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Influence of salt on the structure of polyelectrolyte solutions: An integral
equation theory approach
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We investigate the influence of monovalent saltions on the structural properties of polyelectrolyte
solutions using an integral equation theory. In this approach all species of the sgpdgigions,
counterions, and positively and negatively charged saltiams treated explicitly leading to a
four-component system. The polymer-reference-interaction-site model for this system, together with
the reference-Laria—Wu—Chandler closure is solved numerically. We demonstrate that addition of
salt leads to a screening of the Coulomb interaction, which is well captured by the DelgieetHu
potential with a salt density-dependent screening length, by discussing various correlation functions.
Furthermore, we show that for an appropriate range of parameters, such as density or Bjerrum
length, a shell of equally charged saltions exists in the vicinity of the polyion. The effective potential
between two monomers reflects attraction among the equally charged polyions with a pronounced
dependence on the salt concentration. 2@03 American Institute of Physics.
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I. INTRODUCTION x-ray, and neutron scatteripgTherefore, scattering experi-
ments and measurements of the radius of gyration are almost
Polyelectrolytes are a special class of polymers whichalways done in semidilute solutiohS~2!so that experimen-
usually contain a large number of charged groups. Theal data for the properties of dilute solutions or even single
charges on the chain are compensated by oppositely chargefains are still not very common. Moreover, often controver-

counterions making the whole chain electrical neutral. DiS-Sia| results are reported when using different experimental
solving polyelectrolytes in a polar solvent, such as watermethods

leads to the dissociation of the counterions, leaving a charged  From the theoretical point of view, the main problem is
object, the so-called polyion, behind. The counterions andhe long-range character of the Coulomb potential. The exis-
polyions are now subject to the long-range Coulomb interactence of more than one typical length scale, caused by long-
tion leading to a rich variety of effects which are not found in range(Coulomb and short- to medium-randexcluded vol-
solutions of neutral polymers. The study of polyelectrolyteyme interactions, makes the application of renormalization
solutions has therefore been an outstanding problem in polyyroup theories and scaling ideas, which already proved to be
mer science for the last decades from an experimental as welery successful for describing neutral systems, difficult to
as a theoretical point of vieW.” The interest in polyelectro- apply for polyelectrolyte solution® 24
lytes is easy to understand, since they play a fundamental On the other hand, computer simulations of polyelectro-
role in everyday life. For example, most of the biopolymersjyte solutions require large computational efforts due to the
such as DNA or RNA as well as almost all proteins arespecia| techniques, such as the Ewald Summéﬁmeded
polyelectrolytes. On the other hand, synthetic polyelectrofor the adequate treatment of the long-range Coulomb inter-
lytes are used in a very wide range of technical applicationgction. Therefore, computer simulations are even today often
such as water purification, stabilization of gels, orperformed for short chains and/or dilute solutions fily°
superabsorbers>®~' Despite significant theoretical and ex- put nevertheless provide very detailed information about the
perimental efforts, many properties of polyelectrolyte 50|U'properties of polyelectrolyte solutions.
tions are still poorly understood compared to those of solu- A different method for studying polyelectrolyte solutions
tions of neutral polymers?~*? is a liquid state theory approach based on the polymer-
From the experimental point of view, trace impurities reference-interaction-site mod@?RISM),3:32 which allows
and very low excess scattering intensities in dilute solutiongne in contrast to computer simulations, to calculate the
cause major problems in all scattering experimelfight,  properties of systems at high densities containing very long
chains. Yethiraj and Shew significantly contributed to the
3Electronic mail: r.winkler@fz-juelich.de understanding of polyelectrolyte solutions applying the
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PRISM approach to rodlike as well as flexible The paper is organized as follows: In Sec. Il the model

polyelectrolytes®=3" In particular, they demonstrated that for the polyions and the basics of the PRISM theory are

the results of this approach are usually in good agreememiresented. In Sec. Il we discuss the various correlation func-

with the results of computer simulations or experiments, e.gtions of the four-component system and compare them with

for the static structure factor or the pair correlation function.the results of one- and two-component models based on a
In a theoretical description of polyelectrolyte solutions Debye—Hukel potential. In Sec. IV we calculate the effec-

the small ions, i.e., the counter- and saltions, can be treateiive potential and address the influence of added salt on such

in many different ways. The simplest approach is the treat2 potential. Finally, Sec. V summarizes our results.

ment of all small ions in a mean-field manner leading to a

one-component model containing only polyions interacting

via the Debye—Hckel potentiaf*3%3°In this model all in-

formation about the small ions is lost since they are assumed

to be distributed spherical symmetric around the ponions!" PRISM AND MODEL

Therefore, important effects such as counterion condensation

cannot be addressed by this approach. Nevertheless, results tThe PRIdSM thiory Eta_ I|q(;ucg state thteory_ for n;otlr(]acular”
for quantities regarding polyions only, such as theSYStems and can be obtained by an extension ot the well-

: .~ “known Ornstein—Zernike equatidfitaking the connectivity
monomer—monomer structure factor or correlation functions

are in excellent agreement with the results of more sophisti(-)]c the chain molecules into account explicitly. The Ornstein-—

cated approachd8 However. the arowing interest in the dis- Zernike equation, as well as the PRISM theory, connects the
bp ' ' 9 9 total correlation functiorh(r) with the so-called direct cor-

tribution of the counterions with respect to a chain and espe

. ) ) ) i relation functionc(r) and, in the case of molecular systems,
cially counterion condensation requires the counterions to bﬁ/ith the intramolecular distribution function(r). The total

treated explicitly, leading to a two-component model CONcorrelation functionh(r) is related to the pair correlation

taining polyions and counterions. In the case of salt-free Sofunctiong(r)=1+h(r) and the static structure fact&k),

lutions the counterions and polyions interact via the unyhich can be expressed Vis(k) = w (k) + ph(k), where

screened Coulomb potential. In this model added salt may bg k) is the intramolecular structure factor. In the case of the
treated again in a mean-field manner, leading to a Debyefqr.component system there are 16 different total correla-
Huckel potential between the counterions and polyions withijon, functions which will be denoted by (r) (i,j e {m,c,

a salt density-dependent screening length. Many important. 1 1) where the indexm refers to monomers of different
properties of polyelectrolyte solutions were successfully dispolyions,c to counterions;- to the negatively charged salt-
cussed within this modéf*"***2Computer simulations as ions, and finally+ to the positively charged saltions. For
well as |ICIUId state theories have mainly focused on theSgymmetry reasons, the correlation functidn§ and hji are
two approacheéone- and two-component mogdiéh the past.  equal for all combinations of andj; hence, the number of
Despite the great successes of these two models, it is nevefifferent correlation functions immediately reduces to nine.
theless important to study the properties of polyelectrolyteThe different correlation functions are all coupled by the
solutions when all species of the solutions are treated explicPRISM equations, which can be written conveniently in Fou-
itly, because experiments have shown that many results aréer space as

sensitive to the kind of charged particles in the solufion®

Moreover, the distribution of the positively and negatively  N(K)= @(k)c(k) (k) + w(k)c(k) ph(k), ()
charged saltions can only be studied within such a model. Al| hereh andc are the matrices containing the different total
particles of the four-component system, positively Charge%vnd direct correlation functions. The matricesand p, re-
polyions, negatively charged counterions, and positively an '

. . . . pectively, are composed of the intramolecular structure fac-
negatively charged saltions, interact via an unscreened Coys o\~ "o 04 the various particle densities;
ij iYij 1]

lomb potential. _ =p;&; . In this formulation all monomers of the chain are
In this paper we address the influence of added salt 0Rgsigered to be equivalent, i.e., chain end effects are ne-
the structural properties of polyelectrolyte solutions by iN-glected, and hence only one monomer correlation function
vestigating the various pair correlation functions for differentsq, the whole polyion has to be considered. Otherwise, if all
values of important parameters such as Bjerrum lengthyonomers of the polyion would be treated explicitly, we
monomer density, and/or salt density. In particular, we willyoyld obtain a vast number of different correlation func-
demonstrate that added salt leads to a screening of the Cojjons, leading to intractable numerical problems especially
lomb potential which is well captured by the Debye-eKel  for longer chains. The correlation functions can only be cal-
potential. Furthermore, we will show that for large Bjerrum culated when additional relations are provided between the
lengths and/or high salt densities a shell of oppositelydirect correlation functions, the total correlation functions,
charged saltions is found immediately outside the condenseghd the intermolecular potential. In contrast to the PRISM
counterion shell, as it was already predicted theoretically foequation(1), the so-called closure relations cannot be calcu-
spherical polyion&® Moreover, we will demonstrate that ad- lated exactly for all systems. Therefore, many different clo-
dition of salt can lead to a stronger effective attraction besures, depending on the approximation, have been proposed
tween the monomers of two polyions than in the case ofn the literature’>*°~5For molecular systems with hard-core
salt-free solution8’ interaction, the reference—Laria—Wu—Chandler closure
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the PY closure. The asterisks denote convolution integrals
andajj = (o;+ 0;)/2 is the average of the diametersof the
different particle species in the solution. When the intramo-
lecular structure factors; are known, the PRISM equations
(1) together with the closure relation®) can easily be
solved numerically using a Picard iteration schéfhe.

Model

mm(")

The polyions are modeled as a linear sequence\ of
touching hard spheres of diametey, and charge ,,e. Since
we assume that the polyions remain in a rodlike conforma-
tion for all parameter variations, the intramolecular structure
factor is known and given by

0 ”é :/E.I, e ! L 1 1 1
N_1 0 50 100 150 200 250 300 350 400 450 500
2" sin(jkop) r/o
wm(k)_l"_ﬁjg (N_J)W' ()

FIG. 1. Comparison between the monomer—monomer pair correlation func-

tions gm(r) of the one-component model with Debye-dkel potential

The counterions and saltions are also modeled as charg&%‘%ﬁtg and the multicomponent model with the bare Coulomb potential
. ; es for various monomer densitiesy,,. The Bjerrum length islg

hard spheres with diametets,, o, ando. and charges —o.6s and the chain length i =80. The salt densities ang, = 7,, (a) and

Z.e, Z_e, andZ, e, respectively. Hence, the intramolecular », =47, (b), respectively.

structure factors of the counterions and saltions are all equal

and given byw. (k)= (k)=w_(k)=1. Charge neutrality

of the system relates the charges and densities of the diffefH. CORRELATION FUNCTIONS

ent particle species with each other, i.&pm+Z:pc

+Z,p,+Z _p_=0. Treating the solvent as a dielectric con-

tinuum with a dielectric constartthe intermolecular poten-

tial is given by

The structure of polyelectrolyte solutions in the presence

of counterions has been determined in Refs. 34, 37, and 47.
Due to the Coulomb interaction, the monomer—monomer
correlation function exhibits a long-range liquidlike order in
such systems. Addition of salt leads to a screening of the
(4) Coulomb interaction among the various charges. As a conse-

quence, the liquidlike structure more and more disappears

with increasing salt concentration. The qualitative features of
wherev{/“(r) is the hard-core potential ahg=Be? € is the  the monomer—monomer correlation function can be deduced
Bjerrum length. from studies with a pure Debye-kkel potentiaP* Studies

The results presented in the following sections have beewith an explicit treatment of counterions and saltions provide

obtained for systems with monovalent ions, i.8,=Z,  good agreement between measurements and theory for a sys-
=1 andZ.=Z_=—1. Furthermore, we assume that all ions tem of tobacco mosaic virusés.
are of the same size, i.e., we seto,=0.=0_=0, . As In the following sections, we will compare the correla-
a consequence, the negatively charged saltions and countetien functions calculated within the three component system
ons are indistinguishable and the same correlation functionsnd various reduced systems. In addition, aspects of salt—salt
are obtained for these two species. Therefore, it is possible tand counterion—salt correlations will be discussed, which
reduce the four-component system to a three-component sysave not been addressed in the references above.
tem containing only polyions, positively charged saltions,
and negatively charged ion&ounterions and negatively
charged saltionswithout any loss of information about the
system.

|
,BUij(l’)IBvi"j'C(r)-i-ZiZjTB; ije{mcl,

A. Monomer—monomer correlation

Figure 1 displays monomer—monomer correlation func-
tions for various monomer packing fractiong= wpo°/6)
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FIG. 2. Comparison between the monomer—counterion pair correlatior} 'C- 3 Comparison between the counterion—counterion pair correlation
functionsg,«(r) of the two-component model with Debye-ékel potential ~ UNCtionsgec(r) of the two-component model with Debye—ékel potential
(dashed linesand the multicomponent model with bare Coulomb potential (dashed linesand the multicomponent model with bare Coulomb potential
(solid liney for various salt densitiesy, . The Bjerrum length isl, ~ (SOd lines for various salt densities;, . The Bjerrum length islg
=0.60, the chain lengttN==80, andz,,=10"*. =2.00, the chain lengtiN=80, and»,,=10""°.

Hence, addition of salt leads to a release of condensed coun-
terions. A similar effect, i.e., a decrease of the peak height in

. : r), is achieved in salt-free solutions by decreasing the
higher salt content leads to a stronger screening of the COl%mC( ) Y 9

lomb int tion. This is obvi f the fact that th K jerrum length. Since counterions and negatively charged
omb Interaction. This 1S obvious from the fact that IN€ PEaKS, 5 i5ng are indistinguishable in our system, we have to take

Snto account all negatively charged ions, and not only the
counterions, when we discuss counterion condensation. We
then find that the number of condensed negatively charged

model. In the case of systems with added salt, the Deby%ns in the system with added salt is actually higher than in a

Ecrgenlnlg_ klelngtk: )‘tt?zlllf‘MWI Bépc+dp—+P+) of trle salt-free solution. This has significant consequences on the
ebye—Hwexel potential of a reduced one-component SyS+y, 5,5 mer—monomer interaction on very small length scales,
tems of polyions only, depends not only on the counterio

densitv. b | h | . H h "hnd will be discussed in detail in Sec. IV, Thus, two effects
. ensity, u.t also on t € sa}t concgntranon. ere, t € SCreellyntribute to screening in polyelectrolyte solutions: On the
ing length increases with increasing salt concentration. Th%ne hand, screening is caused by changes of the salt density,

comparlsort1 Ofd tlhe giﬁdaﬂon functlonst of tthe 1Eorl:.g.which changes the Debye screening length. On the other
component model an € one-component system exn nﬁand, negatively charged saltions partially replace condensed
excellent agreement even for very high salt concentrations | | terions and condense themselves
(cf. Fig. 1). Hence, the Debye—Htkel approach is a valid :

thod wh s int ted in the distributi f1h | Figure 2 exhibits a very good overall agreement between
irgr?s gnly enone is interested in the distribution ot th€ POy correlation functions of the four-component system and a

We would like to pqint out that a significant influence of ﬁgﬁe&;\gs i(r:](;(r)n ggggﬂ;tsfﬁfsmﬂéﬂsb?ng E%%?E;Eg‘us
salt appears for densitigs. = p.. =p; only. potential with a salt density-dependent screening length.
Small differences appear for distance8o. For such dis-
B. Monomer—counterion correlation tances counterions and saltions condense on the polyions,
which are not captured by the Debye-d#el approach.

and salt densities. The Bjerrum lengthljs=0.60 and the
chain length isN=80. As is obvious from the figure, a

smaller and shifted to smaller distanaesThis is consistent
with the expectations from a one-component Debyéeckdl

The distribution of the counterions with respect to a
polyion is described by the monomer—counterion correlationC Counterion—counterion correlation
function g,,(r). As has been demonstrated for salt-free ™
solutions3"#’the counterions accumulate in the vicinity of a A more detailed picture of counterion condensation is
polyion at sufficiently high Bjerrum lengths, leading to a obtained from the counterion—counterion correlation func-
strongly peaked monomer—counterion correlation function ation g..(r). Counterion condensation causes the accumula-
r=o, whose height increases rapidly with the Bjerrumtion of counterions in the vicinity of the polyions. As a con-
length. Figure 2 shows that this also applies to systems witsequence, counterions closely approach each other despite
added salt. Similarly to the monomer—monomer-correlatiorthe strong repulsive Coulomb interaction between them.
function, addition of salt leads to a decrease in the peaRherefore, in salt-free solution the counterion—counterion
hight. Since we interpret the large concentration of countereorrelation function displays a peakrat 2o for high Bjer-
ions close to a monomer as a manifestation of counterionum lengths, and the height of this peak increases rapidly
condensatiofi’ we find that the number of condensed coun-with Bjerrum length®”4’
terions on a polyion is smaller than for salt-free systems. Figure 3 displays the counterion—counterion correlation
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FIG. 4. Counterion—salt pair correlation functioms, (r) for various Bjer- ~ FIG. 5. Salt-salt pair correlation fU”Ctio@H(f)iszf various Bjerrum
rum lengthd 5 andN=80. The densities arg,,= 7, = 10"2. The bold solid lengthsl g :_:mdN:80. The densities arg,,= . =10 “. The bold solid line
line (4.0-mon is for a polymer of lengtiN=1. (4.0-mon is for a polymer of lengttN=1.

function for various salt concentrations. The Bjerrum lengthyapnidly with the Bjerrum length. However, the height of the
lg=20 was chosen because, for this valgg, exhibits a  peaks for the two correlation functions is significantly differ-
well-pronounced peak for a salt-free solution. Addition of ent Hence, counterion—salt pairs are formed. The number of
salt leads to a decreagg,(r). Hence, an increase of the salt saitions included in such pairs is however much smaller than
concentration produces the same qualitative behavior as e number of counterions condensed on a polyion.
decrease of the Bjerrum length in salt-free solutions. With  computer simulatio® and our previous PRISM

respect to condensed counterions, a decreasing correlatieq|cylation4’ suggest that the amount of condensed counter-
function corresponds to a decrease of the amount of congps depends on chain length. To gain insight into the influ-
densed counterions. This is of course in perfect agreemegice of the polymer aspect on the correlation among the
with the decreasing peak heightdg,c. Again, this expresses  counterions and positive saltions, we calculaged(r) for a

the release of condensed counterions by addition of salt arﬁolymer of lengthN =1, which corresponds to a solution of

is a manifestation of screening. However, as pointed out bggng only. Figure 4 displays for this system a higher
fore, we have to keep in mind that aside from counterionsgqunterion—salt peak than for the polymer system. The rea-
negatively charged saltions are present in the solution angop js an effective reduction of the number of free counteri-
hence the total number of negatively charged ions, i.e., salisns in the polymer system by counterion condensation. For a
and counterions, near a given negatively charged ion is agsolymer system, there is a smaller number of counterions

tually higher than in the salt-free case. available to form counterion—saltion pairs.
Comparing the correlation functions of a four-

component system with those of the two-component system

containing polyions and counterions only, that interact via & sajt—salt correlations

Debye—Huekel potential, we find good agreement for dis- o )

tances larger thand3(Fig. 3). For smaller separations, the ~ Significant differences are observed between the

peak height is severely overestimated in the two-componerfiounterion—counterion correlation functions and the salt—salt

model. Again, the deviations appear in a regime where courorrelation functiong, .. (r). As shown in Fig. 5, we obtain

terions condense on the polyions, and it is not to be expected Strong correlation hole for small distances. Moreover, only

that the Debye—Ftkel potential reproduces all the features for large interaction strength a small and broad peak appears

of the correlation function on this length scale. atr~3a. Hence, the correlation between the)-saltions is
much less pronounced than the one between the counterions.

The peak, however, indicates a shell of positively charged
saltions in the vicinity of the polyion in contrast to the stud-
As already mentioned above, for the set of parameterges of Ref. 42. A similar structure was already found theo-
used in this paper the counterions and negatively chargegttically for spherical polyion® The correlation function
saltions are equivalent. Therefore, all correlation functiong,,,(r) between monomers and saltions exhibits a strong
regarding the negatively charged saltions are identical t@orrelation hole for <2, but distinct peaks are formed at
those of the counterions, i.e., we hage - =0cc, 9m- distances=2.5¢0 for sufficiently large interaction strengths.
=0me, andg, _ =g, - The remaining correlation functions Thus,g,,. (r) supports the idea of a salt layer adjacent to a
to be addressed are the correlation functions between coupelyion.
terions and the positively charged saltions. Figure 4 shows Comparingg. . for the chain of lengtiN=_80 with the
correlation functiongy.. (r) which exhibit the same behav- correlation function of a chain of length=1, i.e., a system
ior asgmc(r) with a peak atr =0 whose height increases of saltions only, we find less pronounced correlations for the

D. Counterion—salt correlation
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latter system. Hence, the bonds and the lineadlike) mo- 1 T T T T 03
lecular structure are responsible for the observed distributior 0
of counterions and saltions. 08 | 1
2
2

It should be noted that the peakdn , and therefore the
saltion shell appears at large Bjerrum lengths. Because ¢~
numerical problems, particularly at low densities, we could ™%
not reach sufficiently large Bjerrum lengths for all densities g
to observe the positively charged ion cloud.

e

BV

IV. EFFECTIVE POTENTIAL

An effective potential between two monomers or be-
tween two counterions, respectively, provides deeper insigh
into the system behavior on small length scales. In the fol-
lowing, we will briefly address the effective potential be- . (b)
tween two monomers under the influence of added salt. Fur 08 3
ther important properties of the effective potentials will be
discussed in more detail in a separate article. -

We define the effective potential such that the same pai®
correlation function is obtained in a reduced one-componen "°E'>
system containing only polyions or counterions, respectively, E
as in the multicomponent system with the original intermo-<
lecular potential. The effective potential can be calculated
within the PRISM theory in a straightforward manner, and is
in good approximation given by

Buii ef(1) = Buii (1) +(Cii () = Cij (1)), ie{mct, (5 04 5 s . s s .
wherec;; o is the direct correlation function of the effective t/c
one-component system. The ?ﬁecnve, _p0tentlal 1S .glven b IG. 6. Effective potential between two monomers for various Bjerrum
the bare intermolecular potential modified by the differencenginsi,, , the salt densityy, =102, and the chain lengtiN=80. The
between the direct correlation function of the one- and mulmonomer densities arg,,= 1072 (a) and 5,,=10~* (b), respectively.
ticomponent system. More details of the calculation of the
effective potential can be found in Ref. 47.

The effective monomer—monomer potential is presented
in Fig. 6 for various Bjerrum lengths. The chain length istem with added salt can be explained by two different effects.
N =80 and the salt density is, =10 2. The monomer den- For the salt-free case the attraction between two polyions
sities arey,,=10 2 (a) and ,,= 10 * (b), respectively. The was explained as a pure electrostatic effect where the con-
effective potential exhibits the same qualitative behavior aslensed counterions attract the oppositely charged monomers
in a salt-free solutiofi’ For small Bjerrum lengths the po- of another polyion by Coulomb interaction. As discussed in
tential is purely repulsive, but for large Bjerrum lengths aSec. Il B for the system with added salt, there are in total
minimum appears at=2¢ whose depth increases with the more negatively charged ions adjacent to a polyion, leading
Bjerrum length. As a consequence, we find an effective atto a stronger attractive interaction. On the other hand, the
traction between two polyions at small distances despite thdepletion interactioti>*has to be taken into account too. As
purely repulsive Coulomb interaction. A detailed examina-is well known, depletion causes an attractive interaction be-
tion shows that the minimum af ., e, for the same Bjer- tween the large particles in a solution of small and large
rum length and monomer density, is significantly deeper irparticles, and the strength of the interaction increases with
the case of the system with added salt compared to a systeimcreasing density of the small particles. Since there are more
without salt. According to Figs.(8) and &b), the minimum  negatively charged ions in the vicinity of a polyion in the
of the effective potential is deeper for lower monomer den-system with added salt, the local density of ions in this re-
sities. As a consequence, the effective attraction between thggon is higher than in the salt-free case, which may lead to a
polyions increases with increasing salt concentration of thelepletion interaction. A detailed analysis of the individual
solution. At a first glance, this behavior seems to contradictontributions will be presented elsewhere.
the results of the previous sections, which indicate a screen- It should be noted that the attraction between two poly-
ing of the Coulomb interaction by the addition of salt. Asions for the parameters used in Fighpis so strong that it
already pointed out in Sec. Il B, however, screening effectcan even be seen in the monomer—monomer correlation
take place on length scales larger than a few monomer dianfunction of the four-component system displayed in Fig. 7.
eters, whereas the attraction between two polyions is onlfror large Bjerrum lengths a peak oy,.(r) appears at
present on very short length scales. =20 in agreement with the position of the minimum in the

The stronger attraction between the polyions in the syseffective potential. However, the peak cannot be observed in
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FIG. 7. Monomer—monomer pair correlation functiagng.(r) for various
Bjerrum lengthd g . [Parameters as in Fig. ®).]

the monomer—monomer structure fac®(k), where it
should appear &o~ ; hence, the effect cannot be found in
experiments measuring the structure factor.

V. CONCLUSION

Hofmann, Winkler, and Reineker

In addition, we have demonstrated that the various cor-
relation functions can be well approximated by correlation
functions of reduced systems containing a smaller number of
components, e.g., only polyions, and using a Debyeckidl
potential with a salt density-dependent screening length.

An extracted effective potential between polyions re-
flects the attractive interaction among the equally charged
macroions for sufficiently large interaction strengths. Addi-
tion of salt leads to an enhancement of the attraction. For
certain parameter combinations, the attraction is very strong
and can even be detected in the monomer—monomer corre-
lation function.

The results of this paper demonstrate that the PRISM
integral equation theory approach captures the main aspects
of the structure of polyelectrolyte solutions not only in salt-
free systems but also for systems with added salt. The next
step should be the inclusion of the conformational changes of
flexible and semiflexible chains by a self-consistent integral
equation method. Calculations along that line are under way.
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