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Complex formation in systems of oppositely charged polyelectrolytes:
A molecular dynamics simulation study
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Results of molecular dynamics simulations for systems with two flexible, oppositely charged polymer chains
are presented. The lengtNsand interaction strengtk of the chains are varied. We find that the chains remain
separated for small values &f For large interaction strengths, i.e., large Bjerrum lengths, we find glasslike
structures and order on the length scale of a few monomer diameters. Between these two limits of the
interaction strengths, the chains of various lengths collapse into compact complexes that exhibit self-similar
structures. The scaling behavior of the radius of gyration is discussed as a function of chain length and
interaction strength. In addition, the local structure of the collapsed systems is analyzed and the dependence of
the density of the aggregate on the interaction strength is discussed.
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[. INTRODUCTION tained reaching from globular statgl4] to extended chains
[15,16 and pearl-necklace-like sequend¢é&9,25,24. Com-
Polyelectrolytes play a major role in everyday life, par- puter simulations of many-chain polyampholyte systems
ticularly in biological systems. However, despite their impor-yield condensed states with glasslike or crystallinelike states
tance, polyelectrolytes are not as well understood as urdepending on the variability of the bond4]. Similarly,
charged polymer systems. At present there is no satisfactoigimulations of diblock polyampholyte&onsisting of one
theory for these charged systems at very low salt concentrgositively and one negatively charged blpgheld a pairing
tions. The long-range Coulomb interaction introduces a nevef the two blocks at large Coulomb interaction strengths and
length scale in the system and renders analytical calculatiorthe formation of a coiled sta{@3]. The effect of an applied
difficult [1]. On the experimental side there are various in-electric field on the deformation properties of a polyam-
vestigations of polyelectrolytes underway, but they are diffi-pholyte was recently studied analytical[27,28 and by
cult to perform[2—4]. Computer simulations are therefore an simulations[29].
important tool for the detailed investigation of these systems The aim of the simulations presented in this paper is to
on a molecular level. So far, mostly chains with added couninvestigate what kinds of structures are formed by oppositely
terions and colloidal systems have been stufieed], but no  charged chain systems when they collapse, thereby forming
systematic analysis of systems consisting only of chains haveompact clusterlike structures that are physically con-
been performed yet. In solutions of oppositely charged polystrainted to a small region in space. The simulations reach
ions, the strong Coulomb attraction leads to the formation obeyond previous ones, since we study systematically a very
complexes. Such complexes are relevant for a variety ofarge range of interaction strengths and chain lengths. In par-
technical applications and are fundamental in biological systicular, we analyze the scaling behavior of the chain confor-
tems. Of particular interest is the application of complexes ofmations with respect to the chain length. Such investigations
DNA and oppositely charged macromolecules in geneare also of fundamental importance for experiments search-
therapy. The problem is to introduce genetic material intoing ways to produce chemically well-defined nanostructures
cell nuclei. Experiments on DNA complexes indicate confor-consisting of polyelectrolytef30,31]. A deeper theoretical
mational changes of the DNA molecule during the complexinsight into possible structures formed by flexible charged
formation. An example is provided in Réfl0], where DNA  chains might help to improve these experimental endeavors.
in solution is compacted in the presence of spermidineQOur studies focus on two-chain systems. Hence, the results
Stable complexes are also formed between DNA and cationiapply to the formation of chain pairs in many-chain systems
lipids (lipoplexe$ [11]. Srivastava and Muthukumdil2]  only. Such pairs certainly form in dilute systems, where the
studied the structure of aggregates formed by oppositeldensity is much smaller than the overlap concentration. In
charged polyelectrolytes, but only for a very small range ofthis limit, the behavior of the solution is determined by the
interaction strengths and chain lengths. aggregates of two or only a few chains. Depending on the
Polyampholytes, which exhibit to some extent qualita-concentration of positively and negatively charged chains, all
tively similar structuregdepending on their charge distribu- or only part of the molecules form paif82]. Larger aggre-
tion), have been investigated in more defdiB—24,28. The  gates are formed at polymer concentrations close to the over-
structures of such molecules are sensitive to small variationiap concentration. The behavior of the solution is then deter-
of the positive and negative charges per chfl®,16. mined by large globules.
Hence, a rich variety of equilibrium conformations is ob- The paper is organized as follows. In Sec. Il we describe
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the system and the simulation method. In Sec. Ill the results 0.4 b —sunl ol ol sl sl
are presented. In particular, the dependence of the radius of ]
gyration on the interaction strength between the chains is
discussed. In addition, results for the pair correlation func-
tion and the density within a cluster are presented. In Sec. IV
the kinetics of the cluster formation is outlined. Finally, Sec.
V summarizes our findings.

II. SYSTEM AND SIMULATION METHOD

We performed constant temperature molecular dynamics
simulations with two oppositely charged chain molecules.
The mass points of a chain are connected by harmonic bonds
with the potential

« FIG. 1. Radius of gyration as a function of the interaction
VB=E Z (Iri=ri_4| =12 (1) strength\ for various chain lengthsl. The exponent is v=0.6.

havior of the systems with respect to size at a given interac-
tion strength for this length scale. In terms of the Lennard-
Jones potential parametersr,( €) the (dimensionless
Coulomb interaction parameterA is given by \
NgkgT/eo, where A\g=e?/ekgT is the Bjerrum length.
ence, there are only two relevant parameters in our simu-
lation, the length of the chaird and the interaction strength

wherei=1, ... N. To ensure small fluctuations in the bond
lengths(below 199, a large value for the force constants
choser k=5000¢/ 0%, wheree and o are the parameters of
the Lennard-Jones potential, cf. H&)]. -
The finite size of a monomer is taken into account by the';
truncated Lennard-JonékJ) potential

o\12 [\ N. N is chosen in the range of=0,...,100. This range
de (—) —(— +e for r<$2o, covers uncharged chains in good solvent as well as highly
V= r r (2)  charged chain systems. For the Coulomb interaction we use a
0 for r>%20, cutoff R;, that is half the box length. This is possible because

. the eventually analyzed collapsed systems are confined to a
wherer denotes the distance between twmonbondegimass  small region in space, which is much smaller ttan For

points. In our simulation we set the bond lengtho. noncollapsed chains, the Coulomb interaction is sufficiently
In addition, the mass points interact via the Coulomb poweak to be neglected beyond the cutoff distance. The tem-
tential perature is chosen ads;T=1.2¢, the damping constant as
5 y=1/r, and the time step i&t=5x10"3r, wherer is the
V=S S zizie 3) time unit of the simulation. To obtain reasonable statistics, at
S s|ri—rj|' least 20 different initial conditions were considered and

simulations up to 10time steps were performed for each
¢ is the electric permittivity ane@ the electronic charge. The value of A andN. An estimate of the errors based upon the
z;=*1 denote the charge state of the monomers. The intesstandard deviations of these ensembles yields relative uncer-
action with the solvent is taken into account by a stochastitainties below 5%.
force (I';) and a friction force, with a damping constapt
acting on each mass point. The equations of motion of the
system are then given by the Langevin equations IIl. RESULTS AND DISCUSSION
. . A. Radius of gyration
mri=Fi—7mri+Fi . (4)
As a consequence of the long-range nature of the Cou-
F; comprises the force due to the potentidls—(3), andmis lomb interaction, there is no unique length scale in a poly-
the mass of a point. The stochastic force is assumed to bRlectrolyte system. As is well known, the radius of gyration
stationary, random, and Gaussiavhite noise. This insures ~Rj and the end-to-end distan& of neutral chains in good
the proper equilibration of the dilute systdi83,34]. solvent exhibit the universal scaling reIatiGt"r~R§~N2V,

The electrically neutral system is placed in a cubic simu-with v~0.6. In case of polyelectrolyte systems, however, the
lation box and periodic boundary conditions are applied forvarious length scales have to be analyzed individually and
the intermolecular Lennard-Jones interaction, thereby keepwe do not expect the same exponents for the radius of gyra-
ing the density p=N/V=2.2x10" /o) of the system con- tion and the end-to-end distance for a given interaction
stant when changing the chain length. This is only relevanstrength. A scaling analysis of the conformation of a poly-
for very low interaction strengths, where the chains are welklectrolyte chain in the presence of counterions exhibits in-
separated. The numbéX) of monomers per chain was cho- deed length scale dependent scaling beha\8ar Figure 1
sen asfN=10, 20, 40, 80, and 160 to span at least one ordeillustrates the radius of gyration of our investigated chains
of magnitude. Hence, it is possible to study the scaling befor the whole range of the parameter Starting from neutral
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FIG. 2. Conformations of the chains of lengih=10 for the
interaction strength. = 20.

systems, it is obvious that an increase\ofauses the chains  FG. 3. Radius of gyration as a function of the effective inter-
to stretch. Beyond a certain value ®f the chains start to  action strength\* = AN for various chain lengthsl (see Fig. 1
collapse and?é decreases. The onset of the collapse obvi-The curves for the various chains lengtis= 20 possess a maxi-
ously depends upon the lengths of the chains. For large irmum at\g ~10.

teraction strengths, the size of the collapsed chains is smaller

than the size of an uncharged chain in a good solvent. There Tq study the scaling behavior in the weakly attractive re-
is evidently an attractive interaction in the system presentgime, we introduce the effective interaction parametér
which gives rise to the compact structure. N =\N?. Figure 3 depict®] as a function oh*. As is obvi-

The smallest chain systems with=10 do .not2f|t into the 55 from the figure, the data for various chain lengths col-
scheme of the larger ones. Rdr=10 the ratioRy/(N—1)"  |apse approximately onto a universal curve, at least\for
exceeds obviously the value for chains of lendtk-20. A ~100. (By changing the exponent by less than 2% for
more detailed analysis exhibits two conformations for suchsome of the curves, an even better agreement can be
chains @~1): A rather collapsed statéglobul® and a achieved. Hence, the two chains only partially intervene
stretched statedouble-stranded heljx The two conforma-  each other foih* <100. There is a certain overlap of the two
tions are energetically very similar. Therefore, we cannot dechains but the mean separation of the monomers is still of the
cide which is the equilibrium state. The appearance of one osrder of the radius of gyration. Clearly, there is a tendency of
the other structure seems to depend strongly on the relatiihe systems to start collapsing approximately at the same
location of the individual monomers. A certain mismatch invalue of \* =\% ~10. This coincidence underlines our as-
the relative positions leads to a collapsed state, whereas gumption that\* is the appropriate parameter to compare
the opposite situation the extended state is stabilized. Fathains of various lengths. The chain characterigfigandR
large interaction strengths, however, the globular state is aghey approximately the scaling re|atioﬁ§~(N_ 1)?" (cf.
sumed. Figure 2 presents snapshots of such systems. Batfy. 3) and R?~(N—1)?", respectively. But despite the
aggregates are obtained for=20. We will now discuss the weak stretching of the chains, we find practically the same
scaling behavior in more detail. exponentv for all interaction strengths.

Single polyelectrolyte chains in the presence of counteri-
ons exhibit a different behavi¢B]. Such chains also start to

To investigate the universal features of the chains of varicollapse at a certain interaction strengi) due to counter-
ous lengths, it is necessary to compare systems of similden condensation. However, the correspondingalue is
interaction strengths. Depending on the separation of the twoearly independent of chain length. Considering the expo-
chains and their monomers, respectively, from each other, weents ) for the mean square end-to-end distance and the
expect at least three different regimes. The effective Couradius of gyration, respectively, for these systems, the expo-
lomb interaction between far apart chaivery low interac- nents increase with increasing interaction strength until
tion strength is proportional toN?, because the coils behave counterion condensation starts and the exponent for the mean
like point charges witiN charges per coil. With increasing square end-to-end distance is close'tel corresponding to
Coulomb interaction strength the coils approach each otheiodlike chains. The chains in the two-chain system, however,
and the mean distance is of the order of the radius of gyraare only weakly perturbed fax* <100, because of the ef-
tion. Here we expect a scaling behavior of the fadfiwith  fectively small interaction strength. In particular, they are
¢=2—v~1.4[23]. This simply follows from the fact that never stretched in a rodlike manner due to the screening of
the Coulomb energy obeys the reIatiE@~N2/Rg~N2/N” the intramolecular Coulomb interaction by the oppositely
for that regime. The Coulomb energy itself is of the order ofcharged chains. For larger interaction parameters, the chains
kgT. Thus, the strength of the interaction is estimated to bestart to collapse and start to form dense clusters.

AgN?~1 in the weakly attractive regime. Finally, for very  The critical effective interaction strenghtf can be used
large interaction strength, we will find compact structuresto separate the one-phase state with scattered chains and the
Their scaling behavior will be discussed below. phase with a globule. For* <\¥ individual chains are

1. Small values ofA
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FIG. 4. Pair correlation functions for chains of length=80 FIG. 5. Pair cprrelation functions for the interaction strength
and various interaction strengths. Top: intramolecular pair correla=>50 and the chain lengti$=10, 20, 40, 8Qfrom bottom to top.
tion function; bottom: intermolecular pair correlation function. Top: intramolecular pair correlation function; bottom: intermolecu-

lar pair correlation function.

present, in contrast, fox* >\ the chains aggregate and

. is quite different. Using a similar criterion for random
fold into densely packed structures. g g

polyampholyte chains that are globally neutral as for the
polyelectrolyte system, the Coulomb energy is givenEgy
2. Large values ofx ~e?N/Ry~e”N/N%>-96 [22 26 The critical interaction

With increasing interaction parameter the chains eventustrength is then proportional t8°“~°° As demonstrated by
a”y form very compact, C0||apsed Objects_ In this range ofour Simulations, the critical interaction Stl’ength for the ag-
strong interactions\* >\* , the chain systems again show a gregation 101 oppositely charged polyelectrolytes is propor-
scaling behavior for certain characteristic length scales. Fdional toN=“. Moreover, the chain length dependence of the
values of\ larger than 1 we find for the radius of gyration
v=~1/3, corresponding to the obvious compact structure. 0.4

In the aggregated state, we compared chains of different
lengths at the same value ®fand not at the same valu€ .

This is reasonable, since in the condensed state screening is
present. The monomers of the two chains form pairs leading
to an effective dipolar interaction among the different pairs 05" 0.2
[8]. The observed scaling behavior of the radius of gyration

confirms this approach.

Our results are in agreement with the results obtained in 0.1
Ref.[12]. Depending on the interaction strength the authors
of Ref.[12] find v values in the range 0.35-0.5.

Randomly charged neutral polyampholytes also exhibit a 0.0
collapse and dense structures are formed for sufficiently 0
large interaction strengths or, vice versa, sufficiently small
temperatures. However, the molecular weight dependence of F|G. 6. Radial density of monomers with respect to the center of
the critical temperaturéor interaction strengthy) separat- mass of a cluster. The interaction strength\is 4 and the chain
ing the regimes of individual chains from clusters of chainslengths areN=20, 40, 80, 16Qfrom left to righ.

0.3

S
N
W
N
(8]
(o2}
~
oo}

r/ 6
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FIG. 7. Clusters for chains of lengthN=40
and the interaction strengths=0.4, 4, 40(from
left to right).

probability for the polyelectrolyte globule to be destroyed bybonds. A similar behavior is observed in randomly charged
random thermal agitation is approximately given By  polyampholyte§16,17,21,22

~exp(—N?)(¢=1.4), as a consequence of the effective in- Depending on the extensibility of the bonds, crystalline or
teraction parametex* . Hence, the aggregation of the chains glasslike structures have been reported for systems of ran-
in a polyelectrolyte globule is stronger than in a randomdomly charged neutral polyampholytgg4]. In particular,
polyampholyte globule, where®~exp(~N>*"%9). Thus, the glasslike state is obtained for finite extensible bonds. This
polyelectrolyte globules are formed at lower critical temperass in agreement with our simulations, because the bonds of

tures and they will be even more stable than random polyamyyr model chains are essentially inextensible.
pholyte globules.

C. Monomer density within clusters

B. Pair correlation function In Ref.[35] a statistical theory of globular polyelectrolyte

The local structure of the aggregated chains is analyze§OMPplexes is presented. In particular, the density of mono-
by the pair correlation function. As shown by Fig. 4, the Mers within the globule is estlmaFed assuming that the den-
intramolecular pair correlation functiorgf,) and the inter- Sity iS constant. Although our simulated systems are not
molecular pair correlation functiongg,), respectively, ex- identical to the system investigated in Ri5], we analyzed
hibit distinct peaks indicating a strong aggregation of thethe monomer density profiles for weak interactions.
oppositely charged monomers with increasing interaction Our simulations exhibit plateaus in the monomer density
strength. Basically the same local structures are observed fgrofiles for interaction strengths<<20, confirming the as-
strong interactions, independent of the size of the systems, &imption of the above authors. The radial extension of the
is obvious from Fig. 5. The whole system gradually freezeplateau depends naturally on the chain length. ¥or20,
with increasing interaction strength and the molecules form alensely packed structures are formed and the radial density
glasslike structure. Pronounced peaks at very large interagrofile exhibits a peak structure corresponding to preferred
tion strengths indicate the formation of local order. Locally positions of individual monomers. The average density
(on the length scale of only a very few monomedgnsely reaches an interaction independent limiting valueNor50,
packed structures are formed, which are similar to structurewhich is larger than the density at=20.
present in crystals. A phase transition into a crystalline state In the regime 0.6\ <20, a comparison shows that the
of the whole system is prevented by the bonds of the chainglensity is independent of the chain length within the accu-
The cluster is a frustrated system due to the presence of thacy of our simulations. Figure 6 presents an example\for

- P

FIG. 8. Successive conformations of chains of
length N=40 at the interaction strength=8
during the formation of a globulet/7=0, 6
x10%,  1.2x10°, 4.75x10° and equilibrium
state(from top left to bottom right
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FIG. 9. Time dependence of the kinetsolid line) and potential FIG. 10. Time dependence of the radius of gyration of two
(dashed ling energy during the formation of a globuleN( chains during the formation of a globuldN&40; MA=8). The
=40; \=8). decrease d’Rg att/7~6.5x 10° indicates a reshuffling of the mono-

mers within the cluster.

=4.0. The plateaulike regime is clearly present for Iongb inspection, we see that the chains do not form perfect
chains. For short chains we observe a pronounced maximuH%/ '

¢ the densitv. Thi ) i<h h d ~7 " helices. In particular, there is no defined helicity along the
ot the density. “his maximum vanishes wi ecreasing Ny no1e molecular strindexcept for chains witiN=10). In-

X X . Rtead, the winding direction changes along the string. This is
pears also at higher interaction strengths for the longeg, norted by the flexibility of the chain. In a second step the
chains. The reason for this is the geometry of the globulecnains fold into a compact structure because of the attractive
Monomers on the outer part of the cluster experience afhteraction between dipoles formed by oppositely charged
attractive interaction from inside the cluster and no interaCmonomerd(cf. Fig. 8. The imperfect helix supports the for-
tion from outside. Thus, these monomers show a strongefation of the compact aggregate. Due to the lack of the
attraction by the kernel part than monomers inside of theerfect twist, monomers and groups of monomers are rather
cluster. For smaller interaction strengttes higher tempera- mobile and can therefore easily rearrange to form the cluster.
tureg chains of different lengths are deformed to differentTo untwist a perfect helix before the collapse would require
degrees(cf. Fig. 1), which leads to a chain length depen- more time than for a disordered helix. Indeed, the folding
dence of the density profile. Within the regime €6<20, process of the system is very fast, as is obvious from Fig. 9.
the densityp exhibits the scaling relatiop~X°3" very ac- Figure 9 displays the time dependence of the kinetic and
curately. The exponent is quite different from the predictionsPotential energy during the folding process. The kinetic en-
made in Ref[35]. For a salt-free solution, Eq25) of Ref. ~ €rgy is essentially constant since the system is coupled to a

[35] yields a monotonously increasing density as a functioreat bath by stochastic forces. The potential energy rapidly
of the interaction strength. In the limit—0 the relationp ~ decreases and assumes for2.5x 10°7 a constant value.

~\35is obtained and in the opposite limit— the relation Figure 10 exhibits the changes of the radius of gyration of
p~\2 follows. Hence, the exponents are always larger thad€ two chainsR; decreases on the same time scale as the

Figure 7 illustrates the density of the clusters for differentthe radius of gyration is approximately constant.tAt6.5
interaction strengths.(=0.4, 4, 40). For the chain length X 10°r conformational changes occur in the system leading
N=40 no compact structure is formed &t 0.4, although to smaller values ORS for both chains. The potential energy
the radius of gyration of a chain is already smaller than in ds obviously unaffected by these changes, which leads us to
good solvent(cf. Fig. 1). At A=4.0 there is already a pro- conclude that the conformational changes are only of en-
nounced peak in the pair correlation functigg, atr=2¢  tropic nature. _ _

(cf. Fig 4) indicating the formation of a denser structure. A The whole aggregation process—starting from the ap-
further increase ok leads to an even more compact cluster.proach of the two chains, the helix formation, and the

The local crystallinelike structure, however, is obtained forfolding—is a cooperative process. This is obvious from the
even larger interaction strengths ¥ 50). snapshots of Fig. 8 as well as the time dependence of the

radius of gyration.

IV. KINETICS OF CLUSTER FORMATION

. . . . V. CONCLUSIONS
We start our simulations with well separated chains. Turn-

ing on the Coulomb interaction, the chains attract each other. We have presented molecular dynamics simulations of
In a first step of the aggregation process—at sufficientlysystems with two oppositely charged chains. For small inter-
large interaction strengths—the chains start to wind aroundction strengths, we find that similar structures for chains of
each other and form helical-like superstructures similar to therarious lengths are obtained for the effective interaction
snapshots presented in Figs. 2 and 8, respectively. Howevestrengthh* =\N. In this regime the chains exhibit univer-
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sal behavior and we find scaling exponents for the radius ofery large leading to the formation of aggregates even at
gyration and the end-to-end distance similar to the values fovery smallX. For example, chains of lengtN=40 start
an uncharged chain in a good solvent. As soon as the inteaggregating ax ~0.05. This interaction strength is by far too
action is strong enough, the systems collapse and form verymall to lead to a condensation of counterions on a cf&in
compact glasslikéfor large enough\) structures with a dis- At higher interaction strengths more compact cluster and
tinct round surface and pronounced local order. This occursounterion pairs are formed.
at all investigated chain lengths. Systems of various chain We presented results for two oppositely charged chains.
lengths exhibit again self-similarity on small length scale.We expected the observed behavior to apply for dilute sys-
Collective phenomena play a major role in the formation oftems, where the density is much smaller than the overlap
the observed structures, starting from the moment the chairgensity. This is confirmed by Monte Carlo simulations of
begin to wind around each other, subsequently form helicalRef. [32].
like structures, and finally upto the moment when they fold In future studies we will extend this simulations to sys-
into dense globules. tems with more than two chains and denser systems. In such
In addition, we performed preliminary simulations taking systems several chains of the same charge will aggregate
into account the counterions. These simulations suggest thatith an oppositely charged chain. The competition among
the counterions possess no significant influence on the fothe various chains will lead to interesting self-organized
mation of the aggregate. The charge density of the chains istructured32].
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