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ABSTRACT: Molecular dynamics simulation and recent theory are used to examine density correlations in
semidilute solutions of highly charged, intrinsically flexible, and hydrophilic polyelectrolytes in low salt.
Quantitative comparison with no adjustable parameters is made with recent scattering and osmometry experiments.
Agreement is found for the polymer-polymer structure factor at intermediate wavevectorsq with varying chain
charge fractionf. Theory is also in agreement with simulation and experiment for the osmotic pressure butnot
with q f 0 extrapolations of scattering data that show anomalously large intensities at lowq.

1. Introduction

Polyelectrolytes play many important roles in living organ-
isms and technology, and interest in them has increased recently
as potential core elements in energy devices such as lithium
batteries and hydrogen fuel cells. Studied for decades, these
charged polymers have been shown to possess a rich set of
properties.1,2 While theoretical progress on polyelectrolytes has
been made in a number of areas,3,4 two of the important issues
that remain concern their liquid structure at semidilute densities
when they are strongly charged in low salt.

The first is how the density correlations, as exhibited by the
monomer-monomer static structure factorŜmm(q) at intermedi-
ate wavectorsq, vary with f, the average fraction of monomers
on a chain that are charged. The liquid structure as a function
of f at constant semidilute polymer monomer densityFm has
been examined by Nishida, Kaji, and Kanaya (NKK)5 and
Essafi, Lafuma, and Williams (ELW).6 Their solutions consisted
of the linear, intrinsically flexible, hydrophilic, and randomly
charged polymer poly(acrylamide-co-sodium-2-acrylamido-2-
methylpropanesulfonate), or poly-AMAMPS, with monovalent
ions and counterions, in salt-free water. The static scattered
intensityI(q) was measured for variousf using small-angle X-ray
(SAXS) and neutron (SANS) methods. Using SAXS, NKK
found that at smallf the peak position ofI(q), qmax, increased
with increasingf and obeyed a power law but at larger charge
fractionsf ∼ 0.4 appeared to reach an asymptote. ELW extended
these measurements to higherf and found thatqmax was
effectively constant forf > 0.4. Using SANS, they were also
able to extractŜmm(q) from I(q). They found, at least for the
range 0.55e f e 0.81, that Ŝmm(q) was invariant for the
intermediate wavevectors measured.

The second is the behavior ofŜmm(q) at low q, including the
susceptibilityŜmm(q f 0). The experimental situation here is
less clear, especially with many observations of anomalously
large scatteringI(q) at smallq for semidilute solutions with
monovalent counterions7 in low salt.1,2,8,9 Theoretical under-
standing on both these issues has been difficult due to the strong
interactions that exist in such highly charged solutions. In this
article the recent range optimized, random phase approximation

(RO-RPA) theory10,11 is employed augmented by molecular
dynamics (MD) simulations to explore both of these phenomena.

2. Theory and Simulation

2.1. System Models.Two models of polyelectrolytes in
solution will be considered in this work. The first model, the
primitive, consists of a mixture of identical linear, charged
polymers and their dissociated counterions. The scaled site-
site potentialâukk′(r) is effectively hard-core for distancesr <
σkk′ and is Coulombic,ZkZk′lB/r, for larger r. Here,Zk is the
valency of a site of typek, k being either a monomer or
counterion, denoted by m and c, respectively. Also,lB ) âe2/ε
is the Bjerrum length wheree, ε, andâ ≡ 1/(kBT) are the electron
charge, solvent dielectric constant, and inverse thermal energy,
respectively. The solvent (water usually) is modeled only
implicitly through the dielectric constantε. The chains are
hydrophilic so the solvent is modeled as good, and thus there
is is no short-range attraction, such as van der Waals, between
polymer monomers. The polymer molecules are self-avoiding,
freely jointed chains withNm monomers and average bond
lengthb. In this modelσkk′ ) σ for all k andk′. Here,σ ) b.
The monomers are all charged so that the effect of changing
the chain charge fractionf is done by varying the monomer
valencyZm ≡ f from 0 to 1. The counterions are monovalent
so Zc ) -1. The density of counterions,Fc, is determined by
charge neutrality,ZmFm + ZcFc ) 0. The second model, the
asymmetric, is the same as the primitive except the sizes of the
monomers and counterions are set to be as for the real system.

2.2. Theory. The RO-RPA theory is used here to examine
the liquid correlations. This theory has been discussed in detail
in Donley et al.,11 denoted as (I), and compared with other
theories12 for liquid structure of polyelectrolyte solutions.
However, a brief description is given here to emphasize some
important concepts and approximations.

The intention here is to make comparisons with experiments
that measure the static scattering intensityI(q). It can be shown
that in the single scattering limitI(q) is equal to the weighted
sum of the partial structure factorsŜkk′(q). This functionŜkk′(q)
is the Fourier transform of the static density-density correlation
function
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whereF̂k(r ) is the microscopic number density of sites of type
k at positionr , Fk being its spatially averaged value, and the
brackets denote a thermodynamic average. Equation 1 can be
computed in principle using equilibrium statistical mechanics
and so connects theory and experiment. It is convenient to split
Skk′(r), (r ) |r |) into intra- and intermolecular pieces,Ωkk′(r)
andHkk′(r), respectively.

The functionHkk′(r) ) FkFk′[gkk′(r) - 1], wheregkk′(r) is the
radial distribution function between sites of typek and k′ on
different molecules a distancer apart.

The RPA theory gives a relation betweengkk′(r), Ωkk′(r), and
the site-site potentialsukk′(r). As a molecular generalization
of Debye-Hückel theory, it makes use of a linearization
approximation that is strictly valid only for weak potentials.13

For strongly repulsive molecules the RPA predicts that the radial
distribution function is negative at small (or not so small for
polyelectrolytes)r even though that function is intrinsically
nonnegative. This failure affects the intermediate and long-range
behavior ofŜkk′(q) such that, for example, for polyelectrolytes
at semidilute densities it predicts thatqmax varies with density
asFm

1/3, which is weaker than the accepted scaling ofFm
1/2.11

If the repulsive component of the potential is hard-core with a
known finite rangeσ, one solution to this problem is the
optimized RPA (ORPA) technique of Andersen and Chandler.14

However, polyelectrolyte solutions are dominated by Coulomb
interactions which have infinite range. The range optimization
remedy to this problem is to notice that a strongly repulsive
Coulomb interaction between molecules causesg(r) to be very
close to zero in a similar manner as would happen with a hard-
core potential. In range optimization then the Coulomb potential
is replaced at short to intermediate distancesr by a hard-core
one with some unknown rangeσeff. The RPA theory is then
solved using the ORPA technique, and the value ofσeff is
adjusted so that it has the smallest value such thatg(r) is
nonnegative for all distancesr. In (I), this range optimization
scheme was implemented for rod polymers. It was shown there
that one example of the improvement of the theory is that the
proper density dependence ofqmax in the semidilute regime is
restored,qmax ∼ Fm

1/2.11,15

With the chain structures and potentials known, the RO-RPA
theory can be solved numerically for the radial distribution
functions and structure factors using the method described in
detail in (I).16 However, the structure of an intrinsically flexible
chain itself depends upon its local environment. For example,
it is well-known that in the semidilute regime polyelectrolyte
chains contract as the density is increased due to increased
interchain screening.4 Therefore, theΩkk′(r)’s must be computed
along with the intermolecular correlation functionsgkk′(r). Here,
the “single-chain” theory forΩkk′(r) is used,17-19 which has
become the standard approach in liquid-state theory of polymers.
The theory involves solving by Monte Carlo simulation the
structure of the chain in an effective fieldukk′

eff(r), which
embodies the effects of the other molecules in the liquid. The
field itself depends upongkk′(r), Ωkk′(r), andukk′(r), and so the
inter- and intramolecular correlations are coupled and must be
determined self-consistently. The details of the scheme to solve
for Ωkk′(r) are the same as in Heine et al.,19 except of course
that the RO-RPA theory, rather than PRISM, is used to compute
the gkk′(r)’s.

While the RO-RPA theory improves correlations between
repulsive molecules, its predictions for local correlations
between attractive molecules remain at the level of the RPA. It

is helpful then to improve correlations between polymers and
counterions at short distances by incorporating explicit con-
densed counterions into the primitive model using the two-state
model.11,20-22 In the two-state model, counterions are divided
into two species, free and condensed. The condensed counterions
are confined to the surface of the chain but are able to translate
along its length. Free counterions roam everywhere else not
excluded by the condensed region of motion. Free energy
minimization is usually used to determine the fraction of
counterions that are condensed,fcc.20 The justification for the
use of this model is that it gives improved estimates for the
free energy and presumably then also for the liquid structure.
Other evidence for the validity of this model is from MD
simulations of strongly charged chains.23 As an example, in
Figure 1 is shown a snapshot of a chain and all counterions
within 15b of the backbone. It can be seen that indeed a large
proportion of the counterions appear to be confined to the chain
surface.

The two-state model was implemented here as in (I) so that
the condensed counterions were included as explicit atoms
bound to the chain surface.24 The scheme in summary was to
fix the number of condensed counterions per chain,Nc, and with
that to compute the correlation functionsgkk′(r) andΩkk′(r) self-
consistently. Then, the free energy was computed using these
correlation functions for that fixed value ofNc. Finally, Nc was
monotonically increased until a minimum in the free energy
was found. As in (I), the implementation was done so as to
underestimate the degree of condensation. On the other hand,
using the primitive model value forσmc tends to overestimate
the degree of condensation for poly-AMAMPS. This partial
balance of approximations should be kept in mind in the
comparisons to follow.

2.3. Simulation.The molecular dynamics simulations were
conducted using the LAMMPS package for classical systems.25

Periodic boundary conditions, a particle-particle particle-mesh
solver, and a Nose-Hoover (constantNVT) thermostat were used.
The intermolecular potentials were a sum of a Coulomb and
repulsive Lennard-Jones, and the chain bonding potentials were
a sum of a FENE and repulsive Lennard-Jones. Further details
on the potentials are given elsewhere.23,26 Integration of the
equations of motion was done with a time step∆t ) 0.012τLJ,

Skk′(r) ) Ωkk′(r) + Hkk′(r) (2)

Figure 1. Spatial configuration of atoms from an MD simulation of
polyelectrolytes in the asymmetric model at an arbitrary time after
equilibration. Shown is a projection onto the simulation boxx-y plane
of the positions of a single polymer and its neighboring counterions,
denoted by red and blue dots, respectively. All counterions within a
distance of 15b from the chain backbone are included. Here,f ) 0.8
and all other conditions are as described in section 3 of the text. As
can be seen, a large proportion of the counterions are confined to the
chain surface. Note that some clustering of counterions away from the
polymer backbone are due to the presence of nearby chains (not shown)
since for largef, it is found thatgmm(r) rises to 1/2 at aroundr ) 21b.
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whereτLJ is the standard Lennard-Jones time. The initial system
configuration was a random assembly of charged polymers and
counterions. They were then subjected to soft, but large, purely
repulsive potentials to straighten the chains and drive the
molecules apart. After a very short equilibration period, these
potentials were turned off and the true potentials were turned
on. Equilibrium was determined by monitoring over time the
value of the average polymer end-to-end distanceR and the
density modeŜmm(q) for the smallest wavevectorq ) 2π/L,
whereL3 is the system size. Most simulations were run to time
tmax ) 2.4 × 104τLJ, though some at largef were run to 3.0×
104 τLJ. Equilibrium was reached at latest at 0.2tmax for the runs
made, which was over 5 times faster than when the Langevin
thermostat was used, in approximate agreement with Liao et
al.26 The equilibrium correlation functionsgkk′(r), Skk′(q), and
Ωkk′(r) were thus computed using data from timest > 0.2tmax.

3. Results

In this section comparisons between theory, simulation, and
experiment for the monomer-monomer structure factorŜmm(q)
and osmotic pressureΠ are shown. Unless stated otherwise,
all results for simulation and theory are for conditions of the
SANS experiments of ELW on poly-AMAMPS in water. There,
b, lB, and the scaled monomer densityFmb3 were 0.25 nm, 0.71
nm, and 0.003, respectively.6 In the primitive model then,σ )
0.25 nm. For poly-AMAMPS with sodium counterions,σmm )
0.53 nm,σcc ) 0.20 nm, andσmc ≈ (σmm + σcc)/2 ) 0.37 nm,
so these values were used in the asymmetric model. The chain
monomer numberNm has been set to 400 for both theory and
simulation, so that this density is well inside the semidilute
regime and thus consistent with ELW. The number of polymer
chains in the simulation is 100, so density amplitudes are
described down toqb ≈ 0.027.

First, as a test of the theory, the dependence of the intermedi-
ate peak wavevectorqmax as a function of the monomer density
Fm for fixed f is examined. This intermediate peak can be
considered as a measure of the inverse correlation length
between polymer monomers.3 For strongly repulsive polymers
(large f here), this length is approximately equal to the size of
the correlation hole.11 It is well-known that determining the
semidilute regime for flexible polymers is not straightforward
since the chain size varies with the interaction strength which
itself varies with density due to screening. As a lower bound
on Fm then, it is found that forf > 0.25 andFmb3 e 10-3 the
smallest chain size isR/b ) 110. Modeling the chain as a rod,
this size yields a scaled overlap density ofFmb3 ≈ 10-4. Being
conservative then, the density range 10-4-10-3 was examined
for f ) 0.25 andf ) 0.75. It is found that the RO-RPA theory
in the primitive model predicts thatqmax ∼ Fm

ν with ν ≈ 0.44
and 0.47 forf ) 0.25 andf ) 0.75, respectively, for this density
range.27 As Nm increases and thus the size of the semidilute
regime expands, these values approach 0.5. These predictions
are then in agreement with results of De Gennes et al.3 and
later theory,4,18 simulation,23,26 and experiment.1,6,28

Next, in parts A and B of Figure 2 are shown results for the
peak positionqmax and peak heightŜmm(qmax) of the monomer-
monomer partial structure factor, respectively. As can be seen,
both the ELW experimental data and the MD simulation predict
that both quantities are essentially constant forf g 0.5. Hence,
an explicit modeling of the solvent is not necessary to produce
this invariance.

Counterion condensation21 has been a common explanation
for this observed invariance. Condensation theory as developed
by Manning is essentially an implementation of the two-state

model for a single, infinite rod.21 Manning theory predicts that
fcc ) 0 for f < f* ) b/lB. For f > f* the strong Coulomb
attraction between the rod and counterions causes the counter-
ions to condense onto the rod such as to renormalizef to keep
the effectivef, feff ≡ f - fcc, constant atf*. For the poly-
AMAMPS systems of NKK and ELW,f* ) 0.35, which is
consistent with the experimental trends. Extensions of condensa-
tion theory to semidilute densities show that many-chain effects

Figure 2. Scaled (A) peak wavevectorqmaxb, (B) peak heightŜmm-
(qmax)/Fm, and (C) inverse osmotic susceptibilityFm/Ŝmm(0) ) (∂âΠ/
∂Fm)T and osmotic pressureâΠ/Fm as a function of the average chain
charge fractionf. Here,Fmb3 ) 0.003 andlB/b ) 2.85. The meanings
of the curves and symbols are shown in the figure legends with those
in (A) also applying to (B) and (C). All results are for the RO-RPA
theory unless noted otherwise. All data are extracted from the structure
factorŜmm(q) unless noted otherwise. The osmotic pressure data of Liao
et al. are for a slightly different condition than that considered here.29
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round this sharp transition.20,22 In this picture the invariance
arises because repulsions between neighboring chains are
dependent onfeff, which remains constant at largef.

To inquire further, results for the RO-RPA in the primitive
model for rods are shown. It also predicts that both quantities
are invariant at high charge fraction. It has been shown
previously that these results are unchanged when the explicit
counterions are replaced by a screened Debye-Hückel potential
between monomers.11 Since the only elements remaining in the
model then are polymer-polymer repulsions and a diffuse
Debye-Hückel screening, a balance between these two effects,
and not counterion condensation, is the cause of the invariance.
Next, chain flexibility is added. As can be seen, the invariance
of both quantities is destroyed: with only Debye-Hückel-like
counterion screening the self-repulsion of the polymers causes
their chain lengths to increase steadily with increasingf. This
elongation in turn causes the repulsion between polymers to
decrease andqmax to approach the rod values at largef. On the
other hand, when condensed counterions are included via the
two-state model, this invariance is restored.30 The observed
invariance appears to be mediated partly through the polymer
end-to-end distanceR, which is found to become constant at
large f (R/b ≈ 94 there for the theory).

As can be seen in Figure 3, the invariance predicted by both
the simulation and theory extends to a wide range of wave-
vectors aroundqmax: from 2qmax down to about the smallest
wavevector measured in the simulation,q ) 0.05/b ≈ qmax/5,
in approximate agreement with data of ELW.6

At large f the quantitative difference forqmax between the
theory, simulation, and experiment is at most 10%. Combet et
al. have shown recently28 that the scaling predictions of
Dobrynin et al.31 can yield good quantitative agreement forqmax

at largef if the bare charge fraction in their theory is replaced
with f* from Manning-Oosawa theory. Doing that here yields
qmaxb ≈ 0.295, which is only about 25% higher than the
experimental values. It is possible that the weighting coefficient
in the Dobrynin et al. theory, though possibly universal, is not
unity, and a more accurate value would yield better predictions.
Further experimental comparison would thus be useful. Imple-
menting the same idea for the MD simulation in the asymmetric

model and RO-RPA theory gives a value 10% lower and higher,
respectively, than experiment.

At small f, NKK have provided evidence that for poly-
AMAMPS qmax scales withf as a power law,f n, with n ≈ 1/3.5

For hydrophilic polymers, the scaling theory of Dobrynin,
Colby, and Rubinstein predicts thatn ) 2/7 ≈ 0.3.31 For the
system here for 0.05e f e 0.15, the RO-RPA theory predicts
that, if a power law is assumed, thenn ≈ 0.4 and 0.2 forFmb3

) 3 × 10-3 and 3× 10-4, respectively. The RO-RPA results
are in good agreement with the results of the MD simulations
presented here at least forFmb3 ) 3 × 10-3. For the chain length
Nm used here, the size of the semidilute regime is small when
f is small. Consequently, this small semidilute regime for small
f could account for the variation ofn with Fm for the RO-RPA
theory and for the difference between the RO-RPA theory/MD
simulation results and NKK’s (and with Dobrynin et al.’s).
Further work is ongoing.

The simulation and theory values forŜmm(qmax) are in good
agreement with each other for allf but are a factor of 2 larger
than the ELW values at largef. Comparisons between theory
and simulation for polymer melts show that density amplitudes
are sensitive to the realism of the molecular model.33 Using a
bead-spring chain model and not incorporating water explicitly
could then be considered as the main causes of this discrepancy.
However, in the absence of concrete evidence the cause is
regarded as unknown, and further study is needed. A less
sensitive measure of the strength of polymer-polymer correla-
tions is the scaled full width at half-maximum ofŜmm(qmax)
around qmax, ∆q/qmax (with ∆q/qmax , 1 as the substance
becomes crystalline). It is found that, averaged overf ) 0.5-
1.0 (f ) 0.55, 0.64, and 0.81 for ELW), the agreement for∆q/
qmax between experiment, theory, and simulation is very good,
with values 1.38( 0.1, 1.36 ( 0.01, and 1.17( 0.03,
respectively.

Now, does this invariance extend to longer length scales,q
, qmax? While computational limitations restrict simulations
to intermediate wavevectors (qb g 0.02 for the density
considered here) for the near future, it is a simple matter to
solve the theory for much larger system sizes. In Figure 2C is
shown

as a function off for various chain types and models. Here,Π
is the osmotic pressure on a membrane that is permeable to the
salt-free solvent but not to the polymers.34 As can be seen, a
similar picture as forqmax and Ŝmm(qmax) emerges. The RO-
RPA theory in the primitive model for rods predicts an
invariance at largef. Adding chain flexibility destroys the
invariance, but adding condensed counterions within the two-
state model restores itsthough not to as strong a degree as for
qmax and Ŝmm(qmax).

For long chains in the semidilute regime,∂Π/∂Fm ≈ Π/Fm.
Also shown then in Figure 2C are results for the scaled osmotic
pressureâΠ/Fm from theory, simulation, and experiment. The
RO-RPA predictions forâΠ/Fm ≡ (1/Fm)(∂âF/∂V)T are com-
puted from the expression for the Helmholtz free energyF.11

Since the theory is not exact, differences between the theoretical
values for (∂âΠ/∂Fm)T andâΠ/Fm obtained from the structure
factor and free energy, respectively, would be expected even if
indeedâΠ ∼ Fm.32 However, it can be seen from Figure 2C
that the results between the two thermodynamic routes are in
reasonable quantitative agreement, implying that the theoretical
predictions are also reasonable for the model used.

Figure 3. Scaled monomer-monomer structure factorŜmm(q)/Fm as a
function of qb for the RO-RPA theory of intrinsically flexible chains
in the two-state model (lower block of curves) and MD simulation
(upper block of curves) for various charge fractionsf > 0.5. The
conditions are the same as in Figure 2.

(∂âΠ
∂Fm

)
T

) Fm/Ŝmm(0) (3)

8470 Donley and Heine Macromolecules, Vol. 39, No. 24, 2006

CDV



The results above forqmax and Ŝmm(qmax) indicate that the
theory underestimates the amount of condensation. It would be
expected then that the theory’s predictions forΠ be above those
of the asymmetric model simulation; however, it can be seen
that that is not so. It is known that a similar optimized theory,
PRISM, underestimates the inverse susceptibility for hard-core
chain melts, typically by about 25-50%.33 This behavior then
appears to be retained in the RO-RPA at largef, i.e., when the
interactions are strong. The agreement between simulation and
the osmometry datum of ELW atf ) 1 is very good considering
that the experimental uncertainty is about 10%.6 Other osmom-
etry data (not shown) for strongly charged polyelectrolytes in
the semidilute regime lie in the rangeâΠ/Fm ) 0.15-0.356,35

and so are also consistent with theory and simulation. Also are
shown simulation data for the primitive model from the present
work and that of Liao et al.26 These values indicate, as expected,
that the condensation and invariance are strongest the smaller
is the polymer-counterion contact sizeσmc.

Such agreement between theory, simulation, and experiment
is interesting because the RO-RPA theory predicts no large
density fluctuations forq < qmax at these Bjerrum lengths.11 A
large body of experimental data for strongly charged systems
similar to that studied by NKK and ELW show a large upturn
in I(q) as q decreases below 0.1 nm-1 (qb ≈ 0.02).2,8,9 This
apparent large susceptibility is correlated with dynamic light
scattering data that show a slow diffusive mode, i.e., a “slow
mode”. A common explanation of these measurements is that
the polymers have coalesced into clusters of sizeRcl ∼ 100 nm
. 1/qmax. These clusters are diffuse in the sense that a peak in
I(q) remains atqmax. There have been many mechanisms offered
to explain this phenomenon, counterion-mediated attractions and
electro-hydrodynamics being two examples,1 but no theory to
date has provided quantitative predictions.

In the primitive model there is no explicit solvent and hence
no hydrodynamics. Further, the RO-RPA, similar to the RPA,
captures many-body effects between molecules, apart from those
caused by strong repulsive forces, only in a linearized fashion.
Thus, the theory is not expected to model well effects such as
“counterion-mediated attractions” which are thought to arise
from strong attractive correlations.36 Hence, it is not surprising
that the RO-RPA predicts no large scattering at lowq that would
be due to large clusters. On the other hand, it is surprising then
the agreement between the theory and osmometry experiments
for Π. A well-characterized set of static scattering experiments
for smallq is due to Ermi and Amis.9 Extrapolation ofI(q) for
their smallest observed wavevectors,qRcl ∼ 1, to q ) 0 gives
I(0)/I(qmax) ) Ŝmm(0)/Ŝmm(qmax) ∼ 100. This value is 100 times
larger than that predicted by the RO-RPA theory and therefore
that needed to be thermodynamically consistent with the
osmometry experiments.

It has been suggested by others that on the time scale of the
experiments detailed balance is not achieved for the lowq
structure of polyelectrolyte solutions.37 This inconsistency could
then be regarded as evidence for this view. Another possibility
though is that the lowq structure can equilibrate on observable
time scales and merely that the extrapolation of the scattering
data toq ) 0 is incorrect. The smallestq’s measured have been
∼1/Rcl. It can be argued that these wavevectors are not small
enough to differentiate a peak atq ≈ 1/Rcl from a Lorentzian
roll-off to a q ) 0 maximum. Experimental exploration of this
issue would be interesting.

4. Summary
In conclusion, a quantitative comparison between theory and

experiment for the structure of strongly charged, semidilute

polyelectrolyte solutions has been provided. It has been shown
that the intermediate length scale structure can be described well
by a theory that makes use of the assumptions of equilibrium
statistical mechanics. The invariance seen experimentally by
NKK and ELW is found to be due to a competition between
polymer-polymer repulsions, intrachain repulsions, and coun-
terion screening, the latter being of two types: a diffuse Debye-
Hückel and a more local condensed counterion. At longer length
scales good agreement is found between theory, simulation, and
experiment for the osmotic pressure but not between theory and
experiment for the susceptibility. Last, it is argued that more
accurate experimental tests of the theoretical relation of eq 3
would help to settle the long-standing question of the origin of
the large lowq scattering observed in strongly charged poly-
electrolyte solutions.
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