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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 polymepolymer structure factor at intermediate wavevectpvgth varying chain

charge fractiorf. Theory is also in agreement with simulation and experiment for the osmotic pressuretbut

with g — 0 extrapolations of scattering data that show anomalously large intensities gt low

1. Introduction (RO-RPA) theory?!! is employed augmented by molecular

Polyelectrolytes play many important roles in living organ- dynamics (MD) simulations to explore both of these phenomena.

isms and technology, and interest in them has increased recently2 Th d Simulati
as potential core elements in energy devices such as lithium*: eory and sSimulation

batteries and hydrogen fuel cells. Studied for decades, these 2.1. System Models.Two models of polyelectrolytes in
charged polymers have been shown to possess a rich set oolution will be considered in this work. The first model, the
properties.2 While theoretical progress on polyelectrolytes has primitive, consists of a mixture of identical linear, charged
been made in a number of aréswo of the important issues  polymers and their dissociated counterions. The scalee site
that remain concern their liquid structure at semidilute densities site potentiajfux(r) is effectively hard-core for distances<

when they are strongly charged in low salt. ow and is CoulombiczZclg/r, for largerr. Here, Z is the
The first is how the density correlations, as exhibited by the valency of a site of typek, k being either a monomer or
monomer-monomer static structure fact8r(q) at intermedi- counterion, denoted by m and c, respectively. Algor Se?/e

ate wavectorsg, vary withf, the average fraction of monomers is the Bjerrum length wherg ¢, andS = 1/(kgT) are the electron

on a chain that are charged. The liquid structure as a function charge, solvent dielectric constant, and inverse thermal energy,
of f at constant semidilute polymer monomer dengityhas respectively. The solvent (water usually) is modeled only
been examined by Nishida, Kaji, and Kanaya (NRKind implicitly through the dielectric constard. The chains are
Essafi, Lafuma, and Williams (ELW)Their solutions consisted  hydrophilic so the solvent is modeled as good, and thus there
of the linear, intrinsically flexible, hydrophilic, and randomly s is no short-range attraction, such as van der Waals, between
charged polymer poly(acrylamids-sodium-2-acrylamido-2- polymer monomers. The polymer molecules are self-avoiding,
methylpropanesulfonate), or poly-AMAMPS, with monovalent freely jointed chains withN,, monomers and average bond
ions and counterions, in salt-free water. The static scatteredlengthb. In this modelow = o for all k andk'. Here,o = b.
intensityl(g) was measured for variofisising small-angle X-ray ~ The monomers are all charged so that the effect of changing
(SAXS) and neutron (SANS) methods. Using SAXS, NKK the chain charge fractiohis done by varying the monomer
found that at smalf the peak position of(qg), gmax increased valencyZ, = f from 0 to 1. The counterions are monovalent
with increasingf and obeyed a power law but at larger charge soZ. = —1. The density of counteriong,, is determined by
fractionsf ~ 0.4 appeared to reach an asymptote. ELW extended charge neutralityZmom + Zcoc = 0. The second model, the
these measurements to highkrand found thatgmax was asymmetric, is the same as the primitive except the sizes of the
effectively constant fof > 0.4. Using SANS, they were also  monomers and counterions are set to be as for the real system.

able to extractSmm(q) from 1(q). They found, at least for the 2.2. Theory. The RO-RPA theory is used here to examine
range 0.55= f < 0.81, thatSnn(q) was invariant for the e |iquid correlations. This theory has been discussed in detalil
intermediate wavevectors measured. in Donley et all! denoted as (I), and compared with other
The second is the behavior 8fm(q) at low g, including the  theoried? for liquid structure of polyelectrolyte solutions.
susceptibilitySnm(q — 0). The experimental situation here is  However, a brief description is given here to emphasize some
less clear, especially with many observations of anomalously jmportant concepts and approximations.
large scatterind(q) at smallqg for semidilute solutions with
monovalent counteriorisn low salt128° Theoretical under-
standing on both these issues has been difficult due to the stron
interactions that exist in such highly charged solutions. In this
article the recent range optimized, random phase approximation

The intention here is to make comparisons with experiments
that measure the static scattering intenHigy. It can be shown
9hat in the single scattering limi{g) is equal to the weighted
sum of the partial structure factoBk(qg). This functionS«(q)
is the Fourier transform of the static densityensity correlation

function
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wherep(r) is the microscopic number density of sites of type d
k at positionr, px being its spatially averaged value, and the
brackets denote a thermodynamic average. Equation 1 can be
computed in principle using equilibrium statistical mechanics °* L,
and so connects theory and experiment. It is convenient to split
S«(r), (r = |r]) into intra- and intermolecular pieceQuk(r) °
and Hyk(r), respectively.

S() = Que(r) + Hige(r) 2

The functionHy(r) = prok[gkk(r) — 1], whereg(r) is the
radial distribution function between sites of tyReand k' on
different molecules a distanceapart.

Th_e RP_A theory gives a relation betwega(r), Qkk(r)'_ a”@' Figure 1. Spatial configuration of atoms from an MD simulation of
the site-site potentialsu(r). As a molecular generalization  polyelectrolytes in the asymmetric model at an arbitrary time after
of Debye-Hickel theory, it makes use of a linearization equilibration. Shown is a projection onto the simulation Bex plane
approximation that is strictly valid only for weak potentiéfs. of the positions of a single polymer and its neighboring counterions,

: : .1 denoted by red and blue dots, respectively. All counterions within a
For strongly repulsive molecules the RPA predicts that the radial distance of 1B from the chain backbone are included. Hefre: 0.8

distribution function is negative at small (or not so small for anq all other conditions are as described in section 3 of the text. As

polyelectrolytes)r even though that function is intrinsically  can be seen, a large proportion of the counterions are confined to the

nonnegative. This failure affects the intermediate and Iong-rangechtl‘:llﬂ SugaCEb Note th%t somehclustenng of <]:(ountebr|on§ awa(y frorp] the)
i & polymer backbone are due to the presence of nearby chains (not shown

behaw(.)r. 0fSa(q) S.U.Ch t.hat’ fqr example, fo.r pOIYeleCtmeteS since for largd, it is found thatgmm(r) rises to 1/2 at around= 21b.

at semidilute densities it predicts thghax varies with density

aspm®3, which is weaker than the accepted scalingg¥2.1!

If the repulsive component of the potential is hard-core with a

is helpful then to improve correlations between polymers and
counterions at short distances by incorporating explicit con-

known finite rangeo, one solution to this problem is the densed counterions into the primitive model using the two-state
optimized RPA (ORPA) technique of Andersen and Chanidler. 1120-22 P sIng .
model In the two-state model, counterions are divided

However, polyelectrolyte solutions are dominated by Coulomb into two species, free and condensed. The condensed counterions
interactions which have infinite range. The range optimization P ! :

remedy to this problem is to notice that a strongly repulsive are confined to the surface of the chain but are able to translate

Coulomb interaction between molecules caugesto be very along its length. Free counterion:_s roam evgrywhere else not
close to zero in a similar manner as would happen with a hard- exC!Ud.Ed 'by '.[he condensed region of motlon. Free _energy
core potential. In range optimization then the Coulomb potential minimization s usually used tozodeter_mm_e_ th_e fraction of
is replaced at short to intermediate distancdxy a hard-core counterions that are condenséd,” The justification for the

one with some unknown ran The RPA theorv is then  YS€ of this model is that it gives improved estimates for the
solved using the ORPA teciﬁgﬁe and the vaIL}/eoga‘ is free energy and presumably then also for the liquid structure.

adjusted so that it has the smallest value such ggtis ~ Oncr evidence for the validity of 1Bl model is from MD
nonnegative for all distances In (1), this range optimization imutatl gy 9 xampie, 1

scheme was implemented for rod polymers. It was shown there':'.gu.re 1 is shown a snapshot of a chain and ‘f"” counterions
that one example of the improvement of the theory is that the within 1.5b of the backbo_ne. It can be seen tha_t indeed a Iarg_e
proper density dependence @fa in the semidilute regime is proportion of the counterions appear to be confined to the chain
restored Omax ~ pm>/2.11:15 surface.

With the chain structures and potentials known, the RO-RPA  The two-state model was implemented here as in (I) so that
theory can be solved numerically for the radial distribution the condensed counterions were included as explicit atoms
functions and structure factors using the method described inbound to the chain surfaéé.The scheme in summary was to
detail in (1)16 However, the structure of an intrinsically flexible ~ fix the number of condensed counterions per chidinand with
chain itself depends upon its local environment. For example, that to compute the correlation functiogg(r) andQ(r) self-
it is well-known that in the semidilute regime polyelectrolyte consistently. Then, the free energy was computed using these
chains contract as the density is increased due to increasedorrelation functions for that fixed value 8. Finally, Nc was
interchain screenintjTherefore, the&2(r)’s must be computed ~ Monotonically increased until a minimum in the free energy
along with the intermolecular correlation functiomg(r). Here, was found. As in (I), the implementation was done so as to
the “single-chain” theory foiQu(r) is usedi’-19 which has underestimate the degree of condensation. On the other hand,
become the standard approach in liquid-state theory of polymers.using the primitive model value farm tends to overestimate
The theory involves solving by Monte Carlo simulation the the degree of condensation for poly-AMAMPS. This partial

structure of the chain in an effective fieldXi(r), which balance of approximations should be kept in mind in the
embodies the effects of the other molecules in the liquid. The comparisons to follow.
field itself depends upogkk(r), Q«k(r), anduk(r), and so the 2.3. Simulation. The molecular dynamics simulations were

inter- and intramolecular correlations are coupled and must be conducted using the LAMMPS package for classical sysf&ms.
determined self-consistently. The details of the scheme to solvePeriodic boundary conditions, a partielparticle particle-mesh
for Qu(r) are the same as in Heine et ®lexcept of course  solver, and a Nose-Hoover (constaitT) thermostat were used.
that the RO-RPA theory, rather than PRISM, is used to compute The intermolecular potentials were a sum of a Coulomb and
the gkk(r)’s. repulsive Lennard-Jones, and the chain bonding potentials were
While the RO-RPA theory improves correlations between a sum of a FENE and repulsive Lennard-Jones. Further details
repulsive molecules, its predictions for local correlations on the potentials are given elsewhét@® Integration of the
between attractive molecules remain at the level of the RPA. It equations of motion was done with a time stsp= 0.012;, CDV
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wherer; is the standard Lennard-Jones time. The initial system 04 — T T T T T 3 I : T
configuration was a random assembly of charged polymers and

counterions. They were then subjected to soft, but large, purely - A
repulsive potentials to straighten the chains and drive the P e
molecules apart. After a very short equilibration period, these 03 F Ve et
potentials were turned off and the true potentials were turned / .t
on. Equilibrium was determined by monitoring over time the O 4+0 £ < +
value of the average polymer end-to-end distaRcand the 502
density modeSnm(g) for the smallest wavevectay = 27/L, o o
whereL 3 is the system size. Most simulations were run to time Rod primitive

tmax = 2.4 x 10%3, though some at largewere run to 3.0x / IR Flexible primitive
10* 7.5. Equilibrium was reached at latest at@ for the runs 0.1 7 ————  Flexible two-state
made, which was over 5 times faster than when the Langevin + MD asymmetric
thermostat was used, in approximate agreement with Liao et - o ELW .
al.26 The equilibrium correlation functiong(r), S«(q), and

Quk(r) were thus computed using data from tintes 0.2y ax 0

-
—

3. Results

In this section comparisons between theory, simulation, and
experiment for the monomemonomer structure fact@m(q)
and osmotic pressurH 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, Ig, and the scaled monomer densityo® were 0.25 nm, 0.71
nm, and 0.003, respectivehyin the primitive model theny =
0.25 nm. For poly-AMAMPS with sodium counterionsym =
0.53 Nnm,o¢c = 0.20 nm, antrme &~ (Omm + 0cg)/2 = 0.37 nm,
so these values were used in the asymmetric model. The chain 10 -
monomer numbeN,, has been set to 400 for both theory and [ =% ¢ o
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 03+ C - -1
described down tab ~ 0.027. P

First, as a test of the theory, the dependence of the intermedi-
ate peak wavevect@max as a function of the monomer density
pm for fixed f is examined. This intermediate peak can be
considered as a measure of the inverse correlation length
between polymer monomets-or strongly repulsive polymers
(largef here), this length is approximately equal to the size of
the correlation holé! It is well-known that determining the
semidilute regime for flexible polymers is not straightforward o
since the chain size varies with the interaction strength which = + MD asymmetric’ BITp,,
itself varies with density due to screening. As a lower bound * MD primitive BIT/p T
on pn then, it is found that fof > 0.25 andpmb® < 1073 the < ELW BIlp
smallest chain size i®/b = 110. Modeling the chain as a rod, ot 1 11|
this size yields a scaled overlap densityogb® ~ 107%. Being 0.2 0.4 0.6 0.8 1
conservative then, the density range 40102 was examined f
for f= 0_.25_ _andf =0.75. 1t is found that the R_O-RPA theory Figure 2. Scaled (A) peak wavevectapub, (B) peak heighm:
in the primitive model predicts tha@nax ~ pm” With v ~ 0.44 (Gma)/oms @nd (C) inverse osmotic susceptibilipy/Swn(0) = (85T1/
and 0.47 forf = 0.25 andf = 0.75, respectively, for this density  gp,,)r and osmotic pressupell/p, as a function of the average chain
range?’ As Ny, increases and thus the size of the semidilute charge fractiorf. Here,pnb® = 0.003 andg/b = 2.85. The meanings
reglme expandS, these Va'ues approach 05 These predlcnongf the curves and Symbols are shown in the ﬁgure Iegends with those

. - in (A) also applying to (B) and (C). All results are for the RO-RPA
are then in agreement with results of De Gennes étaald theory unless noted otherwise. All data are extracted from the structure

later theory;18 simulation?*26 and experiment.-28 factor §nm(q) unless noted otherwise. The osmotic pressure data of Liao
Next, in parts A and B of Figure 2 are shown results for the et al. are for a slightly different condition than that considered Fere.
peak positiorgmaxand peak heightnm(dmax) of the monomer

monomer partial structure factor, respectively. As can be seen,model for a single, infinite rod! Manning theory predicts that
both the ELW experimental data and the MD simulation predict f,, = 0 for f < f* = b/lg. For f > f* the strong Coulomb

=
(%]
1
~
.
¥,
1

----- Flexible two-state pIl/p, |
Liao et al. pIlp,

opIl/ap ). or PIlp
o

that both quantities are essentially constantffar0.5. Hence,  attraction between the rod and counterions causes the counter-
an explicit modeling of the solvent is not necessary to produce jons to condense onto the rod such as to renorméliaeeep
this invariance. the effectivef, foy = f — fo, constant atf*. For the poly-

Counterion condensatidhhas been a common explanation AMAMPS systems of NKK and ELWf* = 0.35, which is
for this observed invariance. Condensation theory as developedconsistent with the experimental trends. Extensions of condensa-
by Manning is essentially an implementation of the two-state tion theory to semidilute densities show that many-chain eﬁ&%@
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25 T T T T T T T T T 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 gmax Scales with as a power lawf ", with n ~ 1/35
For hydrophilic polymers, the scaling theory of Dobrynin,
Colby, and Rubinstein predicts that= 2/7 ~ 0.33! For the
system here for 0.05 f < 0.15, the RO-RPA theory predicts
that, if a power law is assumed, tharr 0.4 and 0.2 folpmb?
=3 x 108 and 3x 104 respectively. The RO-RPA results
are in good agreement with the results of the MD simulations
presented here at least fayb® = 3 x 1072, For the chain length
Nm used here, the size of the semidilute regime is small when
fis small. Consequently, this small semidilute regime for small
f could account for the variation ofwith pp, 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 f8hm(0max are in good
Figure 3. Scaled monomermonomer structure fact@u(G)/pm as a agreement with each other for &lbut are a factor of 2 larger

function of gb for the RO-RPA theory of intrinsically flexible chains ~ than the ELW values at large Comparisons between theory
in the two-state model (lower block of curves) and MD simulation and simulation for polymer melts show that density amplitudes

(upper block of curves) for various charge fractigns- 0.5. The are sensitive to the realism of the molecular méfélsing a
conditions are the same as in Figure 2. bead-spring chain model and not incorporating water explicitly
could then be considered as the main causes of this discrepancy.
round this sharp transitio®®:22 In this picture the invariance ~ However, in the absence of concrete evidence the cause is
arises because repulsions between neighboring chains ardéegarded as unknown, and further study is needed. A less
dependent offesr, which remains constant at large sensitive measure of the strength of polymgolymer correla-

To inquire further, results for the RO-RPA in the primitive tions 5 the sAca/Ied full Wr']dtz ?t half<-<mimmurr111 G%ml()qmaﬁ
model for rods are shown. It also predicts that both quantities g;%%?nelmzx’r stglﬁrn;gx) (;ltwits fou(qugnlﬁat ave?: ; de d\i;rgts_nce
are invariant at high charge fraction. It has been shown 1.0 (=0 55y 0.64 aﬁd 0.81 for ELW) the ag reementm
previously that these results are unchanged when the explicit”" T e : T green
counterions are replaced by a screened Delsjigckel potential Gmax between experiment, theory, and simulation is very good,
between monomerd.Since the only elements remaining in the with va]ues 1.38+ 0.1, 1.36+ 0.01, and 1.17+ 0.03,
model then are polymeipolymer repulsions and a diffuse respectively. . .

Debye-Hickel screening, a balance between these two effects, Now, doe; this Invariance e>§te_nd o Ionger_leng_th scqjes,
and not counterion condensation, is the cause of the invariance<< qmax? Wh!Ie computational limitations restrict S|mulat!ons
Next, chain flexibility is added. As can be seen, the invariance 10 |n.termed|ate wavevectorsqlf = 002 for 'the density

of both quantities is destroyed: with only Debyiuckel-like considered here) for the near future, it IS a S|mple_ matter to
counterion screening the self-repulsion of the polymers causesSO|Ve the theory for much larger system sizes. In Figure 2C is
their chain lengths to increase steadily with increaginbhis shown

elongation in turn causes the repulsion between polymers to IBIT .
decrease angmaxto approach the rod values at larfg®©n the (?) = Pl Som(0) )
other hand, when condensed counterions are included via the T

two-state model, this invariance is restofdlhe observed
invariance appears to be mediated partly through the polymer

end-to-end distanc®, which is found to become constant at ..\ free solvent but not to the polym@#sAs can be seen, a
largef (Rlb ~ 94 there for the theory). similar picture as fomax and Sam(Gmay) €merges. The RO-
As can be seen in Figure 3, the invariance predicted by both rpa theory in the primitive model for rods predicts an
the simulation and theory extends to a wide range of wave- jnvariance at largef. Adding chain flexibility destroys the
vectors arountjmax from 2gmax down to about the smallest  jnvariance, but adding condensed counterions within the two-

Smm(q)/p m

m

as a function of for various chain types and models. HefE,
is the osmotic pressure on a membrane that is permeable to the

wavevector measured in the simulatiaps= 0.05b ~ gmax/5, state model restores-ithough not to as strong a degree as for
in approximate agreement with data of EL&W. Omax AN Snm(Cman) -
At large f the quantitative difference fagmax between the For long chains in the semidilute regim#1/dpm ~ I1/pm.

theory, simulation, and experiment is at most 10%. Combet et Also shown then in Figure 2C are results for the scaled osmotic
al. have shown recenfly that the scaling predictions of pressureSIl/pm from theory, simulation, and experiment. The
Dobrynin et af! can yield good quantitative agreement fpgx RO-RPA predictions foIl/pm = (1/pm)(3pF/aV)r are com-

at largef if the bare charge fraction in their theory is replaced puted from the expression for the Helmholtz free enefdy

with f* from Manning—Oosawa theory. Doing that here yields Since the theory is not exact, differences between the theoretical
Omad ~ 0.295, which is only about 25% higher than the values for ¢511/dpm)r and SI1/py, obtained from the structure
experimental values. It is possible that the weighting coefficient factor and free energy, respectively, would be expected even if
in the Dobrynin et al. theory, though possibly universal, is not indeedBIl ~ pm.32 However, it can be seen from Figure 2C
unity, and a more accurate value would yield better predictions. that the results between the two thermodynamic routes are in
Further experimental comparison would thus be useful. Imple- reasonable quantitative agreement, implying that the theoretical
menting the same idea for the MD simulation in the asymmetric predictions are also reasonable for the model used. CDV
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The results above fofnax and Snm(Gmay) indicate that the polyelectrolyte solutions has been provided. It has been shown
theory underestimates the amount of condensation. It would bethat the intermediate length scale structure can be described well
expected then that the theory’s predictionslibbe above those by a theory that makes use of the assumptions of equilibrium
of the asymmetric model simulation; however, it can be seen statistical mechanics. The invariance seen experimentally by
that that is not so. It is known that a similar optimized theory, NKK and ELW is found to be due to a competition between
PRISM, underestimates the inverse susceptibility for hard-core polymer—polymer repulsions, intrachain repulsions, and coun-
chain melts, typically by about 2550%32 This behavior then terion screening, the latter being of two types: a diffuse Debye
appears to be retained in the RO-RPA at lafigee., when the Huckel and a more local condensed counterion. At longer length
interactions are strong. The agreement between simulation andscales good agreement is found between theory, simulation, and
the osmometry datum of ELW &t= 1 is very good considering  experiment for the osmotic pressure but not between theory and

that the experimental uncertainty is about 19@ther osmom- experiment for the susceptibility. Last, it is argued that more
etry data (not shown) for strongly charged polyelectrolytes in accurate experimental tests of the theoretical relation of eq 3
the semidilute regime lie in the rangd&l/py, = 0.15-0.35:3° would help to settle the long-standing question of the origin of

and so are also consistent with theory and simulation. Also arethe large lowq scattering observed in strongly charged poly-

shown simulation data for the primitive model from the present electrolyte solutions.

work and that of Liao et &° These values indicate, as expected,

that the condensation and invariance are strongest the smaller Acknowledgment. We thank David Cannell, Andrey Do-
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