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ABSTRACT: Properties of polyelectrolytes in tetravalent salt solutions are intensively investigated by a coarse-
grained model. The concentration of salt and the size of tetravalent counterions are found playing a decisive role
on chain properties. If the size of tetravalent counterions is compatible with the one of monomers, the chains
show extended structures at low and at high salt concentrations, whereas at intermediate salt concentrations, they
acquire compact and prolate structures. The swelling exponent of a chain against salt concentration behaves in
an analogous way as the morphological quantities. Under certain condition, the electrostatics gives a negative
contribution to the persistence length, in companion with a salt-induced mechanical instability of polyelectrolytes.
Nearly at the same moment, it appears like-charge attraction between chains. The equal size of the tetravalent
ions and the monomers is the optimal condition to attain the strongest attraction between chains and the most
compact chain structure. Moreover, the ions form a multilayer organization around a chain, and thus, the integrated
charge distribution reveals an oscillatory behavior. The results suggest that charge inversion has no direct connection
with redissolution of polyelectrolytes at high salt concentrations.

1. Introduction be realized. The works included, for example, flexible chains
in monovalent or multivalent salt solutiohs;2° semiflexible
chains with multivalent salt or charged molecui&é3?and rigid
chains in the presence of multivalent s&fk$iowever, the salt
molecules are added into the solutidné.If the concentration concentrat!on or the_ salt valence was not large enough to observe
of the added salt lies within a window of concentration, the any S|gnn_‘|cant evidence that was able to connect to the
solution is separated in two phases: one is a ViSCous phaseredlssoluuon of polyelectrolytes. Therefore, the reentrant con-
containg condened o precpteed poyelecabte,and he T -41C% 24110 be scuseed torolgny o these ok
other is a dilute phase in which polyelectrolytes are dissolved. betwgen WO imrﬁobile Dl)\/lAs in the presence of tetravalent
If it lies outside the window, the solution is in a homogeneous P

phase. Thse phenomen are calld reenrant condensaton, 0770, ey e oud ot e efctue niracionvelcs
or commonly referred as “DNA condensation” in the fields of PP

biology and mediciné.This topic has attracted much attention ,'[ﬂgaggéuor];:nizag?g,{ln'&ngﬁ&g;;%rgﬁ ;ﬁgargadtﬁgggiu'ggfzmga
recently due to its potential application in developing nonviral novel stable mesocrvstal. In a more recent s have
vectors of DNA for the purpose of gene therdpjhe amount ystal. e

of salt which results in the phase separation is determined by Irg\\l/zlsgr?tatggltthseoIﬁi%aesmzr? dOf dggg:'&fﬁ?gg'?ﬁgf l?;ﬁgvxll?n tet;‘
many factors, such as valence of salt, temperature, chain 9

structure, and concentration of polyelectrolyte®8 It is known gﬁilgipjeg;rggds;ggg ,o??r:)éeslz(li[tr'(l)'lhyitseshu;r?oerﬁa%(r)iei)s(pigtd;nsgirfrTg-
that the lower boundary of the window depends linearly on the P ’ P J 9

concentration of polyelectrolytes but the upper one of the CZ?';evcigopesOfn;gfeg\?gfeglsii?ninanﬁemiinri?zlzszlvue“ﬁgvgf
window is insensitive to it and roughly a constant. Both flexible poly yles. » Dy varying ’

polyelectrolytes and stiff polyelectrolytes display similar phase shown that the excluded V(_)Iume of ions plays a degisive role
diagramss 4 on the reentrant condensation. However, for one to understand

. . the phenomena well, there is still a long way to go. For example,
Despite decades of effort, our understanding of polyelectro- ¢ it hossiple to obtain any information related to the phase
lytes is still limited, and many issues, including the reentrant ,q \nqary of reentrant condensation from simulations? There
condensation, are far from belng.resol\}écthe aim of this exist theories to explain the phase boundatjput it has never
paper is to investigate the properties of polyelectrolytes in salt peen stydied in simulations. Concerning the size of polyelec-
solutions by means of computer simulations. There hi‘;’; beengyqiyte in multivalent salts, Muthukumar and co-workers have
many simulations devotgd to the study of poneIeptqu : applied single and double screening theories to explain the
Howgver, most of them investigated the properties in salt-.free collapsed transition of chaifi&26-27However, no existing theory
solutions:*"1¢ Only recently, due to the progress of computing .o “predict chain reexpansion in the region of high salt
power, large-scale simulations for systems with added salt can g centration. Moreover, chain morphology is essential to
understand the properties of polyelectrolytes. It can be described
TE-mail: pyhsiao@ess.nthu.edu.tw. by many quantities, such as asphericity and prolateness param-

Solutions of highly charged polyelectrolytes, such as biopoly-
mers (DNA, proteins, etc.) and many synthetic polyelectrolytes,
exhibit striking phenomena while multivalent salts or charged
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eter?8 To our knowledge, no such study has been reported yet counterions, the redissolved polyelectrolytes can have either sign
for strongly charged polyelectrolytes. An alternative way to due to the association of co-ioP&This association depends
understand polymers is to study scaling behavior. Although the strongly on the ion size which was not considered in the study
concept of scaling has been successfully applied to neutralof Nguyen et aP Therefore, Solis and Olvera de la Cruz
polymers?® application of this concept to polyelectrolytgs® predicted a charge distribution which oscillates from a poly-
has encountered many difficulties owing to the long-range nature electrolyte, in accordance with the profile observed in our
of Coulomb interaction. In this paper, we compute the single- previous worke> In this paper, we investigate more extreme
chain structure factor. The swelling exponent is then calculated cases, including much smaller and much larger ions. We also
by studying the power-law-like regime of the structure factor. study like-charge attraction between chains by calculating the
Since properties of polyelectrolytes depend strongly on ion size, potential of mean force and determine the conditions under
we investigate in this paper the effect of ion size too. In our which the attraction takes place.
previous worke® the sizes of ions were set to identical and varied  The rest of the article is organized as follows. Model and
simultaneously. As a consequence, Bjerrum assoctatitrongly simulation details are given in section 2. Results are discussed
intervened, particularly when ions were small. This setup has j, section 3. It is divided into six subsections. The first
the disadvantage that the system was easily jammed by largesypsection (section 3.1) is devoted to the study of the radius of
ions, leading to the impossibility of investigation of the cases gyration of a polyelectrolyte where salt concentration and
of large ions. Therefore, in this study we vary only the size of polyelectrolyte concentration are varied. The results provide
the multivalent counterions and fix unchanged the one of the information helpful in understanding the boundaries of the
other ions, so that the ion size effect is restrictedly investigated. congensation window. Section 3.2 studies the morphology of
In the study of polyelectrolytes, it is tempting to discuss the multiple polyelectrolytes in salt solutions. We compute several
long-range nature of Coulomb interaction using the concept of quantities, including shape factors, asphericity, and prolateness
electrostatic persistence length. Odfjkand Skolnick and parameter. The effect of size of multivalent ions is discussed.
Fixmar?® predicted that the electrostatic persistence length is Single-chain structure factor is, then, calculated in section 3.3.
proportional to the square of the screening lengthThe By least-squares fitting the power-law-like regime, we compute
deduction was based upon Debydlickel theory. Consequently,  the swelling exponent of a polyelectrolyte, which provides a
the effective intramolecular interaction is always repulsive, fundamental vision how strongly charged polyelectrolytes scale
resulting in a positive electrostatic persistence lerg#. in salt solutions. Section 3.4 deals with persistence length. The
However, experiments have shown that electrostatic persistencenegative regime of the electrostatic persistence length is
length can be negative under certain condition so that electro-successfully reproduced in the simulations. Comparison of the
statics gives a reversed contribution to chain flexibiffby? results with theoretical predictions is made. Section 3.5 provides
Simulations on this issd& > were mainly performed within a general picture of the effective interaction between polyelec-
Debye-Hickel approximation using a screened Coulomb trolytes by computing the potential of mean force. As long as
potentialUpn(r) O e ™'Jr to describe the screening effect of knowing the condition to appear like-charge attraction between
salt without involving explicitly salt ions. A negative electro- chains and the integrated charge distribution around a chain
static persistence length, hence, has never been reproduced ifsection 3.6), we are able to arbitrate if the phenomena of charge
the simulations. Noticeably, it is known that linear screening inversion and the redissolution of polyelectrolytes are related.
theory is valid only for a weakly charged system and breaks We give our conclusions in section 4.
down for a highly charged one, such as DNA and many
biopolymers, due to strong ion correlatioris®4’Recently, by 2. Model and Simulation Method
employing a loop expansion method which goes beyond mean
field, Ariel and Andelman were able to predict the negative
regime of the electrostatic persistence length for a strongly
charged rodlike polyelectrolyt®.Therefore, we expect that to
observe a negative electrostatic persistence length, one shoul

We employed a coarse-grained model to simulate a poly-
electrolyte system. The system contains four besgating
chains, one of which is composed of 48 beads (monomers). Each
dnonomer dissociates a monovalent cation (counterion) into a
solution and carries a negative unit charge. There are totally

incorporate salt ions explicitly and use the bare Coulomb 192 lent cati in th lution. Solvent molecul
potential in simulations. Our study fulfills this requirement and monovalent cations in the solution. Solvent molecules are
not modeled explicitly. Their effect is taken into account

hence offers a good chance to verify the above phenomenon. " .. Y )
and theory g fy P implicitly by considering them as a medium of constant

i o ) dielectric constant. The geometry of the medium is cubic and
Charge inversion is a universal phenomenon, occurred whenperidic boundary condition is applied to simulate bulk environ-

a strongly charged macroion binds so many counterions that yent. Salt molecules are added into the system. In the solution,

its net charge alters sigfiNguyen et al. intended to link charge  they are dissociated into cations (counterions) and anions (co-

inversion with the reentrant condensation of polyelectrol§tes. ions). We assume that the cations are tetravalent and the anions

The idea was based upon that counterions form strongly gre monovalent. The amount of the cations and anions obeys
correlated liquid on the surface of polyelectrolytes. In an ine condition of charge neutrality.

intermediate salt region, the bare charges of the chains are almost
neutralized by the condensed counterions; the correlation-
induced attraction results in the condensation of polyelectrolytes.
In a high-salt region, the counterions overcompensate the chain
bare charges; Coulomb repulsion between chains dominates the 1

attraction, and in consequence, the condensates are redissolve8 ) = 4e (alr)™ — (O/")G] +ey forr < «750 1)

into the solution. Solis and Olvera de la Cruz gave a different ~1J 0 forr > 920

point of view using a theory called “two-state mode¥31 They

predicted that charge inversion is not necessarily occurred withwhere r is the distance between two particles, is the
redissolution of polyelectrolytes. Although overcompensated by interaction strength, andis the collision diameter. We assur&eDV

Three types of interactions are included in our simulations.
The first one is the excluded volume interaction described by a
purely repulsive Lennard-Jones (LJ) potential,
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that all the particles have identical but the collision diameter solim T Dl e ]

may be different. The collision diameters for monomer, e =50 ]
monovalent cation, tetravalent cation, and anion are denoted 700 ] Nﬁ.;m -
by om, 011, 0+4, ando-—1, respectively. The LorentzBerthelot iy ¥ a0 _ 1
mixing rule®® is applied for the interaction between different o0 R a <20 1]
kinds of particles. <R>sol” 4\, 10 ﬂ:g?-
. . . .. . . | ‘e Y v O 0 == |
The second interaction is called finitely extensible nonlinear ol " N\ \ﬂ\o31 o A
elastic (FENE) potentiét and used to describe the bond I é 00 NN oGk,
connection between adjacent monomers on a chain. It reads a: 30} v \ \,,\\\ -
- —e—0.016 -‘_ 5% 1
20} —o—0.008 5 e .
Urenel) = — MeeeneRe? Inf1 - 2. @) P 40002 % Ly
FENEL 2 FEN R 10 --%-0.00032 'y g -k Apuaat AN i
s aa il PR IR | PRI 1aal 23 s 1 aaaal
10° 10" 10° 10%
wherekgene is the spring constant,is bond length, andRy is c
the maximum extension of a bond. All particles interact via the _ ) _ ) .
hird interaction. Coulomb interaction. which is written as Figure 1. [Ry?as a function ofCs at four monomer concentrations,
third 1 ! ' Cn= 0.00032, 0.002, 0.008, and 0.016. The symbols used to represent
the four C, are indicated at the left-bottom side of the figure. The
ZiZj value of [lRg?(in a salt-free solutionGs = 0.0) is depicted near the left
Ueoul) = KT~ 3 vertical axis. The four curves in the reginis < C: can overlap each
r other (shown in the inset) under a suitable transformation described in
the text.

whereZze s the charge of theth particle,T is the temperature,
kg is the Boltzmann constant, angl is the Bjerrum length characterize the chain size. The radius of gyratinis
defined as the separation distance at which the Coulomb calculated by the equation
potential between two unit chargesequals to the thermal N
energyksT. /g is equal toe?/(4meeoksT) Wheree is the dielectric 2 _ E F.—7 m)z (4)
constant andy is the vacuum permittivity. Ry = N-Zl i ¢

We perform molecular dynamics (MD) simulations in this
Study_75 We setoiq and 01 equa] toom and vary the size of where N is the number of monomers on the Cha_ﬂ.nls the
tetravalent cations;4 from 0.0om to 4.0up, to investigate the position vector of theth monomer, and.n, the center of mass
effect of ion size on properties of the polyelectrolyte solution. ©Of the chain. The results are presented in Figure 1 where the
Simulation parameters are chosen as follows:= 0.833%sT, mean square radius of gyratioR,?(iis plotted as a function of

_ _ ; ; It concentratiorCs at four monomer concentration§,, =
keene = 5.833%gT/on2, andRy = 20y, The Bjerrum lengthis 52 s
set tos = 3o, Similar systems in salt-free solutions have been 0.00032, 0.002, 0.008, and 0.016. The angular braekisteans

investigated by Stevens and Kreniéwe assume that the avTe_\r/?g It?tghgxieorr; f\;va;pecz)obn;;gr\tjgztlc%r;]sé first one is that each curve
masses of all the particles are identical and equahtand ’

. .. displays a similar trend of behavior against salt concentration.
chooseqm andksT to be the length unlt.and ‘h‘? energy unit, Upon addition of salt, the chain undergoes two structural
respectively. Therefore, the natural time unit 4s= om transitions: a collapsed transition and a followed reexpanding
y/m/(kgT). The system is studied in canonical ensemble where transition, as having been observed in the previous Wofke
the temperature is controlled using Nddeover thermostat with  first transition results from the screening of the Coulomb
the relaxation time equal to 10 Coulomb interaction is interaction by the added salt. The second transition is still not
calculated by the technique of Ewald sum. Except in section well understood although it is a result of the competition
3.1, the monomer concentration is fixed @ = 0.008,2 between energetic gain and entropic loose in counterion
which corresponds to a box site= 28.8&, whereas the salt  condensation and in shape transformation of polyelectrolytes
concentration is varied. The amount of salt is controlled such to minimize the free energy. We observed that the minimum of
that the volume fraction of total particles is smaller than 30%. Rs2Oappears near the salt concentratiéh= Cy/4 and the
Equations of motion are integrated applying Verlet algorithm more dilute the monomer concentration, the smaller value the
where time step is set to 0.08%Each simulation starts with an ~ minimum of [R?Cwill be. C is the equivalence point at which
equilibration phase of % 10° MD steps and is followed by a  the amount of charges of the tetravalent counterions exactly
production run of 10 MD steps in which data are collected neutralizes the charges on polyelectrolytes as if the salts and
every 1000 steps. To shorten the notation, we will useas the polyelectrolytes are in the stoichiometric reaction. We will
the length unit,oy, 3 as the concentration unit, arelas the call C{ the equivalence concentration. In a salt-free solution

charge unit in the following text. (Cs=0), we found that the chain size increases with decreasing
monomer concentration (refer to the four data points near the
3. Results and Discussions left vertical axis of the figure). This effect has been discussed

in the literature33and our results are in accordance with them.
1. Radius of Gyration of a Polyelectrolyte at Different ~ And the second behavior is th&@,2Ofor different Cr, attains
Monomer Concentrations.We started our study by simulating — approximately the same value while the salt concentration is
a single polyelectrolyte with added tetravalent salt at various larger than the equivalence concentration. Therefore, the curves
monomer concentrations. The chain consists of 48 monomersapproximately overlap each other. We noticed, furthermore, that
and the size of the tetravalent cations is set to be identical toin the regionCs < C, the lR2curves for differentCr, can
the one of the monomers. We used the radius of gyration to also lie over each other under an appropriate transforma&g{y
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We demonstrate this overlap in the inset of Figure 1 where the 75 ey Ce e ey
abscissa iI/Cry and the ordinate ig\y(R?0— R with 0
R;2Cthe minimum value ofRg?[] Ay, depends smoothly 08,
and, in the figure, is equal to 1, 1.267, 1.657, and 2.04Zfer
= 0.00032, 0.002, 0.008, and 0.016, respectively.

The size of polyelectrolytes in multivalent salt solutions has
been studied by small-angle scattering experimentbe results n
showed that it diminishes with increasing or decreasthg
toward the region where the condensation of polyelectrolytes
occurs (cf. Table 2 of ref 55). The results of our simulations
are in accordance with the experiments. We make a hypothesis
that chain size can be served as a qualitative condition to
distinguish between a monophasic solution of polyelectrolyte
and a diphasic one. More precisely, if the chain size is larger
than some value, the chains are dissolved in the solution and
the system is in a homogeneous phase; if it is smaller, the chains
are precipitated from the solution and a phase separation occurs.
Under this hypothesis, polyelectrolyte solutions of differégt
become monophasic & is increased over a concentration in
the high-salt region, since the chain size exceeds the some value
nearly at the sam€s due to the similarity of théR2(curves
in this region. Therefore, the upper boundary of the salt
concentration window for the condensation of polyelectrolyte
is independent ofC;,. Similarly, the lower boundary of the
window approximately depends linearly @, owing to the E
similarity of the An(TR?0— R:20) vs C/Cpy curves in the low-
salt region; the weak dependence Af, and [R?Jon Cp,
ensures that the chain size surpasses the some value roughly at
the sameC4JC,. Therefore, Figure 1 provides an essential
information to understand the boundaries of reentrant condensa-
tion. 1.0 ) )

The aim of this article is to understand the properties of 10* 10° 10?
multiple flexible polyelectrolytes with added salt in an agqueous s
solution. It is known that the Bjerrum length in water is equal (b)
to 7.14 A at room temperature. Our simulation setup, hence, Figure 2. (a)7 = R2IR2as a function o, and (b)E =[R2
corresponds to a collision diametef, of monomer equal to ~ [R.Jas a function ofCs, for the cases of different size., of the
2.38 A. This model represents a polyelectrolyte system with tetravalent counterions. The symbol used for eachis indicated at

i h d . | it ch 2.6% dnd the left-bottom side of the figures. The error bars are smaller than the
Inear charge density equal to a unit charge per 2. size of the symbols. The result for neutral polymers is depicted as

can be employed to simulate a strongly charged system suchreference and marked by “neutral”.
as sodium polystyrenesulfonate. The four monomer concentra-
tions studied in this section, while converted to real unit, are section is devoted to the study of chain conformation in
equal to 0.039, 0.246, 0.986, and 1.971 M, respectively. Even tetravalent salt solutions. The effects of salt concentration and
the largestCy, is still smaller than the overlap threshoGf, size of tetravalent counterions are investigated. We vary the
estimated by R/(47R;%). Therefore, our systems are dilute size of tetravalent counteriom, 4, from 0.0 to 4.0 and fix the
polymer solutions. Readers should be aware that the value upsize of the other ions at 1.0. A large 4 can represent a large
to neary 2 M is avery high monomer concentration for a real cation, a large ion group, or a large charged colloid. It can be
polymer system, and our systems dikite only in the formal also a result of the hydration of a small ion. A small, may
meaning of the world since the chains are very short. In the be less representative for real systems but theorists are generally
following sections, we fixCy, at 0.008 and simulate a system interested in it because many models are established on the base
comprising multiple chains. This monomer concentration is one of vanishing ion size.
or two orders of magnitude higher than a typical monomer  Morphology of a polymer can be quantified by many
concentration used in experimefts?>However, based on the  quantities. The first quantity that we studied is the shape factor
fact that systems at different monomer concentrations revealy, defined as the ratio of the mean-square end-to-end distance,
similar evolution of chain size against salt concentration, the [R2}= [{f; — Tn)?0Jto the mean-square radius of gyrati@y[]
results obtained a€, = 0.008 can be used to understand a y attains a value 12 for a rodlike polymer, 6.3 for a flexible
system at more dilut€,. We mention that thi€y, is a choice chain in a good solvent, and 6 for an ideal chidiFor a compact
so that the simulation box is not so big. Therefore, the amount structure, the value of is small. For example, if the chain has
of the added salt is controllable under limited computing a spherical morphology and the two ends are randomly
resources. Consequently, to study the behavior of polyelectro- positionedy; is equal to 2. In Figure 2a, we show how the shape
lytes in salt solutions, covering a broad range of salt concentra-factor 5 varies withCs at differento..
tion, becomes numerically feasible. In the figure, a reference curve, marked by “neutral”, is

2. Shape of Polyelectrolytesln this section and in the  depicted. It represents a system composed of four neutral
followings, the studied system contains four polyelectrolytes polymers of 48 monomers in tetravalent sait,{ = 1.0)
and the monomer concentration is fixed@t = 0.008. This solutions. Focus first on the polyelectrolyte solutions with C

DV
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0.55

= 1.0, 1.4, and 2.0. We witnessed thatlecreases at first and
then increases upon addition of salt, in analogy of the radius of
gyration studied in the previous section, and shows a V-shaped
curve againsCs in the semilog plot. In the low-salt region or
in the high-salt regiony is larger than or close to the value
6.3, indicating that the chains have elongated or coillike
structures. Between, it appears a minimum near the equivalence
concentrationC; = 0.002. The value of; tells us that the
chains possess compact structures but not so compact as spheres
For the cases with larger;4 (014 = 3.0 and 4.0)y shows a
shallow minimum and the whole curve stays basically above
the value 6.3. In these cases, the chains are in an extended state.
Itis worth to notice that foy4 > 1.0,7, in principle, increases
with o4 at a givenCs. Now pay attention to the cases wiih,
< 1.0. 5 displays a similar V-shaped curve agairtsf but
opposite to the previous cases, its value increases with decreas-
ing o14. Moreover, the degree of chain reexpansion in the high-
salt region is weakened white, 4 is decreased. Noticeably, for
the caser4 = 0.0, 7 displays a sharp transition from a value
7.2 in the low-salt solution to a value 6.5 in the vicinity ©f.
In the latter region, the chains behave similarly to neutral
polymers.

The second quantity that we studiedsiswhich is the ratio
of the radius of gyrationR;?[}? to the hydrodynamic radius
RyJcomputed byRy ™t = N2(3)L 5N 1. & is equal to
V/3/5 =~ 0.775 for a hard sphere and attains a value of 2.25 for
a rodlike chairt® Renormalization group theory has predicted
& =~ 1.56 in a good solvent angl= 1.24 at® point®’ both of
which have been shown in agreement with experimehige
present in Figure 2b the variation &againsiCs. The referenced
curve for the system of neutral polymers is depicted. The curve
was found very close to the value 1.24, which seems to indicate
an ideal-chain behavior. However, the neutral chains should
behave as random coils and the valué efould be larger than
1.24. The deviation of from the value of a coil is probably  Figure 3. (a)A as a function o€, and (b)P as a function oCs, for
due to the short chain length used in our simulation&ieg different o14. The symbol used for eaah., is indicated at the left-
et al. have studied the finite size effect and shown that the bottom side of the figures. The error bars are smaller than the size of
dependence df on chain length is not negligibR. Therefore, the symbols. The result for neutral polymers is depicted as reference

. . and marked by “neutral”.

& reported here departs slightly from the asymptotic value of

an infinite chain length. Nonetheless, the results are still |t takes a value between 0 (sphere) and 1 (rod). For a coil

0.50

0.45

0.40
A

0.35

0.30

0.25
10

(b)

indicative and useful to understand hayvvaries with salt
concentration. In the smalls region, the polyelectrolytes are
more extended than the neutral polymers. In the middle region
of Cg, the chains attain compact structures when9.6.4 <
2.0. The dependence @fupon o4 resembles that of. For
largeos (014 > 2.0), the chains are elongated. For vanishing
o0+4, We observed that following a sharp decreasecattains
approximately a constant value, close to that for the neutral
polymers.

A more fundamental way to study the shape of a polymer is
to investigate the tensor of radius of gyratieff® defined by

N N
ZZ(ria — 1 )(rig = Tjp)
==

wherea, f = 1, 2, 3 denote the three Cartesian components
andriq is thea component of the position of theh monomer.
Let 41, 12, and 13 be the three eigenvalues of. A quantity
called “asphericity’2® which measures the deformation from a
spherical geometry, is defined by

D (6)

1

Taﬁ = (5)

2N?

1 /12)2 + (12 - j~3)2 + (/13 - ’11)2
(A + Ay + A3

1

1

2

A

polymer, it is 0.431 obtained from simulatiofls Another
guantity describing the degree of prolateness is defined by

_ Wl B /7{)(/12 B Z)(/13 B Z)
= 7

whered = (11 + A2 + 13)/3.28 It ranges from—1/4 to +2 and
can be used to distinguish between a prolate shapeR0< 2)
and an oblate one-Y/4, < P < 0). For neutral polymers in the
dilute limit, simulations predict a prolate chain with= 0.541%2
We present in Figure 3, parts a and b, the asphericayd the
prolateness parametBras a function ofCs.

Resembling the behaviors af and &, A and P show a
minimum value in the vicinity ofC;. The curve associated
with 014 = 1.0 roughly separates two different behaviors of
evolution: A andP increase with increasing and with decreasing
o+4 from 1.0. The value ofA lies between 0.275 and 0.55.
Therefore, even in a compact structure (wh€gds nearCy),
the chain shape is asymmetric. In a low-salt solution, the chains
show extended morphology but are not as elongated as rods.
On the other hand? is larger than zero for all of the studied
cases, indicating that the polyelectrolytes display prolate
conformation. At a high salt concentratiof,is close to 0.45
andP is close to 0.54, suggesting once more that the polyeéerg\-/

()
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trolytes behave as the neutral polymers in the high-salt region. 052 ———

For the case with nulb;4, chain reexpansion does not occur; 10000 E E
A andP stay at a constant value wh€jg goes beyondC;. The i
results obtained in this section strongly suggest ¢hat= 1.0 1000 4
is the optimal condition to pack polyelectrolytes into the smallest 3 ]
volume. g I

3. Single-Chain Structure Factor and Swelling Exponent. = 100 E
In this section, we investigate the single-chain structure factor. @ E
This quantity is experimentally accessible and provides an I
essential information to theoretical analysis. The single-chain 10t 3
structure factor is defined by 3

1 N 'E l
@ =20 expla Ty ®) o1 o1 1 Tho
NNg=L 1=
q

whereq is the scattering wavevectadd, = 4 is the number of (2)
polymer chainsN = 48 is the number of monomers on a chain,
andTp; is the position of thg th monomer on the th chain.

10000
Suppose that the system has spherical symmetry. The depen E

dence of the structure factor on the orientationgotan be f
therefore integrated outS(q) = 1/(4x) / dQ Sq) whereq is 1000 L
the norm ofg and Q is the solid angle. This integration was 3
performed numerically by sampling over a set of randomly <, A
orientedq vectors. We present, in Figure 48q) at several = 100
salt concentrations for the casemf; = 1.0. For the reason for &
clarity, the curves in the figure have been multiplied By2th

n being increased by 1 for each curve from the bottom to the
top. §q) for the neutral polymers is depicted as the reference
with n = 0.

We witnessed tha$(q) shows typical behavior. In the Guinier E
regime @Ry < 1), Y(q) behaves similarly toN(1 — ¢?[R?I3). 0.01
It is demonstrated by plottiny(1 — q?[R213) (in dotted curve)
near the correspondirt) with the value of R2Cadopted from (b)
Sec. 3.2. The dotted curve terminatesjat Ry in order to

s i ; Figure 4. (a) Yq) for 044 = 1.0 at differentCs and (b)) at Cs =
indicate th_ei boundary of the Guinier regime. In_the reg@é 0.002 for differenio14. The value ofCs or o+4, at which the simulations
< q < on 1, 9q) shows power-law-like behavior, manifested

10F

=

were run, is indicated at the left side of each corresponding cG(gk.

by a linear dependence of I&jq) on logg. The slopes of the for the neutral polymers aEs = 0.002 is depicted as reference and
linear dependence is related to the swelling expomeny the marked by “neutral”. For clarity, the curves, from bottom to top, have
relationvy = — 1/s, which describes the size extension of a Peen multiplied by a factor"avith n starting from 0 and increased by

. . _ . 1 for every curve. The dotted curve, near e&) and terminated at
~ 1
polymer: Ry ~ N. In the regimeq > on~ %, Sq) displays q = Ry% is the Guinier functiomN(1 — ¢?R,2(13). Two dashed lines,

nonuniversal behavior. However, whie> om ™, self-scattering  which represent two power-law dependenegs,andq-2 (marked by

of monomer is the only contribution, leading, therefds) to “—1" and “—2", respectively), are drawn in the plots.

a universal value 1. We mention that the Krathy regime, in

which §(g) ~ g2, is not observed in our study because the monomers. For the cases with, = 0.5, 1,0, 1,4, and 2.0, the
system is a dilute solution and the chain length is not long swelling exponent shows a V-shaped curve agalst v
enougH? For o4 other than 1.0, we observed analogous trends decreases and then increases with increasing salt concentration.
of behavior. For example, the variation () for differento. 4 A minimum occurs near the equivalence concentra@and,

at the equivalence concentration is presented in Figure 4b, inat this moment, the chains show compact structures but are less
which we rediscovered the three regimes: the Guinier regime, compact than spheres because a spherical structure scales as
the power-law-like regime and the nonuniversal regime. We NY3. We remark that the swelling exponent obtained here for
noticed that in the last regime, a small bounce appears on theo+s = 1.0 is consistent with that obtained by direct variation of
curve and, with increasing the size of tetravalent ions, gradually the chain length of a system containing a single polyelect/@iyte

moves toward smal. except in the mid-salt region whenein the latter study is
The swelling exponent of the polyelectrolytes was calcu-  slightly smaller and acquires a value é&f at C.. This
lated by performing least-squares fits in the 4dgg plot of deviation is due to multichain aggregation occurred in our

Sq) in the power-law-like regime. The fitting region was chosen system, which deforms the chain shape from a sphere and,
to be 0.63< g < 1, and the fitting reliability has been verified consequently, increases For the case with vanishings,

to be excellent. We present the results of the swelling exponentfollowing a drastic decrease, retains roughly a value 0.6 in

v in Figure 5.v for the referenced neutral polymers was verified the high-salt region and the chains, hence, scale like the neutral
at first and found to attain a value close to the Flory’s one, 0.6. polymers. For the cases with large, (o0+4 = 3.0 and 4.0)y

Next, we focused on the swelling exponent for the polyelec- is greater than 0.6 but still less than 1.0. The chains, hence, do
trolytes. We observed thatexceeds the value for the neutral not reveal rigid rodlike structures. In principle,s = 1.0
polymers at a low salt concentration. It indicates a strong separates two behaviors of evolution at a salt concentration:
extension of chain size due to Coulomb repulsion between increases with increasing and with decreasingfrom 1.0. TheCDV
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Figure 5. v as a function ofC; for differento,4. The symbol used for
eachoy4 is indicated at the left-bottom side of the figunefor the
referenced neutralpolymer system is depicted and marked by “neu-
tral”.
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Figure 6. 4 as a function ofCs for differento4. The symbol used for
eachoy4 is indicated at the left-bottom side of the figure. The error

bars are smaller than the size of the symbols. The bare persistenc

length4 is depicted as reference and marked by “neutral”.
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pansion region. A minimum value appears in the vicinity of
C:. The degree of increase diminishes with decreasing

For vanishingo4, it is so weak that, is roughly a constant as

Cs > C{. Similar to the results in the previous sectiogs,
increases with both increasing and decreasingrom 1.0.044

= 1.0, therefore, denotes a condition to separate the two
behaviors of evolution of,.

The persistence length has generally two contributions: the
bare persistence leng#(in the absence of electrostatic force)
and the electrostatic persistence lengfowing to the Coulomb
interaction)3>361n this study, the bare persistence lengtivas
calculated by performing simulations on the referenced system
where four neutral chains and 192 neutral particles are placed
in salt solutions. The result is depicted in Figure 6, and the curve
is marked by “neutral”. We found tha&tis not sensitive to the
salt concentration and roughly attains a value of 2.3. It slightly
decreases in the high-salt region, probably due to the jamming
effect by the salt ions. For the polyelectrolyte solutions with
largeo4 (0+4 = 3.0 and 4.0), th&, curve thoroughly lies above
the /o curve, indicating a more rigid flexibility than a neutral
polymer. The electrostatic persistence length is, hence, positive.
On the other hand, for the polyelectrolyte solutions with <
2.0,4 is smaller tharg in the mid-salt region and shows one or
two intersections with the curve. Thereforee = 4 — 4 is
positive in a salt-free solution and becomes eventually negative
upon addition of salt. It increases in the high-salt region and
reattains a positive value fary, = 1.4 or 2.0.

The negative contribution of electrostatics to the persistence
length has been experimentally obser¥&tRecently Ariel and
Andelman (AA) pointed out that a negativg indicates a
mechanical instability (collapse) of polyelectrolytes due to the
presence of multivalent counterioffsBy taking into account
the thermal fluctuations and correlations between bound coun-
terions, they derived an expressiondbr an intrinsically rigid
charged polymer inZ:1)-salt solutions in the limit ob < x~1
< (N = 1)b:

(T — 1) osr

=\ D~ iy ) e

(10)

HereT' = Z/g/b is the Coulomb strength parameter between a

Smonomer and &-valent counterionx = N ArnZ(Z+1)/C, is

the inverse DebyeHiicke screening length, and>>" =

results demonstrate again that the polyelectrolytes are mostly(4z2«24)~1 is the electrostatic persistence length deduced by
condensed while the size of the tetravalent counterions is Odijk—Skolnick—Fixman (OSF) theory53¢In the derivation,

compatible with the one of the monomers.
4. Persistence LengthThere is a considerable interest to

they have assumed pointlike charges for the ions. We present,
in Figure 7/, obtained from the simulations and that predicted

understand the variation of the persistence length of a poly- by eq 10 as a function of.
electrolyte against salt concentration. Persistence length is alocal We witnessed thate depends strongly on the size of the
property, which measures the stiffness of a polymer, and is tetravalent ions. The negative regime/ghas been successfully

distinguished from global conformational quantities. There are
many ways to define the persistence lerjtff.In this section,
we adopt a microscopic definition to calculate it:

1 (N2)—-1 N _ — —
b= % My Bvizy-i + Bz Birzy4i ©)
=

Hereb; = Tj+1 — T; is thejth bond vector anth = 0,232 is the
root-mean-square bond length. In this definition, the contribution
of the finite bond length, which corresponds to the 0 term
in eq 9, is considered. Obtaining as a function ofCs for
different o4 is plotted in Figure 6.

Resembling the quantities of chain conformatigmlecreases

captured in the simulations. To make a comparison with the
theoretical prediction, we focused on the case with vanishing
o+4. Please notice that this case does not exactly fulfill the
assumption of the theory because in the simulations, the
monovalent counterions and co-ions are not point-charge-like
and, also, the chains are not rigid. However, according to our
experience$? ions other than multivalent counterions do not
play a decisive role on the properties of polyelectrolytes. This
comparison, therefore, makes sense if the effect of chain
rigidness is negligible. We emphasize that the electrostatic
correlations are fully taken into account in the simulations. In
our study, the region in which eq 10 is valid is 0.82« <
0.91 becaus& = 4, /g = 3, andb is about 1.1. Notice that eq

in the chain collapse region and increases in the chain reex-10 has a singularity at = 1/b = 0.91 and, hence, the curveésDV



7132 Hsiao

Figure 7. 4 as a function of for differento.4. The symbol used for
eacho.4 is indicated at the left-bottom side of the figure. The error
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casesot4 = 0.0, 0.5, 1.0, 2.0, 3.0, and 4.Wmm(r) for the
referenced neutral polymers is also depicted in the figure.

In a salt-free solutio\Wmm(r) displays a repulsive interaction,
and is stronger than that for the neutral polymers owing to the
electrostatic repulsion between monomers. This can be seen by
comparing the range of repulsion estimated by equalibg-

(r) to the thermal energigsT. The range of repulsion is at=

7.1 for the polyelectrolytes and at= 3.0 for the neutral
polymers. Upon addition of salMWmm(r) responses in two
distinct ways, which depends on the ion size. The first one is
applied for small or large tetravalent counterions, such.as

= 0.0, 0.5, or 4.0. In these cas&¥(r) is purely repulsive in

the course of addition of salt. Hence, the monomers on different
chains repel between themselves and the system exhibits no
like-charge attraction. The second way is happened for an
intermediate size such as4 = 1.0, 2.0, or 3.0. At this moment,
Wmm(r) displays an attractive well in a mid-salt region.
Therefore, it appears like-charge attraction between chains. In
the first case, the range of repulsion\Wf,n(r) decreases to a

bars are smaller than the size of the symbols. The dashed curve depictgninimum value nearly aCs = 0.002. Further increase @

%4 predicted by eq 10.

divided into two branches. The left branch is located in the valid
region but fails to predicte. It gives not only a wrong value
but also a wrong trend of variation df againstc. We noticed
that eq 10 is a modification ofS°F multiplied by a function
but the valid region given by AA theot¥is incompatible with
that of OSF theory. OSF theory holds true when the screening
lengthx~1 is much smaller than the bare persistence lefiyth.
Therefore, AA theory may be true in the regier> 1/b. As
shown in the figure4 for vanishingo, 4 is well described by
the right branch of the curve of eq 10, which seems to support
this conjecture. This topic deserves a further analysis in the
future.

5. Potential of Mean Force.Experiments and simulations

either leave®Vmm/(r) unchanged (for vanishing; 4 and foro 4

= 4.0) or increases the range of repulsioVdf(r) (for 044

= 0.5). We will call Wmn(r) at Cs = 0.002 “the curve at
equivalence”, which separates two behaviors of evolution of
Wmnm(r) asCs is increased or decreased frd@i. We noticed
that Wymm(r) tends toward the referenced curve of the neutral
polymers at high salt concentrations except for the deviation
happened at smalldue to the excluded volume of large ions.
For vanishingr4, the curve at equivalence is very close to the
reference curve an@/inm(r) is roughly unchanged whil€s >
0.002. Fora4 = 0.5, the curve at equivalence lies below the
referenced curveVym(r) is bounded between the two curves
and increases witBs. And in the second cas®/,(r) displays

a potential well located near = oy + 014. It suggests an
attraction mediated by a tetravalent counterion. The depth of

have shown that like-charged macroions can attract each othety, o \vall can be more profound thaaT. Therefore, a stable
in a solution®®°® It is hence relevant to know under which )04 state can be formed between monomers on different

conditions the like-charge attraction takes place between poly-
electrolytes. To answer this question, we investigate “potential
of mean force” in this section. Potential of mean force describes
the effective interaction between two particles (molecules) in a
medium, which includes two contributions: the direct interaction
between two particles (molecules) and the indirect interaction
via other particles (molecules) and the medium. This quantity
can be calculated by simulationdys(r) = —ksT In gus(r)
wheregqs(r) is the radial distribution function between particles
of species and 5. gus(r) is computed by

VIH ()0

— 11
NN, (47r%or) ah

gaﬂ(r) =

where Ny, and Ng are the number obi-particles and that of
p-particles, respectively/ is the volume of the simulation box,
and Heg(r) = iN:‘Il his(r) with hig(r) denoting the number of
pB-particles lying in a spherical shell, centered at ¢thparticle
i, of radiusr and shell thicknesér.

Because our system is composed of only four chains, it is
not easy to reduce statistical error if we directly calculate the
potential of mean force between chains. We, therefore, calcu-

chains and it is a prerequisite to occur salt-induced phase
separation. The maximum depth of the well is happened while
Csis C;. In general, we found thdWmm(r) is bounded between

the salt-free curve and the curve at equivalence w8ie<
0.002, and between the latter curve and the referenced neutral
curve whileCs > 0.002.

We have shown that the occurrence of the like-charge
attraction depends on both salt concentration and ion size. In
Figure 9 we present, in the variable space, the region where
Wmm(r) shows an attractive well. In the figure, the data points
(symbolized by star) denote the salt concentrations for a given
o+4, at which a purely repulsivéVnw(r) turns to show an
attractive well and vice versa, and the closed solid curve is
sketched to help readers to separate the two regions. It clearly
shows that an effective attraction appears only when is
neither too small nor too big and salt concentration is intermedi-
ate around the equivalence concentration. We mention that the
occurrence of an attractive region in the potential of mean force
is not sufficient to have a phase separation of the system. Phase
transitions in charged colloid systems have been largely
discussed in the literature but there have been relatively few
studies of phase transitions in charged chain systems (see refs

lated the potential of mean force between monomers on different®9 and 70 and references therein).

chains, which also provides the information about the chain
interaction. We denote this quantw(r) and the results are

presented in Figure 8 which contains six plots, from top to
bottom and from left to right, corresponding, in orders, to the

Figure 10 shows snapshots of the simulationssfor= 0.5,
1.0, and 4.0 at two salt concentrationS; = 0.002 andCs =
0.008. AtCs = 0.002, we saw that the polyelectrolytes are
favored to be apart from each other for both of the cases= CDV
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Figure 8. Wimm(r) for 044 = 0.0, 0.5, 1.0, 2.0, 3.0, and 4.0, shown, in order, from top to bottom and from left to right, in six plots. Each plot
includes severaVmm(r) at differentCs. The value ofCs is indicated in the plot or near the corresponding cuigw(r) for the neutral polymer
system is depicted as reference and marked by “neutral”. The unit of ordinate &xi& is

Figure 9. Two distinct regions in theG, 0.44)-variable space. In region
I, Wmm(r) shows an attractive well, and in region I, it is purely

repulsive.

Region (I1)

107

all the tetravalent counterions are condensed on the polyelec-
trolytes. We point out that the condensation of tetravalent
counterion is not a sufficient condition to cause chain aggrega-
tion. It can be seen from the case, = 0.5, in which most of

the tetravalent counterions are condensed but the chains do not
aggregate. At the high salt concentrati@y = 0.008, the
attraction between chains is reduced, in comparison with the
case alC; = 0.002. The chains segregate or show a tendency
to segregation from each other. In the simulations, we observed
that whileCs > 0.002, only part of the tetravalent counterions
can condense onto the chains.

6. Integrated Charge Distribution around a Chain. In this
section, we investigate the charge distribution around a poly-
electrolyte. It enables us to understand how ions distribute
around a chain and provides useful information for theorists to
develop models. We define a wormlike tube of radiwsound
a chain to be a union dfl spheres of radius centered at each
monomer on the chain. We calculated the averaged total charge

0.5 ando14 = 4.0. However, a delicate difference was witnessed inside a wormlike tube, including the charge of the ions and
wherein the previous case displays a single-chain collapse butthe one of the monomers. This quantity is called “the integrated

the latter one does not. Farrs, = 1.0, the chains favor

charge distribution” and is denoted K)(r). We show in Figure

aggregating together, in accordance with the results of Figure 11, Q(r) at variousCs for o+4 ranging between 0.0 and 4.0.

8, which show the occurrence of an attraction between the

Focus first on the case with vanishing,. In the regiornr <

negatively charged polymers. This attraction is mediated by 0.5, Q(r) attains a value equal to the bare charge of a chain,

counterions, mainly the tetravalent counterions, since almost —48. A stairlike behavior then appears fQ(r) in the region

Ccbv
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Figure 10. Snapshots of simulations for (&)4 = 0.5, (b)o+4 = 1.0, and (cp+4 = 4.0, atCs = 0.002 (left) andCs = 0.008 (right). In the pictures,

the bead-spring chains are represented in red, and the monovalent counterions in white. The tetravalent counterions are represented as blue-colored
particles whereas the co-ions are not plotted for the clarity of the pictures. In the snapshots, a chain may appear more than one fragment because
of periodic boundary condition.

0.5 < r < 1.0 while 0.0< Cs < 0.002. Outside the region, height of the peak suggests that only a portion of the tetravalent
Q(r) monotonically increases and tends toward zero at large counterions are condensed on the chain. For the case=

due to electroneutrality. Singe< 1.0 is the depletion zone for 0.5, the region in which only the tetravalent counterions can
the particles other than tetravalent counterions, the behavior ofintervene is narrowed to 0.75r < 1.0. In the region, the step
Q(r) in this region is completely determined by the condensation of the stairlikeQ(r) becomes tilted while&Cs < 0.002. IfCs >

of tetravalent counterions. The stairlike behavior indicates a 0.002,Q(r) displays a positive peak, which is more pronounced
perfect condensation on the surface of the chain, owing to the than that for vanishing; 4. For the case4 = 1.0, an oscillatory
vanishing size of the tetravalent counterions. For instance, atbehavior occurs at higiCs. Similar phenomena have been
Cs=0.001, we have 24 tetravalent counterions in the simulation observed in other systems such as charged plate]loid

box and, therefore, 6 condensed tetravalent counterions on asystem’2 and rigid polyelectrolyté® This oscillatory behavior
chain, on average. A perfect condensation will lead to a value indicates a multilayer organization of ions: in the close
of —24 for Q(r) and this is exactly what we have observed in neighborhood of a polyelectrolyte, tetravalent counterions
the figure. At the equivalence concentratiQ{r) is zero while condense and form a positively charged layer which overcharges
r > 0.5. If Csis further increasedds > 0.002),Q(r) reveals a the chain; exterior to this layer, anionic particles intervene and
positive peak in the region 0.5 r < 1.0, which indicates an  form a negatively charged layer which overcompensates the
overcharging, and, then, rapidly decays to zero asl.0. The charge inside, and hence, the integrated charge bec&rBQ]s



Macromolecules, Vol. 39, No. 20, 2006 Effects of Salt Concentration and lon Siz&135

aof ' ' "]

---- 0.001
0.0005
e 0.000

6 8 10 0 2 4 6 8 10
r r

Figure 11. Q(r) at differentCs for 044 = 0.0, 0.5, 1.0, 2.0, 3.0 and 4.0, shown, in orders, from top to bottom and from left to right, in six figures.
The lines used for differers are indicated at the right-bottom side of each figure.

negative, and so forth. Notice that the depletion zone around afor the condensation and for the redissolution of polyelectrolytes.
chain for tetravalent counterionsris< (1 + 044)/2. It becomes Their theory necessitates further verification either by experi-
larger than that for the other ions white., > 1.0. In these  ments or by simulations. In the rest of this section, we will try
casesQ(r) decreases with increasir@g in the depletion zone,  to calculate the effective charge of a polyelectrolyte, in hope
but shows completely opposed behavior just outside the zoneof being able to clarify the relationship between the charge
apparently due to the condensation of tetravalent counterions.jnyersion and the reentrant condensation. We simply define the
At very high C; (for instance, aCs = 0.032 forota = 2.0),  complex to be the set of particles lying within a wormlike tube
Q(r) in the zone can even attain a value smaller than the chain o yadiusr, around the chain. This definition has been utilized
bare ch'a'rge. In thIS. case, negative particles are thg major;, many places, for example, in refs 18 and 73. Usuallyis
composition of the first ion layer around a chain, which iS -\ sen 1 be the distance at which the electrostatic attraction
ﬁoﬁnitr?”ntli't“fl?ﬁ Theltfollonwmr?trtr}[irer(]a Ofiler:;’at'rong aremworth between a monovalent counterion and a monomer is equal to
(rc())uZhI%/.) (ze)ro ir? tzz recgio(r:ne> ?11 ;4) /2 (?e(czeazgg vfitsh the kinetic energﬁ/szT; in consequence, the couqterion inside
the tube of radius. cannot escape from the chain. We, thus,

increasingo+4. (2) The oscillatory behavior appears more . S .
markedlygfoﬁar(ggoﬂ than for smgll one. (3) Atpggive@s consider the total charg®(r) inside the tube as the effective
' charge of a chain. In our studs, is equal to 2. The results are

the larger thesy4, the higher the maximum peak &f(r) will e
be. g +4 g P a) presented in Figure 12a.

It is tempting to consider that a polyelectrolyte and the ions  1WO behaviors were observed: (1) fors = 3.0 and 4.0,
condensed on the chain form a complex object. Under someQ(fc) decreases with increasir@s; (2) for 044 < 2.0, Q(r¢)
conditions, the effective charge of the complex object reverses increases basically wits. Notice thatQ(rc) for 044 = 1.4 or
its sign. This phenomenon is called charge inveréfadguyen 2.0 attains a large positive value in the mid-salt region. Hence,
et al. intended to link the phenomenon of charge inversion with Wi (r) should show strong repulsion in this region, according
the reentrant condensati®hey proposed that zero effective  to the theory of Nguyen et al. But, in fact, we observed a strong
charge and charge inversion of chains are, respectively, the causattractive well forWnw(r) and the chains were observed é‘bv
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Figure 12. (a) Q(r¢) as a function ofCs with r = 2.0, and (b)Q' as
a function of Cs, for different o.4. The symbol used to denote each
044 is indicated in the figures.
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mobility of polyelectrolytes in salt solutions. This part of the
research is currently ongoing.

4. Conclusions

We have performed molecular dynamics simulations in
canonical ensemble to investigate the properties of highly
charged polyelectrolytes in tetravalent salt solutions, including
chain morphology, single-chain structure factor, swelling ex-
ponent, persistence length, like-charge attraction between chains
and integrated charge distribution around a polyelectrolyte. We
have explored a wide range of salt concentration and studied
the effect of size of tetravalent counterions on the above
properties.

We have found that a polyelectrolyte exhibits, in turns, two
conformational transitions upon addition of salt: a collapsed
transition and a reexpanding transition, manifested by a V-
shaped curve of the square of radius of gyratiBgfUagainst
salt concentrationCs. The systems at different monomer
concentratiorCy, show similar curves. The curves overlap each
other in the chain-reexpansion region. In the chain-collapsed
region, we have also observed that the((R?0— R0 vs
CJCn, curves lie over each other for differe@,, whereAn
and [R?Oweakly depends ofr,. These findings are useful in
understanding the phase boundaries of the condensation of
polyelectrolytes: on the upper boundafy is roughly inde-
pendent ofC,, and on the lower oneCs depends linearly on
Cm.

The study of chain morphology shows that for the cases with
o4 (the size of the tetravalent counterions) around 1.0, the
chains reveal compact and prolate structures in the vicinity of
the equivalence concentrati@j. In a low-salt region and in a
high-salt region, the chains show extended structures. At a very
high salt concentration, the chains behave similarly to neutral

aggregate together. Therefore, the results do not support thepolymers. For the cases with larges, the chains are elongated

theory.
We notice that it is too simple to rega@ir.) as the effective

and do not display a collapsed-transition in the mid-salt region.
For the case with vanishing, s, the behavior of the chains is

chain charge, because ion valence is not considered in theanalogous to that of neutral polymers@s> C;. Noticeably,

definition. For example, the suitaligfor tetravalent counterions
should be 8.0, based upon the same argument to chofoe
monovalent counterions. In addition,= 2.0 becomes too small
while 044 = 3.0, since the depletion zone around a chain for

the tetravalent counterions is bigger than the tube. Therefore,

we redefiner; = 8.0 as the novel condensation region for
tetravalent counterions, whereas keepifvg 2.0 for monovalent

our results show that,, = 1.0 is the optimal condition to pack
polyelectrolytes into the smallest volume.

We have shown that the single-chain structure fag{qy of
the multichain system in salt solutions follows the Guinier
functionN(1 — ¢2[R;?(13) while q < Ry~*. §q) then exhibits a
power-law-like behavioif® in the regionRy ™ < q < o4,
suggesting that the scaling laRy ~ N, is held for polyelec-

counterions and for monomers on the other chains. Consideringtrolytes in salt solutions. The swelling exponent= — 1/s
that the condensation of co-ions is mainly mediated by tetrava- gttains a minimum value ne& and behaves in analogy of the

lent counterions, we choosg = 8.0 for co-ions. The charges
inside the different tubs are computed and their s then
regarded as an alternative definition for the effective chain

morphological quantities. It shows once more that the chains
are mostly collapsed while4 is compatible with 1.0.
Our simulations incorporated explicitly the salt ions and,

Charge The results are presented in F|gure 12b. We remark tha{hereforel were able to Study the negative reg|me of the

Q' looks quite different fromQ(r). It shows a positive peak in
the mid-salt region foroy4 = 1.0, 1.4, and 2.0 but retains
negative value for the other;4. The obtained results suggest

electrostatic persistence length This regime appears simul-
taneously with the mechanical instability of the polyelectrolytes
induced by salt. We have examined the theory of Ariel and

a disconnection between neutralization of chain charge and andelmar{® and found that it fails to predie¢in the so-claimed

condensation of polyelectrolytes.

Our simulating system in the high-salt region reveals a picture
more close to the one described by Séfislthough locally

valid regionb < ¥t < (N — 1)b but describeg well in the
unexpected regior™! < b. Since the OSF theory is valid in
the latter region, we conjectured that the theory of Ariel and

overcompensated by condensed counterions, the net charge ofndelman is applicable in the latter region. This part deserves
a redissolved chain can be positive or negative due to the a detailed investigation in the future.

association of co-ions. We must point out that the effective chain
charge interpreted b@(rc) or by Q' in this section can be only
served as a reference because fh) and Q' are sensitive
to the choice ofr.. A rigorous way to study it, which can
circumvent the ambiguity, is to study the electrophoretic

We have studied like-charge attraction between polyelectro-
lytes by calculating the potential of mean foitk . (r) between
monomers on different chains. The results show that it depends
strongly on salt concentration and ion size. An attractive region
appears inVmm(r) only when the salt concentration is inteé-DV
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mediate and the tetravalent counterions possess a size compatibl@5) Hsiao, P.-Y.J. Chem. Phys2006 124, 044904.
with the monomers. The most profound attractive well is (26) Muthukumar, M.J. Chem. Phys1987 86, 7230.

happened whiler 4 = 1.0 andCs = C}.
In the final part, the integrated charge distribut@r) around

a polyelectrolyte was investigated. We have found that the chain

charge can be locally overcompensated by condensed@gr)s.

(27) Muthukumar, MJ. Chem. Phys1996 105 5183.

(28) Christos, G. A.; Carnie, S. 1. Chem. Phys1989 91, 439.

(29) de Gennes, P.-GScaling Concepts in Polymer PhysicSornell
University Press: Ithaca, NY, 1979.

(30) Peterson, C.; Sommelius, O:;dgoberg, BJ. Chem. Physl996 105
5233.

displays an oscillatory behavior at high salt concentrations while (31) Schiessel, H.; Pincus, Rlacromolecules998 31, 7953.

o+4 = 1.0. The oscillatory behavior results from a multilayer

organization of ions around the chain, which is in agreement

with the picture predicted by Sol8We have used two different

(32) Schiessel, HVlacromoleculedl999 32, 5673.

(33) Liao, Q.; Dobrynin, A. V.; Rubinstein, MMiacromolecule2003 36,
3386.

(34) Bjerrum, N.K. Dan. Vidensk. Selsk. Math. Fys. Med®2§ 7, 9.

definitions to calculate the effective chain charge. The results (35) Odijk, T.J. Polym. Sci., Part B: Polym. Phys977 15, 477.

suggest that charge inversion is not a necessary condition to

(36) Skolnick, J.; Fixman, MMacromoleculesl977 10, 944.
(37) Le Bret, M.J. Chem. Phys1982 76, 6243.

occur reentrant condensation. Recently Wen and Tang have(sg) Fixman, M.J. Chem. Phys1982 76, 6346.
provided evidence against the connection between charge(39) Baumann, C. G.; Smith, S. B.; Bloomfield, V. A.; Bustamante, C.

inversion and resolubilization of polyelectrolyte bundié#

more rigorous study by electrophoresis performed by molecular

dynamics simulations is ongoing.
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