)
assumes that « is given by the high wavevector limit of eq 6;
screening is due to counterions alone. The third model (dotted)
assumes that « is given by the low wavevector limit of eq 6.
The first model agrees significantly better with the simulation
data (circles) of Stevens and Kremer.1?

M = 64 (dashed), and M = 128 (dotted). The points
where «; are marked by solid squares for each M. As
expected, the onset of chain contraction is reasonably
close to the squares, for all three chain lengths.

The wavevector dependence of the screening length
turns out to be quite important. We explore the effect
of wavevector dependence by replacing the wavevector-
dependent screening, «?(k), by its high k and low k
limits. In Figure 3, we have plotted R as a function of
¢ for M = 64. The points are the results of the
molecular dynamics simulations,'® and the solid curve
is the result of our full wavevector-dependent calcula-
tion (see eq 6). The results of replacing «2(k) by its high
k limit, where only counterions contribute to the screen-
ing, are shown in the dashed curve. This is a common
approximation used in describing polyelectrolytes, but
it clearly overestimates the electrostatic repulsion,
which tends to swell the chain. This is not surprising,
because polyion screening has been neglected. Another
possible approximation is to use the low k limit of «?(k).
The results of this approximation are shown as the
dotted curve in Figure 3; this evidently overestimates
the amount of screening. Thus, Figure 3 demonstrates
that using either the high k or low k limit of «2(k) is
insufficient; the agreement between theory and simula-
tions at higher ¢ relies on using wavevector-dependent
screening. In other words, chain connectivity strongly
affects the nature of electrostatic screening. This makes
intuitive sense, but it implies that scaling theories are
inadequate for describing behavior at higher ¢ because
the interactions cannot be characterized by a single
screening length.

The effect of added salt can also be studied for
solutions at arbitrary concentrations. Here, we compare
our results to recent molecular dynamics simulation
results obtained by Stevens and Plimpton.'* The simu-
lations were carried out on the same bead-spring model
as described above, with the same parameters (Ip = 0.5,
Iz = 0.758). In all cases, the volume fraction of poly-
electrolyte (including counterions) is held fixed at ¢ =
1.05 x 1073. The volume fraction of salt, ¢s, is then
varied. The comparison is shown in Figure 4, where
we have plotted R as a function of the screening length
due to salt alone, ks~1 = 1/(4nlgps)V2. There are simula-
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Figure 4. Dependence of chain size on added salt. The end—
end distance, R, is plotted as a function of the Debye screening
length due to salt, «s71, at a fixed volume fraction of polyelec-
trolyte, ¢ = 1.05 x 1073, Our results are the curves for M =
32 (solid) and M = 64 (dashed). The results of simulations by
Stevens and Plimpton®® are the points for M = 32 (squares)
and M = 64 (circles). There are no adjustable parameters in
our theory, and the agreement is excellent.
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tion results for two different chain lengths, M = 32
(squares) and M = 64 (circles). Our results are also
shown for M = 32 (solid) and M = 64 (dashed). The
agreement is quite good; the discrepancy is again
around 20%. In our calculations, we assume that the
salt contributes only through the Debye screening
length «s?, and that the screening due to salt and to
counterions and polyions is additive: see eq 8. The
excellent agreement between our theory and the simu-
lations implies that these are good approximations. The
two sets of results show the same qualitative behavior:
as the chain length increases, the chain swells more
rapidly as the screening length «s~! increases. This is
not surprising, since longer chains swell more due to
electrostatic repulsion in the salt-free limit. Note that
salt does not have an appreciable effect on the chain
radius until the screening length is fairly short, near
ks 1~ 5. This corresponds to a concentration of ¢s ~ 4
x 1073, comparable to the volume fraction of polyelec-
trolyte, ¢ = 1.05 x 1073. In other words, salt does not
affect the chain radius until the volume fraction of salt
exceeds the volume fraction of polyelectrolyte.

We have tried without success to scale the curves
shown in Figure 4 for different values of M and ¢. For
example, we have tried collapsing the data by plotting
R/Ro as a function of (¢s/¢)2, where Ry is the size of
the chain at the same ¢ in the absence of salt (the large
screening length limit of the curves shown in Figure 4).
This scaling is not ruled out by Stevens and Plimpton’s
data,’* but is definitely inconsistent with our results.
There is another scaling that is possibly consistent with
the molecular dynamics simulations,?* namely, R/Rq vs
(ns/np)Y2, where ns is the number density of salt ions
and n, is the number density of polymer chains, but this
scaling is also ruled out by our results. The fact that
we have failed to find a way to collapse the data is not
surprising, given that the screening due to polyions
cannot be described by a single length scale.

In summary, we find that interactions between poly-
electrolyte chains can be modeled successfully by a
wavevector-dependent screening length. This physically
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reasonable ansatz leads to results in quantitative agree-
ment with molecular dynamics simulations for salt-free
polyelectrolyte solutions, by Stevens and Kremer,'2 and
for salt-containing polyelectrolyte solutions, by Stevens
and Plimpton.* In the dilute, single-chain limit, our
theory yields estimates for the chain size R that are
too large by roughly 20%. We believe that the discrep-
ancy is mostly due to the crude nature of the semiflex-
ible model, which is a poor description of a swelled
excluded-volume chain. We are now refining the ap-
proach to allow for a scale-dependent persistence length.
At higher volume fractions, however, where the chain
is well-approximated by a semiflexible model with a
single persistence length, the agreement with simula-
tions is nearly perfect. This is an important first step
toward closing the gap between theory, which has
previously concentrated on the single-chain limit, and
experiments, which always operate at nonzero concen-
trations.
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