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ABSTRACT: We have developed a necklace model of polyelectrolyte chain in which the necklace structure
appears as a result of the counterion condensation on the polyelectrolyte backbone. This necklace structure optimizes
the correlation-induced attraction of the condensed counterions and charged monomers and electrostatic repulsion
between uncompensated charges. The new feature of this necklace globule is that it can be formed even in good
solvent conditions for the polymer backbone. By using the scaling analysis, we have calculated the diagram of
state of polyelectrolyte chain as a function of the solvent quality for the polymer backbone and value of the
Bjerrum length. To test the predictions of a scaling model, we have performed molecular dynamics simulations
of polyelectrolyte chains with the degrees of polymerizatibins 124—304 and fraction of charged monomers
f=13in good,0, and poor solvent conditions for the polymer backbone. We have identified the range of parameters

in which the necklace globule is formed due to correlation-induced attractive interactions in the good solvent
conditions for the polymer backbone. The results of the molecular dynamics simulations are in qualitative agreement
with the predictions of a scaling model.

1. Introduction Thus, in addition to counterion configurational entropy and
i lectrostatic interactions, the chain’s conformational free energy
Polyelectrolytes are polymers with ionizable grodipsin € - S -
y y oty groéps comes into play. These contributing factors have to be optimized

polar solvents with high dielectric constants, these groups ~. . ;
dissociate, leaving charged groups on the polymer IOa(*boneymultaneously to determine fraction of the condensed counte-

and releasing counterions into solution. The static and dynamicsrlons and the equilibrium chain size. In the case (.)f the good or
properties of polyelectrolyte solutions such as solution osmotic 9 solvents for the polymer backbone, the. cognter!on condensa-
pressure, solution viscosity, chain’s relaxation time, and diffu- tion results in gradual decrease O.f the CQ?EZ?ZE W'th thg ncrease
sion coefficient strongly depend on the charge acquired by °f the polymer or salt concentratiof$t 2222 A qualitatively
polyelectrolyte chains after dissociation proc€sThe amount different picture .of counterion condeq;atlon is observed for
of the ionized groups is very sensitive to the solution dielectric PO!Yelectrolytes in poor solvent conditions for the polymer

,17,19,2 i
constant, solvent quality for the polymer backbone, and polymer backboné: “in a poor solvent, a polyelectrolyte chain forms

and salt concentrations. For example, by decreasing a solution? Necklace globule of dense polymeric beads connected by

. . . . 1 7,19,25-40 i i
dielectric constant or by increasing the polymer or salt concen- s;nngs (I)<fl monolmberlé. The gountelrlonﬁoTienfsatrl]qn on
trations, one can reduce a net charge of a polyelectrolyte chain.tn® necklace globule can occur in avalanche-like fashion. By

This reduction of the polymeric charge is due to the counterion increasing polymer concentration or decreasing temperature, one
condensation on the polymer backbdié:® can induce a spontaneous condensation of counterions inside

beads of the necklace globule. This reduces the bead’s charge
and results in increase of the bead mass (size), which initiate
further increase of the number of condensed counterions inside
beads starting the avalanche-like counterion condensation
process (see, for review, ref 3).

The idea of the counterion condensation was first introduced
by Manning and Oosaw&a?® They have established that a charge
of arigid (rodlike) polyion depends on the fine interplay between
the electrostatic attraction of a counterion to the polyelectrolyte
backbone and configurational entropy loss due to counterion
localization in the vicinity of the polymer chain. This theory ~ Note that, in addition to the reduction of the net polymeric
showed that the linear charge density of a rodlike polyion cannot charge weakening intrachain electrostatic repulsion, the con-
exceed a critical value that depends on the solution dielectric densed counterions can also induce effective attractive interac-
constant, temperature, and counterion valence determining thetions between charged monomgts!?162326411n the ion
value of the Bjerrum lengths. (The Bjerrum lengtHg = €%/ binding and counterion adsorption mod&i$243 condensed
eksT is defined as the length scale at which the Coulomb counterions form ionic pairs with oppositely charged ions on
interaction between two elementary chargeim a dielectric the polymer backbone. The formation of the ionic pairs leads
medium with the dielectric constaatis equal to the thermal  to an additional dipoledipole and chargedipole attractive
energykgT.)s—° interactions'>1223 These attractive interactions decrease the

The situation is even more interesting in the case of flexible Value of the effective second virial coefficient for monomer
polyelectrolytes. In this case, a chain conformation is directly Mmonomer interactions, shifting the position of thepoint. In
coupled with the intrachain electrostatic interactions that are the case of the strongly charged polyelectrolytes, the shift of

controlled by the amount of the condensed counteriérig; 20 the 6 temperature could be Significant and Change the solvent
quality for the polymer backbone to poor solvent conditions as

* Corresponding author the number of condensed counterions increases. This can result
tVanderbilt University. in a chain collapse and completely alter the scenario of the
* University of Connecticut. counterion condensation (see discussion above). The analysis

10.1021/ma071005k CCC: $37.00 © 2007 American Chemical Society
Published on Web 09/14/2007



7696 Jeon and Dobrynin Macromolecules, Vol. 40, No. 21, 2007

of the effect of the counterion condensation on conformations
of a polyelectrolyte chain was done by Schiessel and PiHcus,
and by Schiess®#in the framework of the scaling approach,
and by Muthukuma&® in the framework of the variational
approach. These theories predict nonmonotonic dependence of
the chain size on the solution dielectric constaand solution
temperaturd (solution Bjerrum lengthg ~ 1/(¢T)). The chain b

size first increases with the increasing the value of the Bjerrum Figure 1. Schematic picture of a necklace formed by a polyelectrolyte
length then begins to decrease as the Bjerrum length exceed$ A"

the crossover value. This nonmonotonic dependence of the Chainextend the scaling analysis of the effect of the fluctuation/
size is the manifestation of the 2-fold role of the electrostatic

interactions. At low values of the Bierrum lenath. the intrachain correlation-induced attractive interactions on chain conforma-
§ ) gm. tions to the® and good solvent regimes for the polymer

electrostatic repulsion controls the chain size. These mteraCtionSbackbone and study the stability of the necklace-like globule
become stronger with increase of the value of the Bjerrum and in this range of parameters. The rest of the manuscript is
force the polyelectrolyte chain to expand. At large values of . aniseq as follows. In Section 2, we show how the counterion

the Bjer_rum length, the _conden_sed cou_nterlons red_uce netcondensation and correlation-induced-attraction modifies the
polymeric charge, weakening the intrachain electrostatic repul- diagram of state of a polyelectrolyte chain as a function of the

sion, which together with the dipotedipole and charge-dipole  raction of the condensed counterions and solvent quality for
attractive interactions induce chain contraction. the polymer backbone. The results of the scaling analysis are
However, computer simulations of polyelectrolyte solutions tested in Section 3, which provides an analysis of the simulation
show that the condensed counterions are not permanentlyresults for the chain size, fraction of the condensed counterions,
attached to oppositely charged groups on the polymer backboneand parameters of the necklace globule. Finally, in Section 4,
as assumed by the ion-binding and ion adsorption models butwe summarize our results.
rather localized near the polymer backbone and are free to move
inside the chain volum&:21.26.27.41The |ocalization of counte- 2. Effect of Counterion Condensation on Necklace
rions inside the chain volume can also lead to effective attractive Globule
interactions®26 These interactions are due to heterogeneous In this section, we will study the effect of the solvent quality
distribution of the charge density along the polymer backbone. for the polymer backbone and fraction of the condensed
In the case of weak electrostatic attraction, the origin of these counterions on the chain’s conformations. Consider a necklace-
interactions is similar to the fluctuation-induced attraction in like polyelectrolyte chain with the degree of polymerizatidn
two-component plasma and is related to the local charge densitybond lengthb, and the fraction of charged monomérs.et us
fluctuations!® In the opposite limit of strong electrostatic ~assume that the necklace hasbeads of sizeD, with my,
interactions, the effect is due to correlation-induced attraction monomers in each. These beads are connected by strings each
between the counterions and the oppositely charged polymerhavingms, monomers (see Figure 1). We will assume that the
backbone similar to the interactions in Strong|y correlated fractionx of counterions is condensed inside beads. The beads
Wigner liquids (see, for review, refs 44,45) or in ionic crystal are globules with the monomer number dengitys my/D;.
such as NaCl. For example, in the case of the ionic crystal, the Because beads are charged globules, there are two different types
attractive (negative) lattice energy is due to the spatial distribu- Of interactions inside a bead: short-range interactions between
tion (spatial correlations) of cations and anions over the lattice monomers and electrostatic interactions between charged mono-
sites even though the net charge of the crystal is zero. The crystafmers and counterions. o
will remain stable even if it carries a small nonzero charge  Each bead can be viewed as a droplet of semidilute polymer

because of the large lattice (correlation) energy. solution (see Figure 1) for which the contribution of the
monomef-monomer repulsive interactions in the good solvent

. The Qﬁect of the fIuctuaugn/correlanon—|nduced attractive . qitions for the polymer backbone to the bead free energy
interactions on the conformations of a polyelectrolyte chain was : _46-4s

. ) ) _ is*
studied theoreticalf$26 and by molecular dynamics simula-
tions132641These studies show that the fluctuation/correlation- sh
induced attract_lve |nt_eract|ons can cause additional gham _b morsm(pb3)5’4, good solvent (1)
collapse. In particular, in the case of the poor solvent conditions ksT

for the polymer backbone, these studies established the existence

of the two different mechanisms that could lead to formation wherer = 1 — /T is the effective temperature amdis the

of the necklace globul#2°41For the values of the Bjerrum  theta temperatures is the Boltzmann constant, afdis the
lengthlg = 1o and 2, the necklace structure appears as a result absolute temperature. In this section, the analysis of the necklace

of competition between short-range monomeronomer at- globule is done on the scaling level by neglecting all numerical
tractive interactions and electrostatic repulsion between uncom-coefficients.
pensated chargésHowever, for the value of the Bjerrum length In the case of the poor solvent conditions for the polymer

Il = 30, the necklace structure is controlled by counterion backbone or in the case of the dense polymeric globules in which
condensation and is due to the optimization of the correlation- the two-body monomermonomer repulsion is screened, the
induced attraction between charged monomers and condenseghort-range interactions can be approximated by a virial
counterions and electrostatic repulsion between uncompensate@xpansion in the power series of monomer dengfy

charges on the polymer backbo#®¢! It is important to point

out that the short-range monomenonomer attractions still play th s 6 2
an important role in determining the crossover value of the @’“ myb*zp + mb°p (1b)
Bjerrum length between two regimes. In the present paper, we
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Below the ® temperature that corresponds to the poor solvent The correlation-induced attractive interaction energy between
conditions for the polymer backbone, the first term is negative. counterions and neutralizing background in a bead is equal to
The crossover to concentrated solution regime inside the globule

takes place atb® ~ |z|. At higher polymer conc_entration5b_3 Uocp CCD— |B(Xf”b)2 MXTp .o

> |7], the three-body monomemonomer repulsion determines ﬁ% T D ~ kT ~ —mpxf
equilibrium density inside beads. b

The electrostatic interactions inside a bead can be represented l&/&e foré < 1g )
as a sum of the electrostatic repulsion between charged (IB/§C)3/2, for &> I
monomers ffn, per bead), electrostatic attraction between _ )
charged monomers and condensed counteriing per bead), The t_otal _electrostatlc energy of_a bead with _condensed
and electrostatic repulsion between condensed counterions —counterions is the sum of the repulsive and attractive terms
2 2
Ueteer  lemy)” _ lex(fmy)” %D @ R ol — ¥fm” | a7 o
kBT Db Db T count kBT Db kBT
where the bracketSlidoun denote averaging over distributions 2.1. Necklace Globule in a Good SolventWe begin our
of counterions inside the bead. The Bjerrum length discussion by considering the possibility of the necklace
o, formation in good solvent conditions for the polymer backbone.
g = €7(eksT) @) The total bulk energy of all beads in good solvent conditions

for the polymer backbone is equal to the sum of the short-range
n(eq 1la) and electrostatic (eq 9) energies times the number of
beads per chainy,. In the limit when the most of the polymeric
mass is stored inside beadsy/ms; > 1, the number of beads
per chain can be estimated as~ N/m,.

determines the strength of the electrostatic interactions betwee
two elementary charges in the medium with the dielectric
constant. In writing eq 2, we have assumed that the charged
monomers are uniformly distributed over the bead volume. The
eq 2 can be rewritten by adding and subtracting the electrostatic
repulsion between condensed counterions uniformly distributed 2
over the bead volume with average densify. After this Fbulk% l6[(1 — x)] mo+
transformation, the electrostatic energy of a bead has the kgT D,

following form N@E¥(b%0)™ + Xfp o /ksT) (10)

U lgl(X — x)fm)? | g (xfmy)?
electr sl Jim + %D - ﬂ (4) It is important to point out that, in this approximatiamy/me;
kgT Dy TSount Dy > 1, the total free energy of the necklace splits into independent
. . . . contributions from beads and strings. Thus, the equilibrium
The first term describes the electrostatic repulsion of the

. . > necklace parameters can be found separately minimizing the
uniformly charged bead with the effective charge{x)jim,. bead'’s and string’s contributions to the necklace free energy

The last two terms in the eq 4 represent electrostatic interactions(See for review, ref 3). Note that the first term on the right-
between condensed counterions and oppositely charged neutralp 4 sige of the eq 10 is on the order of the bead surface energy
izing background with charge densitp. This partof the bead 54 can be neglected during the bead density optimization (see
electrostatic energy is known as the correlation part of the One- o4 17 below). The equilibrium polymer density inside a bead
component plasma (OCP) free energy (see, for details, refSig ohtained by minimizing the terms in the parenthesis on the
16,44,45). The averaging of electrostatic interactions betwee“right-hand side of eq 10 with respect to the polymer density

condensed counterions and neutralizing background results inhjg resylts in the following expression for the polymer density
an additional correlation-induced attractive contribution to the inside a bead

bead electrostatic energy.
In a globule with polymer density, condensed counterions
are separated by a typical distance

o ~1/3
&~ (xip) ®) whereu is the ratio of the Bjerrum lengtls to the bond siz®,

The correlation-induced attraction between counterions can be! = ls/b. The f_irst regime in eq 11 corresponds_ to th(_a case of
estimated as an electrostatic attraction of a counterion and theStrong correlations between condensed counterions with interac-
oppositely charged neutralizing background with the effective tion parameterlg/S; = 1. Note that the monomer density in eq

charge densitxfp inside radius.. This leads to the correlation- _11_is i_nversely pr_oportional to _the_ effecti_ve temperatare
induced attraction to be on the order of indicating that it will decrease with increasing the strength of

the monomermonomer repulsion.
Peor ~ —kgTlglE, (6) The polymer density fluctuations inside the bead with polymer
densityp given by eq 11 occur at the length scales smaller than
per condensed counterion. In the above estimate of the correlathe correlation length,. At these length scales, the chain
tion-induced attraction, we used the strong correlation ap- conformations are unperturbed by the polymeounterion
proximation for the OCP in which the interaction parameter attractive interactions and are those of a chaiggahonomers

U12/11(Xf)16/1]7179/11, Sirongly correlated
- (uxh?, weakly correlated

(11)

Ig/Ec is large,lg/éc = 1. In the case of weak interactiorig/c in a good solventq, ~ br/5g)®).4648 At the length scales
<1, the attraction energy between a counterion and neutralizinglarger than the correlation blob siZg the density fluctuations
background has a well-known Debykluckel formt645 are suppressed and correlation blobs in a bead are densely

packed,p ~ gp/§3. The number of monomers in a correlation
3/2 p
@eor ~ —KgT(Ig/E)) (7) blob is equal to
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r3’11u715’11(xf)72°’11 strongly correlated The total contribution to the necklace free energy includes
O™\ 12, a-5i2 weakly correlated 12) the surface energy contribution from all beads and bulk free
T (uxh) eakly correlate energy contribution given by eq 14. Taking this into account,

o we can write the total bead free energy as
and its size is

“on1y o F l[(1 — f°g” .

xR T2 strongly correlated 13 Thead L1/3+ BT eeo g @)
7~ o uxh) %, weakly correlated (13) ke m, %

The polymeric correlation lengtk, in the case of the weakly Because this part of the n.ecklace free energy qlepends only on

correlated condensed counterions is on the order of the Debyeth® number of monomers in a beaw, the equilibrium number

screening lengthp due to condensed counteriois ~ rp ~ of monomers in a beady, is obtained by minimizing the

(Ipxfo) Y2 ~ br2(uxf)~32 (see eq 13), and both charge and electrostatic and surface energies of the beads with respect to

polymer density fluctuations occur on the same length scale. Mo

Note that, in the case of strongly correlated counterions, the

correlation blob siz€, is smaller than the average distance m,* ~ _x (18)

between condensed counteridis 1 — X%
The bulk free energy of all beads with equilibrium dengity
is on the order of The dependence of the number of monomers in a bead on the
fraction of condensed counteriordias the same form in both
Fouk gl — x)f]29’1)’3 " weakly and strongly correlated limits. The number of monomers
T N E mp° — Nig, (14) in a bead increases as the fraction of the condensed counterions
P X increases.

h the followi lation bet the bead Bi The beads are connected by strings of monomers (see Figure
where we use the following refation between the bead Size 1). The equilibrium string length and the number of monomers

i ~ 13
tanr(rjnth?\ rt]kl:mrtije}’r]tor]; rrr:%noir;ers}m DEGN Epr(‘ng)/gp n. i-l(;h? Igst th per stringm;; can be estimated by balancing the energy of the
erm on the nignt-hand side of €q 16 can be considered as €y q .y ostatic repulsion between two neighboring beads and the
number of monomers in a chain times the chemical potential

L . . free energy of a string. Pulling monomers into a string requires
of a monomer inside the be_ad. _Th|s term represents the effeCt'veextra energ¥sT/gp per monomer that is the difference between
correlation-induced attractive interactions between monomers

the average interaction energy of a monomer in a string and
that are on the qrder of .the. thermal energyT per each that in the interior (or even at the surface) of a bead. Thus,
polymeric correlation blob inside the bead.

For the d | ic bead. th < al ¢ each string has an additional positive contribution to the necklace
or the dense polymeric bead, 48ere IS alSO a Surface energy o energy due to the loss of favorable attractive interactions
contribution to the bulk free enerd§#8The origin of the surface

energy is the difference in the number of the nearest neighborsbewveen charged monomers and condensed counterions.

for the condensed counterions at the surface of the bead and surf

for the counterions inside the bead. In the case of the strongly FS_tr ~ my/g (19)

correlated counterion system, the surface energy of a bead is ks T tr>p

estimated as the number of condensed counterions at the bead

surface Dy/&c)? times the energy of electrostatic interaction  |n addition to the surface free energy term, there is also an

between a counterion and its neutralizing backgrokyids/&. elastic contribution to the free energy of a string due to the

stretching of polymer backbone between beads. Combining

Dilg IBxfi’3 3 3 elastic and surface free energy contributions, we can write a

=l ~ kBTT g~ ke Tymy, string free energy as
P

c

I:surf ~ kBT

2
wherey is the dimensionless parameter, which is defined below. & ~ 1o Mo
The surface energy of a bead in the weakly correlated case is kT bzmstr 9
keT per correlation blob of sizé, at the surface of the bead.

There are 1fp/gs)*® such blobs per bead. Taking this into  wherel, is the length of a strand witms, monomers between

(20)

account, the surface energy term is beads (see Figure 1). Minimization of the eq 20 with respect to
oa the number of r_nonomers_in a stringls[_r, at fixe(_j length of a
F o~ kBT(n—b) ~ kBTymﬁ/?’ strandlo results in the relation connecting the distance between
surf 9 two neighboring beads and the number of monomers in a string
Mstr.

Thus, surface free energy in both strongly correlated and weakly
correlated cases is written in the same form

m, ~ g;'Z'—;; (21)
Four~ ke Tymg” (15)
Substitution of eq 21 into eq 20 leads to the linear dependence
where the dimensionless parameter of the string’s free energy on its lengkh
N 1—3/11ul5/11(Xf)49/33, strongly correlated E ~ |_0 22)
T e, weakly correlated (16) kT g%
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The equilibrium length of a string is estimated by balancing T , |
the sum of the electrostatic repulsion between two neighboring I
beads and string free energy 1

I

F o lel@ - fm® o I
kT lstr " bgﬁl)/2 (23) !

where |l is the distance between center of mass of two
neighboring beaddg, = Dy + lo, which in the limit of long
strings is reduced thy ~ lo. Minimization of eq 23 with respect
to lsy results in

R | =
~

sl-
—
=
o

% X
lgy & bgy U1 — X)fmf ~ b T—x

U xf) S strongly correlated
U Y8(xf) "8, weakly correlated

(24)

In the case of the large beads, when the number of monomers
in a bead is much larger than the number of monomers in a
string, my/mgy > 1, the number of beads, per chain is V
approximately equal t&N/my,. Because most of the length of
the necklace is stored in the strings, this necklace length (:anFi ure 2. Diagram of different collanse mechanisms. Redime I
be esltlmated as the number of strimgs- 1 on the chain 'Flmes . svgollen chain i% a good solvent. Regir%e II: chain collapse ig due to
the distance between the centers of mass of two neighboringcorrelation-induced attraction between condensed counterions and

beadsl s charged monomers. The equilibrium density inside beads is stabilized
by two-body monomermonomer repulsion. Regime Ill: equilibrium
R, ~ (nb — 1)|Str ~ b(1 — x)fN density inside beads is stabilized by three-body monememomer
344 7144, o511 repulsion. Regime 1V:6-solvent regime for the polymer backbone.
777 UuT(xf) , strongly correlated Regime V: chain collapse is due to two-body monosmonomer
1,1/8u71/8(xf)75/8, weakly correlated (25) attraction (poor solvent conditions for the polymer backbone). Regimes

a and b refer to weakly and strongly correlated cases.

between weakly and strongly correlated cases. The low boundary

It follows from eq 25 that the necklace size decreases with . O S ) .
of this regime is given by the following equation

increasing the fraction of the condensed counteriorkhis is

due to the fact that, with increasing the fraction of the condensed WE(xh¥ strongly correlated
counterions, the bead size increases while their number per chain TR ! (27)
decreases. uxf, weakly correlated

To obtain total free energy of the necklace globule in a good These two lines represent the crossover to concentrated solution
solvent for the polymer backbone, we have to combine regime inside collapsed beadgd® ~ 7.

contributions from electrostatic and monomenonomer inter- Thus, we have shown that it is possible to form a necklace-
actions and surface energy contribution. The total free energy like globule even in the case of the good solvent. In this case,
of the necklace has the following form the formation of the necklace globule is driven exclusively by
a counterion condensation.
Freac - [ls(1 = X% 2.2. Necklace Structure Stabilized by Three-Body Repul-
ke T ~N gp ~ 9% (26) sion. In the case of the dense polymeric globules, the three-

body monomermonomer repulsion play a dominant role in

In writing the last equation, we have assumed that the most of determining the equilibrium density inside the beads. This

the necklace mass is stored inside beaggmg, > 1. regime is shown in Figure 2 as regimes llla and lllb. The bead’s
Figure 2 shows the diagram of the different collapse mech- bulk free energy in this regime is written as follows

anisms of the polymeric beads (chain) in the effective temper- 2

aturet and fraction of the condensed counteriofiglane. At Fouk N lg[(1 — x)f]"m, T N(B2 + X JkeT) (28)

small fractions of the condensed counterions (regime 1), the ks T - D, p Peo

correlation-induced attractive interactions are too weak to force

a chain collapse. In this regime, a chain keeps its good solventThe equilibrium polymer density inside a bead is obtained by

configuration. The crossover to the weakly correlated regime minimizing the terms in the parenthesis on the right-hand side

occurs when there is more than one correlation blob per chain,of eq 28 with respect to the polymer densityThis results in

g < N, or 7 = NXuxf)®. It is important to point out that the  the following expression for the polymer density inside a bead

two-body monomermonomer repulsive interactions are strong

enough to swell a polymer chain only when the effective be A u3’5(xf)4’5, strongly correlated (29)

temperature is larger tharN=%2. The liner ~ N-Y2represents P uxf, weakly correlated

the low boundary for the good solvent regime 1. In the regime

I, the chain is collapsed. In this regime, the equilibrium density

inside beads is determined by balancing the two-body monemer  Once again, we can use the correlation blob picture to describe

monomer repulsion and correlation-induced attraction. We the polymer density fluctuations inside beads with polymer

subdivided this regime into lla and Ilb regimes to separate densityp. In the case when the three-body interactions play a
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Table 1. Parameters of the Necklace Globule in Different Regimes

good solvent three-body

wcC SC wC SC poor solvent
pb3 (UXf)z/‘L' ulle](Xf)16/1]7IT9/11 UXf uB/S(Xf)4l5 |‘L'|
gp/b TllZ(uxﬁfwz T4/11ufglll(xf)712l11 (uxﬁfl u73/5(xf)74/5 Irlfl
o 7 Y2 (uxf) =572 T3y~ 15/1Y(xf) —20/11 (uxh—2 u—6/5(xf) 855 |72
my xf/Af2 xf/Af 2 xf/Af 2 XT/Af 2 |7/(UAT 2)
Db/b Tll3u72/3(xf)fll3Af —2/3 .L-3/1:IU74/11(Xf)75/33Af —2/3 (UAf 2)71/3 u71/5(xf)1/15Af —2/3 (UAf 2)71/3
lse/l T8~ VB(xf)IAF TR ILYAF (XHV2IAF ul/s(xf)3/5/ Af 7| Y2u~ V2 AF
Re/b T1l8u—l/8(xf)—5/8AfN ‘53/44U7/44(Xf) _SlllAfN (Xf) _lIZAfN ul/S(Xf)—ZISAfN ul/2| T| —1/2AfN

where we introduced\f=(1-x)f.

dominant role, conformations of a chain section inside the tion-induced attractive interactions are stronger than the two-
correlation blobs, are those of an ideal chain gf monomers body monomermonomer attraction, the equilibrium density
(& ~ b%’z)_ This results in the number of monomers in a inside a bead is determined by the balance of the second and

correlation blob to be given by the third terms in the parentheses on the right-hand side of eq
32. This regime is similar to the regime considered in Section
u~¥%(xf)®° strongly correlated 2.2. . _ .
g, ~ > K lated (30) By analyzing terms on the right-hand side of the eq 32 and
(uxt) =, weakly correlate using the expressions for the equilibrium polymer density inside

a bead eq 29, one can establish that the correlation-induced
) ) attraction dominates over the two-body attraction if the effective
and correlation blob size to be equal to temperature > —u¥S(xf)¥5 for the range of parametets/&,

s s > 1 (see Figure 2, regime llIb). The second regime ﬁn eq 29
u " (xf)"", strongly correlated 31 corresponds to weakly correlated condensed counteriigiis,
(uxh™, weakly correlated (31) < 1. The boundaries of this regime llla axe~ u=2 andt ~

—uxf, where the first condition determines the crossover between
weakly and strongly correlated regimés £ Ig), and the second
The analysis of the necklace structure in this range of parameterspoundary condition corresponds to crossover to the regime in
is similar to one presented in Section 2.1 and was discussed inwhich the globule is collapsed by the two-body attraction (see
detail by Liao et al. (see ref 26). The final results for the Figure 2). Outside of this envelope of parameters, the equilib-
equilibrium number of monomers in a bead, the bead free rium polymer density inside the bead is determined by balancing
energy, string length, size of the necklace globule, and the two- and three-body interactions (see eq 32) (regime V in Figure
necklace free energy can be obtained by substituting expression). This leads to the necklace structure obtained by Dobrynin,
for the number of monomers in the correlation blob and its size, Obukhov, and Rubinste®®.In this case, the optimal bead size
egs 30 and 31, into egs +26. The calculations are straight- is given by the following equation
forward and we will not discuss them here. The final results
are summarized in Table 1. It is important to point out that this - 7|
analysis leads to the equilibrium number of monomers per bead m, ~ uf?(1 — X)2’
my, to be given by eq 18. Thus, the number of monomers in a
bead has the same form independent of the form of terms Other characteristics of the necklace globule in this regime
describing the monomemmonomer repulsive interactions when (regime V) are listed in Table 1.
the chain collapse is controlled by the counterion condensation  Equations 33 and 18 give simple relations between the
inside beads. optimal number of monomers in a bead and the fraction of
In regime 1V, the correlation-induced attractive interactions condensed counterions, Thus, by changing the value of the
are weak and a chain keeps its Gaussian configuration. Thejerrum lengthlz and the strength of the short-range interac-
boundary between regimes IV and llla is determined by the tions, one can explore different collapse regimes of the necklace-
conditiongp ~ N, xf ~ u=IN"12, like globule.

2.3. Necklace Formation in a Poor Solventin the poor 2.4. Diagram of State of a Polyelectrolyte Chainin this
solvent conditions for the polymer backbone, we have to include section, we present a diagram of state of a polyelectrolyte chain
two-body monomermonomer attractive interactions into the  as a function of the effective fraction of charged mononsers

&~

solvophobic interactions  (33)

bead’s bulk free energy = (1 — x)f and the fraction of condensed counterioixs
corresponding to positive range of the effective temperatures
Foulk N Ig[(1 — x)f°m, > 1/u. There are four different regions in the diagram of states.
~ +

kT D In regime 1, both electrostatic repulsion between uncompensated
3 6 2 charges and correlation-induced attraction between condensed
N(zb’p + b°0" + Xfgc, /K T) (32) counterions are too weak to perturb chain conformations. At
the upper boundary for this regime, the chain degree of
The equilibrium polymer density inside a bead is obtained by polymerizationN is on the order of the number of monomers
minimizing the terms in the parenthesis on the right-hand side in the electrostatic blob in the good solvent conditions for the
of eq 32 with respect to polymer densjty The balance of the  polymer backbonege ~ 7V/7(UAf?)~2/7.3.49 At the right vertical
first two terms in the parentheses results in the classical boundary of this regime, the chain degree of polymerizaion
expression for the density inside a polymeric globple; b=3|z|. is on the order of the number of monomers in the polymeric
In this case, the bead collapse is induced by the two-body correlation blobg,. For the larger fraction of the condensed
attractive interactions. However, in the case when the correla- counterions, the correlation-induced attractions cause chain
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af r?
U ry=-0. - In[1—— (34)
PE chain : FENE( 5<spnngRs'lalx ( erna,)
w| IV I | . , 5
I : wherekspring IS the spring constant set to Bgying = 7ksT/o
Necklact? and the maximum bond lengthRax= 20, kg is the Boltzmann
: constant, and’ is the absolute temperature.
o o Electrostatic interactions between any two charged particles
v I : with charge valenceg andg;, and separated by a distange
Coil Glob“:le was given by the Coulomb potential,
Tl/S T”3 75/4 xf |
T ur i sUid;
Figure 3. Diagram of states of a polyelectrolyte chain in a dilute UCouI(rij) = kgT r (35)

solution in the parameter space of the fraction of the condensed !

counterionsf and the effective fraction of ionized groupd = (1 — . . . .
X)f (logarithmic scales). Regime I coil-like chain. Regime II: collapsed The strength of the electrostatic interactions is determined by

polymeric globule. Regime Ill: necklace-like chain of the dense beads the value of the Bjerrum lengtl = &/ekgT. For example, the

connected by narrow strings. Regime IV: polyelectrolyte chain regime. Bjerrum length is abaui7 A in water at room-temperature 298

The vertical dashed lines in the regimes Il and Ill separate regimes K. |n our simulations, the value of the Bjerrum lendthwas

with different collapse mechanisms. varied between & and 1%. The system electroneutrality was
maintained by adding monomer-like counterions to compensate

collapse. In this interval of parameters, a polyelectrolyte chain fOr €ach charge on the polyelectrolyte chain. All charged

forms a spherical globule (regime 11). The upper boundary for particles in our simulations were monovalent ions with valence
this regime is given byAf ~ (xf/N)Y2 and is obtained from the % = +1. o )

Rayleigh stability condition eq 18 by substituting for the In addition to electr_ostatlc interactions, both charged and
number of monomers in a bead. In the case of a small fraction Uncharged particles in the system interacted through the
of condensed counterions, the polyelectrolyte chain forms a  truncated-shifted Lennard-Jones poteritial,

necklace globule with large beads and long strings (regime llI). U, (1) =

The increase of the effective fraction of charged monomérs L,

in this regime leads to the decrease of the bead size and at the de (2)12 — (2)6 - (1)12 + (1)6 r<r
same time to the decrease in the length of the string connecting L Fii Fij e ey cur (36)
beads. The size of beads decreases, and thus the number of beads |0 r>reg
per chain increases with increasing.
In the case of weakly interacting counteriors< r1/3u=553, wherer; is the distance between two interactiit andjth

the bead size becomes comparable with the polymeric correla-Peadso is the particle diameter that is chosen to be the same
tion lengthg, at Af ~ 7~ 14u54(xf)7/4, Along this line, the bead’s regardless of the type of particles, ang is a cutoff distance
size is on the order of the string thickness, leading to the uniform Peyond which the interaction potential is zero. The chtoff
distribution of polymeric mass along the chain end-to-end distancercwas equal to 2.5 for polymer-polymer, and 2%
distance. At higher values of the effective fractitéhof charged f_or polymer-counterion and counteriefcounterion interac-
monomers, the chain conformation is that of an array of tons. The value of the Lennard-Jones interaction parameter was
electrostatic blobs with sizBe ~ 727(UAf2)~37. In the strongly ~ varied betweemr,; = 0.1kgT ande,; = 1.5kgT for polymer—
correlated case, there is one condensed counterion per each bee{zplymer_ Interactions. Th_e value of_thls_paramgter for polymer
when the bead SiZBb becomes Comparab|e with the distance counterion and counteriercounterion interactions was set to
between condensed counteridhdor xf > 71353, This takes ~ €Ls = keT. Note that the value of the interaction parametgr
place along the linaf ~ xf. In Figure 3, we refer to this regime = 0.35keT between monomers correspond#/teonditions for
as regime IV (PE chain). neutral polymers. _ _ _

In the next section, we use molecular dynamics simulations Simulations were carried out in a constant number of particles,
to study different conformation regimes of a polyelectrolyte Constant volume, and constant temperature (NVT) ensemble

chain as a function of the Bjerrum length and the solvent qualit With pe_riodic bo_undary conditions. In our simulations, the
for the polymer backboneJ g q y simulation box size was varied betweer= 107.4r andL =

144.9 depending on chain degree of polymerization to keep

3. Molecular Dynamics Simulations of the Counterion the monomer concentration constant and equakal0* o2,

Condensation induced Chain Collapse The electrost_atlc interactions in our simulations were calculated
. . . o . by the Particle-Particle ParticleMesh (PM) method?®%0

3.1. Simulation Details.To test the predlqtlons_ of the_ scaling  implemented in LAMMPS! which takes into account electro-

model, we performed molecular dynamics simulations of a static interactions with all periodic images of the system.

single polyelectrolyte phain with explicit counterions. A chain. The constant temperature was maintained by coupling the

was modeled by a chain of Charged Lennard-Jones partICIeS Wlthsystem to the Langevin thermostat. In this case, the motion of

diametero and consisting ofN = 124, 187, 244, and 304  peads in the system is described by the following equation,
particles. Every third particle on the polyelectrolyte chain was

carrying a negative elementary charges. This corresponds dv; ~ N —p

to the fraction of charged monomefson the polymer backbone M5 (O = Fi(t) — &oi(H) + F() (37)

to be equal td = /5. B
The connectivity of particles into polymer chains was wheremis the particle mass;j is the particle velocity, ané;

maintained by the finite extension nonlinear elastic (FENE) denotes the net deterministic force acting on iteparticle.

potential>® The stochastic forcEiR has a zero average Va|lﬂEiR(t)|]= 0
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Figure 4. Dependence of the chain size on the value of the Bjerrum _. ]_3 .
length for polyelectrolyte chain with the degree of polymerizafion ~ Figure 5. Dependence of the fraction of condensed counterions
= 304, the fraction of charged monomdrs: /5 for different values the value of the Bjerrum length for polyelectrolyte chain with the degree

of the Lennard-Jones interaction parameters= 0.1kgT (filled circles), of polymerizationN = 304, the fraction of charged monomérs: /s
ey = 0.3 ksT (filled triangles),eLy = 0.5 ksT (filled squares)ely = for different values of the Lennard-Jones interaction parameters

T (i ted filled triangles), and; = 1.5 ksT (filled rhombs). 0.1ksT (filled circles), e.; = 0.3 kgT (filled triangles),e.; = 0.5 ks T
ke (inverted filled triangles), ane. keT (filled rhombs) (filled squares)¢; = kgT (inverted filled triangles), ane; = 1.5kgT

and o functional correlationsERFER(t) 0= 6 kgTEs(t — v).  (Hed rhombs).

The friction coefficient was set t&€ = m/tj, wherery; is the intrachain electrostatic repulsion and leading to a decrease in
standard LJ timer,; = o(mksT)Y2 The velocity-Verlet chain size. However, this is only the initial stage of the
algorithm with a time step\t = 0.01z; ; was used for integration ~ counterion condensation process. With increasing of the number
of the equations of motion (eq 37). of condensed counterions on the polymer backbone, the
Simulations were performed by using the following proce- electrostatic interactions between condensed counterions and
dure: At the beginning of each simulation run, a negatively charged monomers could lead to a local chain collapse.
charged polyelectrolyte chain in self-avoiding walk con- This qualitative picture of the counterion condensation effect
figuration was placed in the center of the simulation box together on the chain conformations is supported by Figure 5, which
with its counterions. The system was pre-equilibrated fér 10 shows the dependence of the fraction of the condensed coun-
MD steps. This was followed by the production run lasting 3 terionsx on the value of the Bjerrum lengtl. To obtain the
x 10° MD steps. During the production run, we averaged the fraction of the condensed counterions for this plot, we have
distribution functions of the number of monomers in beads and surrounded each monomer by a sphere of radigs 1.50 and
strings, the distribution function of the number of beads per counted all counterions with the center of mass within this cutoff
chain, the chain radius of gyration, and fraction of condensed distance from a monomer. The final list of the condensed
counterions. counterions was examined for multiple entries such that each
3.2. Simulation ResultsDependence of the chain radius of condensed counterion was counted only once. The fraction of
gyration on the value of the Bjerrum lendthand the value of condensed counterions increases with increasing of the value
the Lennard-Jones interaction parametgiis shown in Figure of the Bjerrum length. At small values of the Bjerrum length,
4. For all values of the Lennard-Jones interaction paranagfer  Ig < 30, more than 80% of counterions leave a polyelectrolyte
the chain size varies nonmonotonically with the value of the chain. In this interval of the Bjerrum lengths, the counterion
Bjerrum length. It first increases with the Bjerrum length (for configurational entropy loss due to its localization near the
the Bjerrum length values smaller than or equal &) then polymer backbone is much larger than the electrostatic attraction
begins to decrease. The variation in the chain size with the valueof a counterion to a polyelectrolyte chain. With increasing of
of the Bjerrum length is the manifestation of the two different the value of the Bjerrum length, the fraction of the condensed
mechanisms that are responsible for the chain conformationalcounterions increases and reaches about 30% at the value of
transformations and are controlled by the strength of the the Bjerrum lengthg ~ 4o (for €5 < 1.5kgT). At this value of
electrostatic interactions. The first mechanism that drives chain the Bjerrum length, the configurational entropy loss is of the
elongation is the intrachain electrostatic repulsion between order of the electrostatic energy gain due to counterion
charged monomers. With increasing the value of the Bjerrum condensation. For the largest value of the Bjerrum lengt,
lengthlg, the electrostatic repulsion between charged monomers 150, more than 95% of counterions is condensed on the polymer
increases and forces a polyelectrolyte chain to adopt a morebackbone. For this value of the Bjerrum length, the electrostatic
elongated (stretched) configuration. The second mechanism iscontribution to the counterion free energy is much larger than
the counterion condensation on the polymer backbone. As theits configurational entropy part. The faster increase of the
value of the Bjerrum length increases, the electrostatic attractionfraction of the condensed counterionseen for polyelectrolytes
of a counterion to a polymer backbone increases as well, in poor solvent conditions for the polymer backbone with
resulting in a larger amount of counterions residing in the = 1.5kgT is due to the stronger chain collapse, resulting in the
vicinity of the polymer backbone. These counterions reduce the lower value of the local electrostatic potential and stronger
effective charge on a polyelectrolyte chain weakening the attraction of a counterion to a polymer chain.
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Table 2. Typical Conformations of Polyelectrolyte Chain with Degree of PolymerizatiorN = 304 and Fraction of Charged Monomersf = /3

15
Globule

12 -
10 Necklace

|

Iy
5 N ’ i . '_ :' . ﬂ-‘i_o‘.‘
AT
Stretched chain %#%@gaﬁ .
Necklace
1
0.1 0.5 1.0 1.5
EU
Table 2 shows typical chain conformations in thg—Ig electrostatic blobs with siz@, ~ buY3Af ~2/3 containingge ~

plane. At small values of the Lennard-Jones interaction param-u~23Af ~43 monomers$:4° The chain conformations inside an
etereyy < kgT, which corresponds to the interval of good and electrostatic blob will remain unperturbed by short-range
weak poor solvent conditions for the polymer backbone, a monomer-monomer interactions as long as the number of
polyelectrolyte chain undergoes stretched chaiecklace- monomers in the electrostatic blob is smaller tigan< |7]72.
globule conformational transformations with increasing of the This is indeed the case for the values of the Lennard-Jones
value of the Bjerrum length. This cascade of transformations is interaction parameter OKET < €3 < 0.5kgT. For the value of

a result of counterion condensation on the polymer backbone.the Lennard-Jones interaction parameter kT, the monomer

Note that the different chain conformations shown in Table 2

are qualitatively similar to those obtained by Limbach efCal. 10
in their simulations of a polyelectrolyte chain. To quantify the

effect of counterions on the chain conformations, we will
consider separately different conformation regimes.

We will first analyze chain behavior in the stretched chain ]
regime. In this interval of the Bjerrum lengths, the condensed =«
counterions mainly contribute to the reduction of the net
polymeric charge, weakening intrachain electrostatic repulsion.
The chain sizd= in this regime can be estimated by balancing
the chain conformational free energyTR/b?N and electro-
static repulsion betweeAfN uncompensated charges on the a&<"
polymer backbonessT Iz(AfN)%/Re.2 Thus, the chain size scales
with the fraction of condensed counterions and the interaction
parameteu as 1

(e

10!

2>1!‘2M1.-’3fu]

R, ~ bu"3(1 — x) %% PN ~ bu*Af"N (38) 100

. . 10° 10' 102 10°
Figure 6 shows dependence of the reduced chain/siZéRy/
u3 on the polyelectrolyte valenc&fN for the different values AN
of the Bjerrum length and the Lennard-Jones interaction Figure 6. Universal plot of the reduced chain size on the chain valence
parametet ;. As one can see, the data points for the large values AfN for chai'ns With degrees of ponmerjzatioN; 124 (filled circles),
of the Bjerrum lengtis > 20 collapsed into one universal line z\iln\ierltgg f(ifllllgiidt:ir::lr(jg?(leii)’fgr:dif?fgfeﬁlftm\?glusgsu%rfetslzé al_r]eﬁnzrg%tnes
with slope one, |nd|_cat|ng that the solvent quall_ty hgs almost interaction parameters, = 0.1 ksT (black symbols)ew; = 0.3 kT
no effect on the chain .conformatlon.s. Note that, in this regime, (red symbols), and.; = 0.5ksT (blue symbols). The solid lines have
a polyelectrolyte chain can be viewed as an array of the slope one.



7704 Jeon and Dobrynin Macromolecules, Vol. 40, No. 21, 2007

monomer interactions start to perturb chain conformations inside 10!
an electrostatic blob, resulting in additional chain shrinkage (see
also Figure 4). This value of the Lennard-Jones interaction
parameter corresponds to true poor solvent conditions for the
polymer backbone. It is important to point out that the data
points corresponding to the values of the Bjerrum lengti

lo and Zr deviates from this universal line, indicating that
condensed counterions can slightly perturb chain conformations
even in the stretched chain regime.

Condensed counterions lead to a complete chain collapse for", s
the values of the Bjerrum length > 12¢. The chain collapse
in this regime is caused by the correlation-induced attraction 100
between the condensed counterion and the weakly fluctuating
charge background of the collapsed polyelectrolyte chain. The
polymeric density inside a globule is stabilized by three-body
monomer-monomer repulsion. The globular size in this regime
is estimated as

1/2
2> "!Rglob

<R

R |

10! 10° 10!

13 —1/5/,,0 —4/15\ 1/3
Ryion ~ (N/p) & bu™(xf)~**N (39) APNIGN) 2
o ) Figure 7. Reduced square-root mean-square radius of gyr&BRg%/
In the derivation of the eq 39, we used the expression for the Ryo as a function of the reduced valence of charged globnfay
polymer densityp from the Table 1 for the three-body SC  (xfN)*? for chains with degrees of polymerizatiohs= 124 (filled

: i ; e circles),N = 187 (filled triangles)N = 244 (filled squares), and =
regime. The stability of the polymeric globule is insured by the 304 (inverted filled triangles) for different values of the Lennard-Jones

dominance Qf the glObUh’J}r surfacg enerkyTyRgon?/b?, over interaction parameterg; = 0.1 kgT (black symbols)ey = 0.3 kT
the intrachain electrostatic repulsion between uncompensatedred symbols), and.; = 0.5 ksT (blue symbols).

chargeskgTlg(AfN)%/Ryiqp. Both terms become of the same order ,
in magnitude when 10

x o xt
(1—x%*  Af?

I

(40)

Equation 40 determines the boundary of the globule regime as
a function of the fraction of the condensed counterions and the G~
chain’s degree of polymerizatiohl. Note that this equationis  “a 1ot
an analog of the Rayleigh stability condition for the charged o
polymeric globule. v

The dependence of the reduced square root of the mean-
square radius of gyrationERSB’Z/Rgbb, of chains with the
degree of polymerizationd = 124—304 on the reduced value
of the total charge valencafN/(xfN)¥2, of the globule is plotted
in Figure 7. As expected, all data points collapse into one
universal plot. A spherical globule is stable when its net charge 10° T ' ' T T T T T
valenceAfN is smaller than the square root of the charge valence 10! 102
of the condensed counteriongN)2. When the globule valence 1S, 25
AfN is larger than 0.48xfN)Y/2, a spherical globule becomes u () AN
unstable. As the fraction of the condensed counterions decreaseBigure 8. Square-root mean-square radius of gyration as a function
further, a polymer chain adopts necklace-like conformation of Of the parameten*S(xf)~°AfN for chains with degrees of polymeriza-

: : : tions N = 124 (filled circles),N = 187 (filled triangles),N = 244
dense beads connected by strings. This transformation IS(fiIIed squares), and\ = 304 (inverted filled triangles) for different

triggered by the decrease in the value of the Bjerrum lehgth  yajyes of the Lennard-Jones interaction parameters 0.1ksT (black
The values of the Lennard-Jones interaction parameter in thissymbols)e ;= 0.3ksT (red symbols), ane; = 0.5ksT (blue symbols).

regime correspond to either positive or weakly negative values The solid line has slope one.
of the second-virial coefficient for the monomanonomer

interactions. In this range of the Lennard-Jones interaction
parameter, the necklace structure is strongly fluctuating, resulting
in very broad distribution in the number of monomers in a bead
and in a string. The necklace formation and chain collapse in
this interval of parameters can be exclusively attributed to the
counterion condensation. It is also important to point out that
the equilibrium density inside the collapsed chain or collapsed

globule. The size of the necklace globule is proportional to the
chain’s uncompensated chaytN (see Table 1) and it increases
with increasing the charge imbalana€N. To test this relation

in Figure 8, we have plotted the dependence of the chain size
versus scaling model prediction for the value of

0 A5 —2/5 15 a—2/5
sections of the chain is stabilized by three-body monemer Ry~ u™(xf) (1 — )N~ u™(xf) “AfN  (41)
monomer repulsion.
In the interval of the Bjerrum lengths &0< Iz < 120, a As one can see, the agreement between the results of the

correlation-induced attraction between condensed counterionscomputer simulations and a scaling model is good. This also
results in local chain collapse and formation of the necklace explains why we have a reasonably good collapse of the data
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in the intervalAfN > 0.48 fN)Y2 By comparing egs 39 and (a) 290
41, one can establish that eq 41 can be rewritten as

Thus, the ratio ofR/Ryiob is proportional toAfN/(xfN)¥2. The ]
proportionality coefficient has weak dependence on the value ., _

of the Bjerrum length and chain degree of polymerization in S 100
the range of parameters used in our simulations.

Equations 18 and 33 give simple relations between the
optimal number of monomers in a beaf, and the fraction of
condensed counterions, We tested these relations for poly-
electrolyte chains with different strength of the electrostatic
interactions and value of the Lennard-Jones interaction param-
etere.; = 1.5kgT (see Figure 9). To improve statistics, each 0 —
point is averaged over all beads with the number of monomers, 0.0 0.1 02 0.3 0.4 0.5
m,, within five monomers of the most probable (optimal)
number of monomers in beadi{ — 5 < m, < m, + 5). The
optimal number of monomers in a bead,, was obtained by
fitting the bead distribution function to the distribution function (b)
derived by Liao et a#® The growth of beads with increasing
the Bjerrum length is an indication of the counterion condensa-
tion. The energy gain due to counterion localization inside and
around beads increases with the increasing of the value of the
Bjerrum length. In our simulation, the average concentration
of the counterion was kept constant. Thus, the entropy loss due
to counterion localization was unchanged. 2 504

In the case of the very poor solvent conditions for the polymer S
backbone,e ; = 1.5 kgT, a polyelectrolyte chain forms a .
necklace globule already at the lowest values of the Bjerrum
lengthlg < 30. The necklace formation in this range of the 25 -
parameters is a result of the optimization of the favorable short-
range monomermonomer attraction and electrostatic repulsion .
between uncompensated charges. To show that this is indeec
the case, in Figure 9a, we have plotted the dependence of the 0 L
parameteunt, on the fraction of the condensed counterions, 0.2 0.3 0.4 0.5 0.6 0.7 0.8
As one can see, all data points for different chains’ degrees of
p_olymerlzatlons and dlfferent_ values of t_he Bjerrum lenggh, Figure 9. Dependence of the optimal number of monomers in a bead
= loand 2, have collapsed into one universal plot. Note that n\x"on "the fraction of the condensed counterions for chains with
the data points are close to the ones obtained in simulations ofdifferent degrees of polymerizatidd. (a) e.; = 1.5ksT, Iz = 1o and
the polyelectrolyte chains in poor solvent conditions for the 2o, for the chains with the degrees of polymerizatir= 124 (filled

polymer backbone in salt solutions (see open symbéiEhe circles),N = 187 (filled triangles)N = 244 (filled squares), anl =

solid line in this plot corresponds to eq 33. 304 (|nverted filled ;rlangles). The solid line is given by the equation
50.4/(1— x)%. Open symbols show data points from ref M1

The different functional dependence is seen in Figure 9b, 187 (rhomt()s) (b)}u—pl 5k.¥T ls = 30 and 4, f'f’,r the chains with

which shows the dependence of the number of monomers inthe degrees of polymerizations= 124 (filled circles) N = 187 (filled

the optimal beadry; on the fraction of the condensed counte- 5:229:23"\4; szglild (I‘:wgol'ssqll\llggez)v t?]réwe . ;%(invig%% (fli“ed
rions x for the values of the Bjerrum lengths = 30 and 4. X)2. gpen symbols show dagta pom%/s fromqref M1= 187 (rhombs)

We have also added to this plot the data points from simulations anq from ref 26N = 187 (circles)N = 244 (triangles), ant = 373

of salt-free solutions by Liao et & and data points from  (squares).

simulations with added salt by Jeon and DobryHiriThe

different data sets are close to the universal curve correspondingand the value of the Lennard-Jones interaction parameter, which
to eq 18. Thus, parts a and b of Figure 9 provide further evidence controls the solvent quality for the polymer backbone. According
for the existence of two different mechanisms responsible for to this model, the parameters of the necklace such as number

100

75

the bead formation. of monomers in a bead, bead size, number of beads per chain,
) and string length connecting the neighboring beads show strong
4. Conclusions dependence on the value of the Bjerrum length. In particular,

We have presented a necklace model of a polyelectrolyte in the counterion-correlation regime, the beads of the necklace
chain in which the necklace structure is produced by the globule grow in size with increasing the value of the Bjerrum
correlation-induced attractive interactions between condensedlength. By using this new necklace model, we have calculated
counterions and charged monomers. Because of these interacthe diagram of state of a polyelectrolyte chains as a function of
tions, the necklace structure can even be formed in the goodthe fraction of the condensed counterions and net charge of a
solvent conditions for the polymer backbone. The transition to polyelectrolyte chain (see Figure 3).
the necklace globule depends on both the value of the Bjerrum To test the predictions of the necklace model, we have
length determining the strength of the electrostatic interactions performed molecular dynamics simulations of a polyelectrolyte
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chargeAfN to the square root of the net charge carried by o gétﬁ?ﬁiﬂﬁ%ﬂ gﬁglifsrtzemevl\\/lm}(gétbr?%?:c'uleageg 32, 915.

condensed counterionfk)*/? (see Figure 7). Itis completely  (30) Ghosh, K.; Carri, G. A.; Muthukumar, M. Chem. Phy=2001, 115
different from the case of a charged globule formed in poor 4367.
solvent conditions for the polymer backbone. For all studied (21) Liao, Q.; Dobrynin, A. V.; Rubinstein, MMacromolecule2003 36,
systems, the Cha}'“ size shows n_onr_nonOtomc d_ep_endenc_e OQZZ) Liao,.Q.; Dobrynin, A. V.; Rubinstein, MMacromolecule2003 36,
the value of the Bjerrum length. It first increases with increasing 3399.
of the value of the Bjerrum length and then starts to decrease.(23) Muthukumar, M.J. Chem. Phys2004 120, 9343.
The location of the maximum on the chain siz&jerrum length (2‘5‘) ghgkh'F’Vv ﬁ- \Fj-:]-RPT)YS- tAf Mﬁth-oieﬂlhggq é3’m379' ecul
curve depends on the solvent quality for the polymer backbone ?°) lgo%ry;én,zgn., ubinstein, A, Dbuihov, =. Hacromoecties
(value of the Lennard-Jones interaction paramatgr For the (26) Liao, Q.; Dobrynin, A. V.; Rubinstein, MMacromolecule006 39,
larger values of the interaction parametgy, a chain forms a @ 1L92% b, H. 3. Holm, CJ. Chem. Phys2001 114 9674
i i impach, R. J.; Rolm, . em. Y. 3 .
collapsed ;phenpal globule for smaller values of the Bjerrum (28) Limbach. H. J.: Holm, C.- Kremer, KEurophys. Lett2002 60, 566.
length. This indicates that short-range monom@onomer  (29) Limbach, H. J.; Holm, CComput. Phys. Commu@002 147, 321.
interactions still play an important role in determining the chain (30) Limbach, H. J.; Holm, CJ. Phys. Chem. R003 107, 8041.
configuration (see Figure 4). (31) Limbach, H. J.; Holm, C.; Kremer, KMacromol. Symp2004 211,
: L : 43.
The model of the counterion-correlation induced _ cha_un (32) Lyulin, A. V.. Dunweg, B. Borisov, O. V.; Darinskii, A. A.
collapse can be extended to the case of the semiflexible Macromolecules.999 32, 3264.
polyelectrolytes® Semiflexible polymers in poor solvent condi-  (33) Micka, U.; Holm, C.; Kremer, KLangmuir 1999 15, 4033.
tions for the polymer backbone form torroidal globule. A ggg m:elﬁﬁhﬁ?; éTeLngg’vNK_-%éggggﬁ{lihegz_??i? égleigéur bhvs. 1. E
charged semiflexible polyelectrolyte chain adopts rings on a 2081 6 250 AR Bkt
string conformation of collapsed torroidal globules connected (36) Morawetz, H.J. Polym. Sci., Part B: Polym. Phy2002 40, 1080.
by the stretched strings of monomé#s®® This structure (37) Solis, F. J.; de la Cruz, M. Qdacromolecules998 31, 5502.
optimizes the short-range monomenonomer attractive inter-  (38) l\*jl'”gr ﬁ'r'n Ggﬁgﬁkéagao“ﬁ'i';% ?31 igfger, W.; Stepanek, P.; Stamm,
actions, the chain’s bending energy, and long-range electrostaticzg) aseyev, v. O.; Klenin, S. I; Tenhu, K. Polym. Sci., Part B: Polym.
repulsion between charged groups. The increase of the Bjerrum  Phys.1998 36, 1107. -
length in this case will also trigger the counterion condensation (40) ffcl)gly D.; Sferrazza, M.; Williams, C. EEurophys. Lett2003 62,
on the torroidal globules, Ieadlng to correlation-induced attrac- (41) Jeon, J.: Dobrynin, A. V0. Phys. Chem. 006 110, 24652.
tion between condensed counterions and charged monomers angh2) Kramarenko, E. Y.; Khokhlov, A. R.; Yoshikawa, Klacromolecules
promoting further chain collapse. In this case, one should expect 1997, 30, 3383. _
a collapse of a semiflexible polyelectrolyte chain by condensed 43) TKP:Z?r?/r%?rﬁJ’I 2%0&(-5 gq%kh'OV' A. R.; Yoshikawa, Hacromol.
counterion even in a good solvent condition for the polymer 44) Grosberg, A. Y.; Nguyen, T. T.; Shklovskii, B. Rev. Mod. Phys.
backbone. Note that the strength of the electrostatic interactions 2002 74, 329.
between a counterion and a polyelectrolyte chain can be variedgg; (L319Vlr16 Y. RiP-YPr?(% Pkﬂlyﬁogz gg} lts? | Phvsics of M |
H H F H : rosoberg, A. Y.; oKniov, A. atistical YSICS O acromol-
by changing the counterion valence. It is interesting to point ecules American Institute of Physics: New York, 1994,
out .that_ the condensation o_f the multivalent ions on t.he (47) de Gennes, P. GScaling Concepts in Polymer Physicgomell
semiflexible polyelectrolyte chain models the DNA condensation University Press: Ithaca, NY, 1979.

by multivalent counterion&45\We are planning to address these (48) PRUbi”Stﬁi”» “¢ ISOZ'%BSSR- HPolymer PhysicsOxford University
. . . . ress. ew YOorkK, .
questions in our future publications. (49) Dobrynin, A.V.; Colby, R. H.; Rubinstein, Macromolecule4995
28, 1859.
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