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ABSTRACT: The complexation, phase separation, and redissolution of polyelectrolyte—macroion solutions
have been studied by means of Monte Carlo simulations. A simple model system with focus on the
electrostatic interactions has been used to examine the properties of the macroion solutions at different
amounts of oppositely charged polyelectrolytes. As oppositely charged polyelectrolytes are added, the
stable macroion solution with repelling macroions becomes successively less stable. The strong electrostatic
attraction brings macroions and polyelectrolytes closely together, and slightly before macromolecular
charge equivalence, distinct and repelling complexes formed by macroions and polyelectrolytes are
established. At macromolecular charge equivalence, the system becomes unstable, and a large and loose
cluster of macroions and polyelectrolytes is formed. Finally, in excess of polyelectrolytes, the large cluster
is broken up and the macroions are dispersed again—a redissolution has occurred. The effect of the
macroion radius, the chain length, and the chain flexibility on the phase separation is also investigated.
A semiflexible chain displayed a smaller tendency to promote phase instability as compared to flexible
and stiff chains, the origin most likely arising from the similar chain persistence length and macroion

radius.

1. Introduction

Polyelectrolytes are charged molecules that display
a high solubility in water and strong adsorbing capacity
on surfaces bearing an opposite charge. An interesting
feature is that they can act both as a stabilizing and as
a destabilizing agent in particle suspensions. The com-
plexation of polyelectrolytes with oppositely charged
macroions is therefore an essential ingredient in many
technical and biological systems. Examples include
synthetic polyelectrolytes adsorbing on colloidal par-
ticles,! surfactant micelles,? and proteins3# as well as
the complexation of DNA to latex particles,® dendrim-
ers,® and proteins.”® Applications of complexes made by
synthetic polyelectrolytes and macroions include the
control of dispersion stabilization, flocculation, and
precipitation, while complexes made by charged biologi-
cal polyelectrolytes and macroions are used for example
the immobilization of enzymes and purification of
proteins.

A frequent phenomenon in colloidal science is coac-
ervation (liquid—liquid phase separation), in other
words, an associative phase separation in which an
aqueous solution of macromolecules of opposite charge
separates into two immiscible liquid phases. The phase
rich in macromolecules is referred to as the coacervate
and is in equilibrium with another liquid phase poor in
the macromolecules.®~14 It is well-known from experi-
ments that phase separation occurs when the polyelec-
trolyte charge-to-macromolecular charge ratio is close
or identical to one. Redissolution of a polyelectrolyte—
surfactant precipitate by using an excess of surfactant
has frequently been observed.’>=20 For example, Thal-
berg and Lindman!” investigated the system of the
negatively charged polysaccharide hyaluronan and the
cationic surfactant alkyltrimethylammonium bromide,
while Carnali?® focused on the phase diagram of the
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negatively charged surfactant tetradecyltrimethyl-
ammonium bromide (TTAB) and the positively charged
polymer sodium polyacrylate. In both of these studies,
phase separation at stoichiometric charge conditions
and redissolution of the precipitate at excess of surfac-
tant were observed. Moreover, Carnali?® examined the
redissolution in an excess of polymer.

Substantial theoretical effort has been devoted to the
complexation of one or several macroions to a single
polyelectrolyte. Generally, it has been shown that
complexation between the polyelectrolyte and the mac-
roion(s) occurs at sufficiently high linear charge density
of the polyelectrolyte and charge of the macroion. A
central aspect in the analytic studies by von Goeler and
Muthukumar,?! Gurovitch and Sens,?? Park et al.,?3 and
Mateescu et al.? has been the possibility to overcharge
a spherical macroion by an oppositely charged polyelec-
trolyte. Moreover, Netz and Joanny?®> and Nguyen and
Shklovskii%® have used more detailed molecular models
to examine the 1:1 complexation, and these systems
have been subjected to simulations studies by Choda-
nowski and Stoll?728 and by Akinchina and Linse.?° The
complexation between one polyelectrolyte and several
macroions has theoretically been addressed by Nguyen
and Shklovskii®® and Schiessel et al.3! and by simula-
tions by Jonsson and Linse.327-34 Finally, the structure
and phase behavior of polyelectrolyte—macroion solu-
tions have been investigated by Ferreira et al.>> employ-
ing liquid-state integral theory, Nguyen and Shk-
lovskii®® using phenomenological free energy expressions,
and Harnau and Hansen®’ also utilizing liquid-state
integral theory. In their study, Ferreira et al.%® con-
cluded from radial distribution functions an increased
probability of finding macroions near each other in the
presence of polyelectrolytes, and they also determined
regions of phase instability. Nguyen and Shklovskii3®
presented phase diagrams and predicted aggregate
formation in the vicinity of stoichiometric charge condi-
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tions. Moreover, the charges of the aggregates at dif-
ferent conditions were also predicted. Harnau and
Hansen3’ concluded an increased probability of having
macroions close in space from radial distribution func-
tions and reduced phase stability from structure factors
at increasing electrostatic coupling in the system.

In this contribution, we address structural and phase
properties of macroions solution with different amounts
of oppositely charged polyelectrolytes by using Monte
Carlo simulations. This study provides complementary
results to the recent theoretical investigations in this
area.®>73" We employ a coarse-grained model with
explicit representation of all charged species including
the small ions as in our previous investigations of
polyelectrolyte—macroion complexation.32-3* Here, we
observe the formation of a coacervate at macromolecular
charge equivalence, and a redissolution of the phase
separated system as further addition of polyelectrolytes
was made. Just before charge equivalence smaller
repelling clusters were found. Moreover, the effects of
the macroion radius, the chain length, and the chain
flexibility on the phase separation are also investigated.
In particular, the relationship between the polyelectro-
lyte flexibility and curvature of the macroions was found
to be important for the formation of larger clusters.

The outline of the paper is as follows. The model and
some simulation aspects are given in section 2. In
section 3, the results are presented and discussed, and
the paper ends with conclusions given in section 4.

2. Model and Method

2.1. Model. Solutions containing macroions and dif-
ferent amounts of oppositely charged polyelectrolytes
are described using the primitive model. In this ap-
proach, charged hard spheres varying in charge and in
size represent the ionic particles, whereas the solvent
enters the model only through its permittivity. The
model contains four different types of charged par-
ticles: (i) connected spheres representing hydrophilic
linear polyelectrolytes, (ii) large unconnected spheres
representing macroions, (iii) small unconnected spheres
representing small positive ions (cations), and (iv) small
unconnected spheres representing small negative ions
(anions). The polyelectrolytes are described as freely
jointed chains of charged hard spheres (segments)
connected by harmonic bonds with their intrinsic chain
flexibility regulated by harmonic angular energy terms.

The total potential energy of the system is given by

u=u d + Ubond + Uangle (1)

nonbon

where the nonbonded energy is assumed pairwise
additive according to

Unonbond = Zuij (2)

1<)

Within the primitive model, the interaction potential
uj; for pair ij, where i and j denote either a polyelectro-
lyte segment (seg), a macroion (M), a cation, or an anion,
is given by
) r <R t R
2
uy(ry) ={ %48 1

r;= R+ R 3)
Aeqe, Iy

where Z; is the charge of particle i, R; the radius of
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Table 1. Parameters of the Reference System

box length L=25792 A
macroion radius Rv =15A
segment radius Reeg =2 A

small ion radius Rion =2 A
macroion charge Zw=—-10
segment charge Zseg=1

small ion charge Zion = £1

no. of polyelectrolytes Npe =0, 1, 2, 4, 8, 10, 15, 20
no. of segments Nseg = 20

no. of macroions Nm = 20

no. of cations Necation = 200

no. of anions Nanion = 20—400
temperature T=298 K
relative permittivity er=78.4

particle i, e the elementary charge, ¢; the permittivity
of vacuum, ¢, the permittivity of water, and r;j = |r; —
ri| the distance between the centers of particles i and j
with r; denoting the position of particle i. The permit-
tivity is constant throughout the system, and hence
surface polarization is neglected.

The remaining two terms in eq 1 are the bond and
the angular energy potentials, which applies only to the
polyelectrolyte. The bond energy is given by

Nseg 1 kbond

Upond = ; T(ri,i+l - ro)2 (4)

where r;i+1 denotes the distance between two connected
segments with the equilibrium separation ro = 5 A and
the force constant Kpong = 0.4 N/m and where Nseg
denotes the number of segments of the polyelectrolyte.
When all interactions are included, the root-mean-
square (rms) segment—segment separation (Rseg seq??
was typically 6.0 A. The angular energy is represented

by

()

Uangle = Z
=

where q; is the angle formed by the vectors rit; — r;j
and ri-; — ri made by three consecutive segments with
the equilibrium angle oo = 180° and the force constant
kang. In addition to the angular potential, the electro-
static interaction among the segments also contributes
to the rigidity of the polyelectrolyte, and this electro-
static contribution is of course affected by other ionic
particles.

We will consider the properties of a reference system
and the effect of systematic changes of it. The reference
system contains Ny = 20 macroions, Npe = 0—20
polyelectrolytes, and their counterions. A macroion has
the radius Ry = 15 A and the charge Zy = —10, whereas
a polyelectrolyte has Nseg = 20 segments, a segment
having the radius Rsg = 2 A and possessing one
elementary charge Zsg = 1, making the polyelectrolyte
charge Zpe = NsegZseg = 20. An angular force constant
kang = 0 is used, leading to a bare persistence length of
I, = 7 A. The charged species are enclosed in a cubic
box with the length L. If nothing else is stated, L = 258
A, which is equivalent to a macroion volume fraction
oM = (4.7!/3)R|\/|3p|\/| = 0.0165 with py = Nm/LS3. Through-
out, T =298 K and ¢, = 78.4 are used, thus representing
water at ambient temperature. Parameters of the refer-
ence system are compiled in Table 1.

In addition to the reference system, systems with
different (i) macroion size Ry, (ii) polyelectrolyte length
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Nseg, and (iii) bare chain persistence length I, have been
investigated. In (i) the macroion Zy charge was held
constant, in (ii) the total number of polyelectrolyte
segments NpeNseqg Was kept constant by a concomitant
change of the number of chains in the system Nge, and
in (iii) the bare chain persistence length was increased
by using Kang > O (same values as in ref 33 was used).

The bare persistence length was calculated according
10 lp = Reegseg®@?/(1 + [Bos ail) (see ref 29 for a
comparison of different methods to evaluate I,) for the
corresponding uncharged and isolated chain. The fact
that lp > [Reegseg?(? for kang = O is due to a slight
stretching of the chain arising from the hard-sphere
repulsion between the chain segments.

An important parameter characterizing the present
systems is the stoichiometric polyelectrolyte charge-to-
macroion charge ratio § = |NpeZpe|/INmZu|. This ratio
ranges from O (Nge = 0) to 2 (Npe = 20) where the
number of chains given is for the reference system. In
particular, the charge ratio § = 1 denotes a system with
equal amount of polyelectrolyte and macroion charges,
also referred to as macromolecular charge equivalence.

2.2. Simulation Aspects. The equilibrium properties
of the model systems were obtained from canonical
Monte Carlo (MC) simulations according to the Me-
tropolis algorithm.®® The particles were enclosed in a
cubic box, and periodical boundary conditions were
applied. The long-ranged Coulomb interactions were
handled by using the Ewald summation technique with
conduction boundary conditions (see ref 32 for further
details). The examination of the configurational space
was accelerated by using four different types of dis-
placements of the polyelectrolyte: (i) translational
displacement of single charged particle, (ii) pivot rota-
tion of a part of the polyelectrolyte chain, (iii) translation
of the entire polyelectrolyte chain, and (iv) slithering
move.3® The probabilities of different trial moves were
selected to enable single-particle moves 20 times more
often than the pivot movements and the translations
of the entire chain and 10 times more often than the
slithering movements. The particles were initially placed
randomly in the simulation box, and after equilibrium
of typical 1 x 10°> MC passes (trial moves per particle),
a production run comprising in general 2 x 10> MC
passes was performed.

Despite the strong polyelectrolyte—macroion attrac-
tion, it has previously been shown that the present
protocol produces a satisfactorily sampling for a system
containing one polyelectrolyte and several macro-
ions.3233 |n particular, the probability of a macroion to
complex to different segments of the polyelectrolyte was
examined. With the use of these probability functions,
it was concluded that (i) in systems with a small number
of macroions, in which all macroions were simulta-
neously complexed to the polyelectrolyte, frequent ex-
changes among the macroion with different positions
along the chain contour occurred, and (ii) in systems
with an excess of macroions, frequent exchanges be-
tween complexed and free macroions appeared.

These examinations have here been complemented by
considering rms displacements and a residence “time”
correlation function y(nwc). The rms displacements of
the polyelectrolyte segments and macroions during the
production runs of the reference system at g = 0, 0.8,
1, and 2 are given in Table 2. In all cases and for both
types of macromolecules, the rms displacements were
at least half of the box length (L = 258 A) and much
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Figure 1. Residence “time” correlation function y(nwuc) vs the
number of MC passes nyc for the reference system at g = 1.
The function expresses the probability that a polyelectrolyte
remains complexed to a given macroion after nyc MC passes
given that the polyelectrolyte initially was complexed to that
macroion. A polyelectrolyte is considered to be complexed to a
macroion if at least one of its segments is within 22 A from
the center of the macroion (cf. the contact distance of 17 A).
Formally, y(nmc) = G(0)x(nmc)l) where y(nmc) = 1 if the
polyelectrolyte still is complexed to a given macroion after nyc
MC passes; otherwise y(nuc) = 0, and [..Cdenotes an average
over the macroions and initial points.

1.510°

Table 2. Rms Displacements (in A) of Polyelectrolyte
Segments and Macroions at Different Stoichiometric
Charge Ratios of the Reference System

B segments macroions
0 420
0.8 140 180
1 180 160
2 210 190

larger than typical correlation lengths in the systems.
The residence “time” correlation function y(nuc) pro-
vides information on how long (measured in number of
MC passes) a macroion is complexed to a given poly-
electrolyte. More formally, y(nuc) denotes the fraction
of initially present binary polyelectrolyte—macroion
complexes which remains (or have been reformed) after
nuc MC passes. Figure 1 displays y(nwc) for the
reference system at § = 1, a condition at which the
system displays a formation of a large cluster (see
Figure 2c). It is observed that y(nmc) decays nearly
exponentially, and a decay time of ~0.8 x 105 MC passes
is obtained after taking account the limiting value of
yY(Nmec — ) ~ 0.3 (on average three of the 10 polyelec-
trolyte chains are complexed to a given macroion). The
residence “time” is hence ~40% of the production run,
demonstrating frequent formations and disruptions of
binary polyelectrolyte—macroion complexes. Thus, both
the rms displacements and the correlation analysis
strongly indicate that the present simulations are not
trapped in only a subsection of the relevant part of the
configurational space.

The reported uncertainty of simulated quantities is
one standard deviation of the mean. It is estimated from
the deviation among the means of the subdivisions of
the total number of MC passes according to

Ns

1 2
—Z(Dk@ - B0 (6)

ny(ng — 1)¢=

(XY=
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Figure 2. Typical configurations of a macroion solution containing variable amounts of oppositely charged polyelectrolytes. The
simulated system contains 20 macroions (large red spheres) and (a) Ny = 0, (b) 8, (c) 10, and (c) 20 polyelectrolytes with 20
segments (black dots), which corresponds to a polyelectrolyte charge-to-macroion charge ratio 8 = 0, 0.8, 1, and 2, respectively.
The green and blue dots are the small positive and negative ions. The length of the box edge is 258 A and particles are drawn
to scale. Periodic boundary conditions are applied in all three directions to avoid surface artifacts.

where X[ is the average of quantity x from one
subdivision, X(Othe average of x from the total simula-
tion, and ng = 10 the number of subdivisions.

The simulations were performed by using the inte-
grated Monte Carlo/molecular dynamics/Brownian dy-
namics simulation package Molsim.4°

2.3. Structural Analysis. Structure factors (sf's) and
radial distribution functions (rdf's) have been used to
characterize the structure of the solutions.

The structure factor S(g) of a system containing N
scattering objects is defined by
N

S(q)=&;

For a multicomponent system the partial structure
factor Sjj(q), involving N; objects of type i and N; of type
j, is defined analogously according to

1 N; N; U
S.(g) = iqer. —ia-r: 8
i(@) HNiT,-)”Z[-— exp(iq r.)][;exp( gl | (8)

and S(qg) and the set {S;j(q)} are related through

()

N; NJ NN 1/2

S(a) = Zz S;j(a) 9)

Sometimes the factor (N;jN;)V2/N is trivially shifted from
eq 9 to eq 8. For a periodic system with length L, q <
27/L is not accessible. Numerically, the partial structure
factors were evaluated using eq 8.

The structure factor is useful for assessing the stabil-
ity of a system. An increase of the magnitude of S as g
approaches zero implies an appearance of density
fluctuations at long length scales. Obviously, in a finite
system S(g—0) always remains finite. However, in the
thermodynamic limit, S(g—0) diverges as the system
becomes intrinsically unstable at the spinodal curve,
whereas S(q—0) grows but remains finite as the system
becomes metastable at the bimodal curve. The isother-
mal compressibility of a system is proportional to
S(g=0).

The radial distribution function g;j(r) measures the
spatial correlations in the real space. It expresses the
relative density of a particle of type j at a distance r
from a given particle of type i. At short distance g;j(r) is
zero because of hard-sphere overlap, whereas in a
homogeneous solution g;ij(r) conventionally approaches
one at large r. Numerically, gij(r) was obtained by
sampling the frequency at which particles of type i and
j were separated by the distance r.

The partial structure factor S;j(q) and the rdf g;;(r) are
related according to Sij(q) = dij + (pip))¥?Hij(q), where
0jj is the Kronecker delta and Hij(gq) a 3-dimensional
Fourier transform of the total correlation function
hij(r) = gij(r) — 1. Despite the fact that sf's and rdf's are
related to each other, the two quantities emphases
partly different aspects of the structure.
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3. Results and Discussion

3.1. Reference System. The properties of the refer-
ence system consisting of a solution of macroions with
different amounts of oppositely charged polyelectrolytes
will first be considered.

3.1.1. Overview. Typical configurations of the macro-
ion solutions with 0, 8, 10, and 20 polyelectrolytes
corresponding to the stoichiometric charge ratios f =
0, 0.8, 1, and 2, respectively, are displayed in Figure 2.
The snapshots indicate that in the pure macroion
solution (8 = 0) the macroions are well separated,
forming a homogeneous solution. After an addition of
polyelectrolytes, but still having a solution with a
deficiency of polyelectrolyte charges (8 = 0.8), distinct
complexes of macroions and polyelectrolytes appear. At
macromolecular charge equivalence (8 = 1), essentially
a large and loosely packed cluster is formed. Finally,
with an excess of polyelectrolyte charges (5 = 2), the
large cluster is redissolved, and the macroions become
to a large extent separated again.

3.1.2. Structure. The macroion—macroion, macroion—
segment, and segment—segment sf's at different sto-
ichiometric charge ratios are provided in Figure 3. In
Figure 3a and starting with a pure macroion solution
(B = 0), Sum(q) displays a maxima at ~0.095 A-!
corresponding to typical macroion—macroion separa-
tions ~ 27/0.095 = 66 A. The small amplitude of Sy
at small g implies small density fluctuations at long
length scales. Hence, typical features of a homogeneous
solution of a charge stabilized macroion solution are
obtained. Upon addition of polyelectrolytes, the general
trend is that Sum(g) at small g grows until macromo-
lecular charge equivalence (5 = 1) is achieved, whereas
further addition of polyelectrolytes makes Sym(g) at
small q to attain smaller values again. The large
magnitude of Sym(qg) at small g for § = 1 demonstrates
large density fluctuations at long length scales and
implies an unstable solution. The reduction of Sywm(q)
at small g for § > 1 demonstrates an increased stability
of the solution. We also notice that at § = 0.4 and 2.0,
with nearly the same relative deviations from g = 1,
the macroion—macroion structure factors are almost
identical. Finally, at 8 = 0.8, Smm(q) displays a maxi-
mum at g ~ 0.04 A-l, indicating complexes well
separated, presumably by repulsive electrostatic inter-
actions.

Figure 3b shows the corresponding macroion—seg-
ment sf's. The appearance of Smseg(q) at small g
resembles closely that of Sum(g). Thus, the spatial
macroion—segment correlations are similar to the mac-
roion—macroion correlations, signifying a strong spatial
coupling between the macroions and the polyelectrolyte
segments.

Finally, Figure 3c displays the sf's between polyelec-
trolyte segments Sseqseg(q) 0N a log—log representation,
clearly illustrating the sf at larger q. For all g,
Ssegseg(d) displays the same feature atq = ' ~ 1.0 A1
arising from two segments directly bonded with the rms
segment—segment separation ~6.0 A. At smaller q,
Ssegseg(q) scales as g~V with the Flory exponent v ~
0.84, demonstrating that the chains are substantially
stretched (v = 0.5 for a Gaussian chain and v = 1 for a
rod). At g < 0.05 A1, Sseqseq(q) becomes dependent on
B in a similar fashion as Smm(q) and Swmseg(q), but less
visible due to the log—log scale.

The corresponding rdf's are provided in Figure 4. At
S =0, the macroion—macroion rdf's displayed in Figure
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Figure 3. (a) Macroion—macroion structure factors Sum(q),
(b) macroion—polyelectrolyte segment structure factors Sw,seq-
(q), and (c) the polyelectrolyte segment—segment structure
factors Seegseg(q) in log—log representation of the reference
system at indicated stoichiometric charge ratio f.

4a also reveal typical features of a charged stabilized
solution of macroions: (i) low probability of finding
macroions in contact with each other, gum(2Rm = 30 A)
~ 0, and (ii) a first maximum roughly at py 13 ~ 80 A
(not fully visible in Figure 4a). Upon addition of op-
positely charged polyelectrolytes, a maximum in
gmm(r) occurs at r ~ 37 A, demonstrating an increased
probability of macroions being close to each other. The
largest amplitude of this maximum appears at macro-
molecular charge equivalence, f§ = 1, whereas at g > 1
the amplitude of the maxima decreases as £ is increased.
At S = 2, a significant maximum still appears, showing
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Figure 4. (a) Macroion—macroion radial distribution func-
tions gmm(r), (b) macroion—polyelectrolyte segment radial
distribution functions gmse(r), and (c) the polyelectrolyte
segment—segment radial distribution functions gseg,seq(r) of the
reference system at indicated stoichiometric charge ratio 3.
a remaining macroion pairing. Moreover, at 0.4 < f <
2 and in particular at 8 = 1, a second broad maximum
occurs at r ~ 70 A, indicating a buildup of larger
macroion clusters involving a second layer of macroions.
The location of the maximum at r ~ 37 A is insensitive
to B, showing that macroion pairing mediated by
intervening polyelectrolyte is governed by short-range
correlations. However, as the macroions charge, seg-
ment charge, or chain stiffness is changed, the location
of this maximum is shifted.3233

Figure 4b shows the macroion—segment rdf’s,
Omseg(r). At all conditions, a pronounced maximum

Polyelectrolyte—Macroion Solutions 513

Table 3. Average Number of Clusters, the Composition,
and the Probability of the Most Frequent Clusters at
Different Stoichiometric Charge Ratios of the Reference
System?

B MNausterD  composition (N, Ny,)

0 20 ©, 1) 1.0

probability

0.8 50  (0,1),(1,3),(24), (1,2 0.262,0.253, 0.154,
0.114

1 29  (1,2),(9,18) 0.362, 0.111

2 6.6  (1,1), (1,0), (2,2) 0.337,0.141, 0.128

a See text for the definition of a cluster.

appears at the contact separation r = Ry + Rseg = 17
A. The width of the polyelectrolyte layer around the
macroions is ~10 A. The magnitude of the maximum
decreases as more polyelectrolytes are added (increased
p) due to a more homogeneous distribution of the
polyelectrolyte segments in the solution with respect to
a given macroion. At 8 = 1, gmseg(r) displays an
additional broad maximum at r ~ 50 A, again demon-
strating the presence of extended clusters.

The polyelectrolyte segment—segment rdf's are dis-
played in Figure 4c. The two most prominent features
displayed, in particular at low g, are the maxima at r
~ 5.5 and 10 A, arising from two segments directly
bonded or bonded through a common neighbor, respec-
tively. The appearance of two such distinct distributions
with the ratio of their locations near 2 shows that the
polyelectrolyte is locally stretched. The reduction of the
amplitude of gsegseg @s f is increased arises again from
the increase of the polyelectrolyte density.

Figure 2 showed that macromolecules form clusters,
and the degree of cluster formation depends on . The
composition (number of macroions and polyelectrolytes)
and the probability of clusters formed have been ana-
lyzed. Two macromolecules (macroion or polyelectrolyte)
were considered to belong to the same cluster if they
were “connected” directly or indirectly through one or
several other macromolecules. Two macroions were
directly connected if rym < 45 A, a macroion and a
polyelectrolyte were directly connected if for any seg-
ment ryseg < 22 A, and two polyelectrolytes were
directly connected if for any pair of segments rsegseg <
10 A was fulfilled (cf. their hard-sphere radii R;). The
definition of connected macromolecules is somewhat
arbitrary, but the trends obtained are not sensitive on
the exact geometrical definitions. The result of the
cluster analysis is given in Table 3. It should be noted
that the probabilities refer to the appearance of clusters
of a given composition; the probabilities of finding
macromolecules in clusters of given compositions are
different (cf. number and mass weighted averages).

The general trend is that the average number of
clusters formed Njuster[lis decreasing until = 1, and
then it starts to increase again. For 5 = 0 each macroion
on its own constitutes a cluster consistent with the
macroion—macroion rdf shown in Figure 4a. For § =
0.8 there is on the average 5.0 clusters, and they either
are neutral or possess an excess of macroion charges.
When f = 1, INauster[Jhas decreased to 2.9, and the
majority of the macromolecules reside in one large
cluster consisting of 9 polyelectrolytes and 18 macroions.
In an excess of polyelectrolytes (8 = 2), IN¢juster 1= 6.6
and the clusters now possess an excess of polyelectrolyte
charges.

The sf's, the rdf's, and the cluster analysis (i) are
throughout consistent with the picture provided by the
snapshots given in Figure 2 and (ii) quantifies the
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Figure 5. Macroion—macroion structure factors Sum(q) at g
= 0 and g = 1 of the reference system at indicated solution
volume V.

structures of the solutions. Thus, as oppositely charged
polyelectrolytes are added, the initially homogeneous
macroion solution with repelling macroions becomes
successively more inhomogeneous as clusters of poly-
electrolytes and macroions are formed. The strong
electrostatic attraction brings macroions and polyelec-
trolytes closely together, and as a consequence the like-
charged macroions have a high probability to become
near each other in space. Slightly before the macromo-
lecular charge equivalence = 1, distinct and repelling
complexes formed by macroions and polyelectrolytes are
established. At 8 = 1, the system becomes unstable, and
a large and loosely packed cluster of macroions and
polyelectrolytes is formed. Finally, in excess of polyelec-
trolytes, the large cluster is broken up, and the macro-
ions are dispersed again. Our findings suggest that in
the thermodynamic limit the following sequence of
events appears as polyelectrolyte is added to a dilute
charge-stabilized macroion solution: stable and homo-
geneous macroion solution — formation of macroion—
polyelectrolyte complexes in a still stable solution — a
separation into two phases, one rich in the macromol-
ecules and one poor in them, — a redissolution resulting
in a single and stable macroion—polyelectrolyte solution.

3.1.3. Partial Phase Map. As shown, the reference
system becomes unstable and displays a phase separa-
tion about f = 1. We will now consider the phase
stability at fixed g (3 = 1), but at variable density.
Experimentally, ternary phase diagrams show that a
phase-separated system becomes a one-phase at suf-
ficiently low water content. Upon dilution, the region
of the two-phase region extends very close to the water
corner of the ternary phase diagram.® Typically, only
when the electrostatic attraction between the oppositely
charged macromolecules is attenuated does the two-
phase region detach from the water corner.*!

At the stoichiometric charge ratio f = 1, macroion—
macroion sf's have been determined at several solution
volumes V ranging from V e/8 to 8V er, Where Vies = Lyef,
with Ny = 20. A selection of macroion—macroion sf's at
different V is displayed in Figure 5. At V = V,/8,
Swvm(q) has similar shape as that at = 0 and V = V¢t
(cf. curves labeled V(/8 in Figure 5 and labeled 0 in
Figure 3a) with the obvious length rescaling g — 2q;
hence, we have a homogeneous and stable solution.
[Figure 5 also displays Sum(q) for § = 0 at V,./8, and
the larger amplitude at small g for § = 1 as compared
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Figure 6. Partial ternary phase map of the reference system
composed of macroions, polyelectrolytes, and water. The
number of macroions was held fixed, whereas the stoichio-
metric charge ratio [ represents the relative amount of
polyelectrolytes and the solution volume V (note the logarith-
mic scale) represents the relative amount of water. Open
circles denote one-phase systems, filled circles denote two-
phase systems, and the dashed curve indicates a part of the
border between one-phase and two-phase regions.

to f = 0 nevertheless implies that the polyelectrolytes
induces a somewhat larger density fluctuations of the
macroions.] Moreover, since the large cluster appearing
at V = V¢ (see Figure 2c) has a diameter of ~L /2, it
is conceivable that the solution becomes homogeneous
at L = L/2. The 8-fold dilution from V = V e t0 8V et
leads to a slight reduction of the density fluctuations
at small g, but the solution is still inhomogeneous and
unstable. Examination of even more dilute systems
became computationally too demanding.

The results of the solution stability at different V for
B =1 and at different  for V = Vs are summarized in
Figure 6 through a partial ternary phase map (note the
logarithmic V scale). This (conventional) representation
of the phase behavior clearly demonstrates that the
instability region appears near the stoichiometric charge
ratio =1 and that it extends over a considerable range
of the concentration of the macromolecules. It agrees
gualitatively with experimental observations, where the
complex formation between oppositely charged macro-
molecules is electrostatically driven.1? In particular, (i)
the extension of the two-phase region along the § = 1
line, (ii) the termination of the two-phase region in
concentrated solutions, and (iii) the extension of the two-
phase region in practice to the water corner are three
characteristic features displayed by the present model
system.

3.1.4. Osmotic Pressure and Role of Counterions. In a
solution containing highly charged macromolecules and
their counterions, the counterions are electrostatically
attracted by the charged macromolecules, and they are
to a large degree located near the surfaces of the charged
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Figure 7. Pressure vs the stoichiometric charge ratio for the
reference system.

macromolecules. The electrostatic attraction gives rise
to an osmotic pressure P smaller than the pressure of
the corresponding ideal system Pjgea1 = pKT with p being
the number density of the solution. When oppositely
charged macromolecules are mixed, counterions ac-
cumulated near the macromolecules are released and
become more homogeneously distributed in the solution.

In our previous contribution,32 the distribution of the
small ions with respect to the macroions and the
polyelectrolyte segments was examined. The results
supported the notion of a more homogeneous distribu-
tion of the small ions, as oppositely charged macroions
are complexed. The corresponding analysis of the refer-
ence system at different § (data not shown) provided
the same picture.

The thermodynamic consequences of the accumula-
tion/release of the counterions to/from the charge mac-
romolecules have also been examined. Figure 7 shows
the pressure given as a function of the amount of
polyelectrolyte in the macroion solution, again expressed
by . The pressure increases linearly with the amount
of polyelectrolytes added, but the increase displays two
regions with different slopes. In the range g < 1, the
slope is nearly twice as large as compared to the range
S > 1. Moreover, the reduced pressure P/Pjgea attains
the values 0.77, 0.84, and 0.74 at f = 0, 1, and 2,
respectively, demonstrating an increase of P/Pjgeal in the
first region and thereafter a decrease in the second one.

Obviously, the much larger increase of the osmotic
pressure appearing in the range g < 1 is a consequence
of the complexation between the macroions and the
polyelectrolytes with the subsequent release of their
counterions, whereas in the range 8 > 1 only a smaller
fraction of the added counterions are osmotically active.
The largest fraction of released counterions should
appear at the macromolecular charge equivalence, and
this is consistent with the maximum of reduced pressure
appearing at g ~ 1.

3.2. Stoichiometric Charge Neutral System. Orig-
inating from the reference system at the stoichiometric
charge ratio g = 1, the structure of systems with
different (i) macroion size Ry, (ii) polyelectrolyte length
Nseg, and (iii) bare chain persistence length I, have been
examined. Figure 8 shows typical configurations at
different values of these parameters. The corresponding
macroion—macroion structure factors and radial distri-
bution functions at different Ry are given in Figures
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9a and 10a, at different Ngeg in Figures 9b and 10b, and
at different I, in Figures 9c and 10c.

3.2.1. Variation of Macroion Size. The structure of the
systems at Ry = 10, 15, and 20 A at constant macroion
charge has been investigated. Figure 8a—c shows that
the structure of the solution is strongly dependent on
the macroion radius. A reduction from Ry = 15 (the
reference system) to 10 A leads to a compaction of the
large cluster, whereas an increase to Ry = 20 A results
in a partial breakup of the cluster.

The macroion—macroion sf's given in Figure 9a
display a larger magnitude at 0.05 A1 < q < 0.1 A1
for Ry = 10 A as compared to Ry = 15 A, consistent
with a more compact cluster for the small macroion
radius. At Ry = 20 A, the amplitude at small q has
decreased substantially, also consistent with the snap-
shots. The corresponding rdf's are given in Figure 10a.
For Ry = 10, 15, and 20 A, the locations of the first
maximas are 25, 37, and 49 A, respectively, giving
surface-to-surface separations of 5, 7, and 9 A, respec-
tively, quantifying the formation of more compact
clusters as Ry is decreased. In line with previous
analyses, the nearest-neighbor peak vanishes (here for
Rm = 20 A) as the spatial correlation weakens.

Thus, despite the stronger macroion—macroion repul-
sion as Ry is reduced at fixed Zy, neighboring macroions
become closer to each other and the solution becomes
destabilized. The attractive macroion—segment inter-
action is of course the driving force of the macroion—
polyelectrolyte complexation, and consequently, the
enforcement of the attractive macroion—segment inter-
action as Ry is reduced dominates over the increased
macroion—macroion repulsion.

3.2.2. Variation of Polyelectrolyte Length. At § = 1,
the reference system contains Npe = 10 polyelectrolyte
chains, each composed of Ns¢g = 20 charged segments
in addition to the macroions and counterions. The
structures of the systems with Nseg ranging from 5 to
40 have been investigated, keeping the total number of
segments fixed at NpeNseg = 200. A comparison of the
snapshots in Figure 8a,d indicates that a doubling of
the number of segments per chain to Nseg = 40 does not
strongly affect the clustering in the system, whereas a
comparison of Figure 8a,e shows that a reduction to Ngeg
= 5 leads to a much weaker clustering.

The macroion—macroion sf's given in Figure 9b sup-
port the notion that the density fluctuations at short
wave vectors are similar at Nsg = 20 and 40 but
decrease as the length of the polyelectrolyte becomes
smaller than Nseg = 20. At Nseg = 5, Smm(q) displays
very little structuring, indicating that the macroions and
polyelectrolytes form essentially neutral complexes with
only weak interactions between the complexes and
consistent with the snapshot given in Figure 8e. The
corresponding rdf's are shown in Figure 10b. The
magnitude of the maximum at r ~ 37 A appearing from
neighboring macroions is similar for Nseg = 20 and 40
and consistent with the sf data. As the polyelectrolyte
chains are made shorter, the maximum is somewhat
shifted outward, and its amplitude is strongly reduced.
In addition, the second maximum appearing at r ~ 65
A is shifted to longer separation and eventually vanishes
as Nseg is reduced further.

Thus, the ability to form extended macroion—poly-
electrolyte clusters is reduced as the polyelectrolyte
length (and charge) is reduced. The reduced propensity
of cluster formation as Nsg is decreased is also a
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Figure 8. Typical configurations for different solutions of macroions and oppositely charged polyelectrolytes at the stoichiometric
charge ratio f = 1. The systems are (a) the reference system (Table 1) and the reference system but (b) Ry = 10 A, (c) Rm = 20
A, (d) Npe = 5 and Nseg = 40, (€) Npe = 40 and Neeg = 5, (f) I, = 42 A, and (g) I, = 1480 A. Color coding as in Figure 2.

consequence of a change of the macroion—polyelectrolyte
interaction. As the chain length and the net charge are
reduced, the attractive macroion—polyelectrolyte seg-
ment interaction per chain is reduced, and the ability
of a polyelectrolyte chain to bring macroions together
is diminished. In the limit Ns¢g = 1, a solution of like-
charged macroions with simple 1:1 salt added is recov-
ered; in this solution and at the present conditions an
effective repulsion would appear between two macro-
ions.

3.2.3. Variation of Bare Chain Persistence Length. The
structural changes of the system containing polyelec-
trolytes with the bare persistence lengths I, = 42, 164,
and 1480 A, in addition to 1, = 7 A in the reference
system, will now be examined. With I, = 1480 A the
persistence length becomes much longer than the
contour length, making the chains behaving as rigid
rods. The snapshots of the systems with I, = 7, 42, and
1480 A are given in parts a, f, and g of Figure 8,
respectively. In all the three systems, considerable
clustering appears, and for semiflexible chains (I, = 42
A), numerous and compact complexes are visible, while
for rigid rods ~2.5 elongated and loosely packed clusters
are formed.

The macroion—macroion sf’'s given in Figure 9c dis-
play a nonmonotonic trend at small g as the persistence
length is increased. The smallest amplitude is obtained

with 1, = 42 A; hence, the tendency for forming large
clusters is weakest at an intermediate persistence
length and larger for flexible and for very rigid poly-
electrolytes. The corresponding macroion—macroion
rdf’'s displayed in Figure 10c also show a nonmonotonic
behavior with respect to a variation of lp. At I, = 42 A,
the tendency of forming macroion pairs is smallest and
the amplitude at r ~ 60—80 A is strongly reduced, as
compared to more flexible or to more rigid polyelectro-
lytes, supporting the smaller probability of forming
extended clusters. Hence, the quantitative analyses
provided by the sf's and rdf's confirm the nonmonotonic
variation of the cluster formation ability displayed by
the snapshots.

The robustness of the nonmonotonic behavior of the
solution stability as I, is varied was examined by
considering the macroion—macroion structure factors at
different (i) ionic strength, (ii) macroion number density,
and (iii) |Zpe/Zm| ratios. In the reference system, the
counterions to the macromolecules give rise to a Debye
screening length of 1p = 22 A. Simulations of the
reference system but without counterions, which is
possible since Ncation = Nanion N the reference system,
were performed. The values of Sum(q) at g = 0.024 A1
became 9.5, 7.9, and 11.0 for I, = 7, 42, and 1480 A,
respectively. Thus, in the absence of small ions the
nonmonotonic trend remains, although less pronounced,
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Figure 9. Macroion—macroion structure factors Sum(q) at the
stoichiometric charge ratio f§ = 1 at indicated (a) macroion
radius, (b) chain length, and (c) chain flexibility. Other
parameters as in the reference system; see Table 1.

and the values of Sywm at small g are increased due to
the stronger (less screened) electrostatic interactions
among the charged macromolecules. Second, the solu-
tion volume was increased by 60%. The corresponding
values of the macroion—macroion structure factor be-
came 5.4, 3.4, and 8.5, respectively, and again the
nonmonotonic trend remains. Finally, investigations
were performed with different ratio of the charge of a
single polyelectrolyte to the charge of a single macroion
|Zpe!Z\|. Hayashi et al.*2 have previously found that the
propensity of a solution of oppositely charged polyelec-
trolytes to phase separate was suppressed when the
polyelectrolytes carry the same absolute charge. Table
4 summarizes our findings, and the values of Sywm(q) at
small g again display that the least unstable solution
is obtained at the intermediate bare persistence length
I, = 42 A. To conclude, the nonmonotonic trend in
Figure 9c appears at other screening lengths, macroion
densities, and charge ratios |Z,./Zm|, and hence it
appears to be of substantial generality.
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Figure 10. Macroion—macroion radial distribution functions
gmm(r) at the stoichiometric charge ratio f = 1 at indicated (a)
macroion radius, (b) chain length, and (c) chain flexibility.
Other parameters as in the reference system; see Table 1.

Table 4. Sum(q) at Small g2

| Zpel |ZpelZwl L=7A lb=42A l,=1480 A
10 1 31 1.5b 1.9°

20 2 6.25 35 9

25 25 7.4 4.2 8.8

aq =0.024 A1 b The structure factors display a maximum at
q > 0.24 A1, indicating repulsive interaction between clusters/
complexes.

We will now make the conjecture that the smaller
tendency to phase separate with the semiflexible chain
as compared to the flexible and stiff ones is connected
to the similar size of the bare persistence length I, of
the chain and the radius Ry of the macroion in the
former case. In the following, we will use results from
simpler systems to support this conjecture.

Consider a system containing a single polyelectrolyte
and an oppositely charged macroion with their counte-
rions confined in a finite volume. Figure 11 displays
snapshots and the complexation probability P},(iseg) for
this system for the bare persistence lengths I, = 7, 42,
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Figure 11. Typical configurations and complexation prob-
ability P§,(iseg) VS segment rank iseg With Npe = 1, Ny = 1,
Ncation = 10, and Nanion = 20 with 1, =7, 42, and 1480 A. Other
parameters as in the reference system; see Table 1. In the
snapshots, the small positive and negative ions are omitted
for clarity.

and 1480 A. The snapshots show that the flexible (I, =
7 A) and semiflexible (I, = 42 A) chains are wrapped
around the macroion, whereas the stiff chain (I, = 1480
A) only touches the macroion with a few segments.
Moreover, the flexible chain displays small loops pro-
truding from the surface, whereas for the semiflexible
chain the surface layer is smooth. The complexation
probabilities provide the probability that a given seg-
ment of the polyelectrolyte is complexed to the macro-
ion.32 The same geometrical criterion as above is used
for defining a segment being complexed to the macroion.
The trend observed is that the macroion prefer to
complex to the central segments of the polyelectrolyte.
[For the case |Zpe| > |Zwm|, there are conditions where
the macroion is complexed to one of the ends of the
polyelectrolyte.243143] The integral of the complexation
probability function provides the average number of
segments complexed to the macroion and becomes 12.5,
12.5, and 4.7 for the three I,, respectively. Moreover,
the binding region for the semiflexible chain is narrower
and has a higher amplitude than for the flexible one,
showing that the semiflexible chain creates a more
compact surface layer than the flexible chain as was
inferred from the snapshots. Hence, the structure of the
complex formed between one macroion and one poly-
electrolyte depends decisively on the bare persistence
length of the polyelectrolyte at fixed macroion radius.

Corresponding simulations of systems containing one
polyelectrolyte, two macroions, and their counterions
with the same set of bare chain persistence lengths have
also been performed. In this case, we have charge
neutral complexes. The macroion—macroion rdf's of
these systems are presented in Figure 12. For the
flexible chain a pronounced maximum appears at r =
32 A, whereas for the semiflexible chain the slightly
lower maximum is located at the contact separation r
= 30 A. Regarding the stiff chain, the typical macroion
separation is ~50 A, and the peak is much wider and
displays a smaller amplitude. From these observations,
we conclude that the two macroions complexed to one
polyelectrolyte (i) are spatially near each other and
hence are substantially electrostatically screened when
the charged chain is flexible or semiflexible, (ii) whereas
the macroions are substantially separated and hence
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Figure 12. Macroion—macroion radial distribution functions
gmm(r) for systems characterized by Nge = 1, Ny = 2, Neation =
20, and Nanion = 20 with I, = 7, 42, and 1480 A. Other
parameters as in the reference system; see Table 1.

less screened in the case of the rigid chain. Similar
results with Npe = 1, Ny = 4, and [Z,/Zum| = 4 have
previously been reported.33

To support our conjecture, we start with the observa-
tion that (i) the most compact surface layer appears
when the chain persistence length is of the order of the
macroion radius (Figure 11). Second, we argue that (ii)
the weakest electrostatic attraction between two neutral
complexes appears when the surface layer is compact.
With either loops or extended tails present, segments
in these parts of a chain are able to bridge to other
macroions in neighboring complexes (Figures 11 and
12). Such an electrostatically driven bridging should be
feasible, since polyelectrolyte segments cover only a
small fraction of the macroion surface. Moreover, we
found it most likely that (iii) the propensity of forming
larger clusters and phase separation is related to the
appearance of electrostatic attraction between neutral
complexes. Finally, the combination of issues i—iii now
leads to a support of our conjecture how the I;—Rwm
relationship affects the phase stability. The proposed
mechanism is illustrated in Figure 13.

4. Conclusions

A simple model has been employed to investigate
properties of polyelectrolyte—macroion solution by means
of Monte Carlo simulations. It is expected that the
physicochemical properties of such systems are domi-
nated by the strong electrostatic attraction between the
oppositely charged macromolecules, and hence the
model has been designed with focus on the electrostatic
interactions.

The phase stability of the macroion solution at
increasing number of polyelectrolyte chains at fixed
volume and at variable volume at fixed stoichiometric
polyelectrolyte charge-to-macroion charge ratio has been
examined. Structural analyses showed that as polyelec-
trolytes are added the system undergoes a sequence of
states: homogeneous macroion solution — stable solu-
tion containing macroion—polyelectrolyte complexes —
two-phase system comprising of one phase rich in the
macromolecules and one poor in them — a single and
stable macroion—polyelectrolyte solution (redissolution).
Despite the limited amount of data, the phase behavior
of the model system displays salient features appearing
in corresponding experimental systems: a closed two-
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Figure 13. Schematic drawing showing two stoichiometric
charge neutral complexes, each containing one polyelectrolyte
and two macroions for (a) flexible, (b) semiflexible, and (c) stiff
polyelectrolytes, and the stronger attractive interaction be-

tween the two such complexes with either flexible or stiff
polyelectrolytes (thicker arrows).

phase region extending along the line of macromolecular
charge equivalence line and terminating at low water
content and at extremely high dilution. The high dilu-
tion limit was not reached, but the system has to become
homogeneous by entropic reasons in this limit. We also
notice that there is generally a qualitative agreement
between recent theoretical predictions3*=37 and the
properties of the model system under investigation.

We have previously observed that polyelectrolyte—
macroion complexation is accompanied by a release of
counterions from the vicinity of the charged macromol-
ecules. Here, this release was monitored by an exami-
nation of the osmotic pressure. Indeed, the osmotic
pressure as a function of the amount of polyelectrolyte
added displayed a break and the reduced osmotic
pressure possessed a maximum at macromolecular
charge equivalence—in agreement with the notion of a
maximal release of counterions at this condition.

Moreover, it was observed that the propensity of
phase separation increased as the macroions were made
smaller at fixed charge and as the polyelectrolytes were
made longer. In addition, the tendency for phase
separation was smaller for a semiflexible chain and
larger for flexible and rigid chains. We observed that
thinnest adsorbed polymer layer is obtained when the
chain persistence length is similar to the macroion
radius, and we argue that the neutral complex formed
by appropriate amount of such semiflexible polyelec-
trolytes and macroions possess the smallest tendency
to electrostatically attract other similar complexes and
therefore displays a weaker tendency to phase separate.
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