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ABSTRACT: A combination of the mean-field theory and the random phase approximation is used to describe
the effect of charge inversion (overcharging) of a spherical penetrable microgel particle by oppositely charged
multiarm star polyelectrolytes in dilute solution. The overcharging is shown to occur due to the gain in the
electrostatic self-energy and in the elastic free energy of the star macromolecules, while counterions can either
promote or suppress the effect. It is shown that many parameters, such as the densities of the microgel and the
stars, the fraction of charged units, etc., control the overcharging.

1. Introduction
The effect of overcharging of macroions by oppositely

charged polyelectrolytes plays a very important role in many i ’< \ﬁ_‘

biological processésand practical applicatior’s:* One of the Nemmm\

examples is the concept of “gene delivery’Since the molecule / of the shell is

of DNA carries the charge of the same sign as that of the [ Intrinsically | | provided by |

membrane of a living cell, it has to be overcharged via | s e
. . . . shell charged units

complexation with oppositely charged macroion to penetrate \ /

through the membrane. As a vehicle for DNA such objects as i

proteins, dendrimers, micelles, microgel particles, etc., can be

used. The formation of complexes DNAationic liposomes, i

when the nucleic acids are completely encapsulated within the / \

positively charged lipid bilayers, is another example of the \

overcharging—® The reversal electrophoretic mobility of the : e J

complexes formed by the protein pepsin with strong polyelec- \ /

trolytes can also be attributed to the charge inver&iofhe b

study of complexation of the DNA molecules with positively
charged dendrime¥s demonstrated that the increase of the (a) (b)
concentration of the dendrimers results in the entire screeningrigure 1. Distribution of the charge of the droplet within intrinsically

of negative charge of the DNA and that the complexes become neutral shell (a) and within the shell having equal amount of oppositely
positively charged. charged units (b). The charge density is characterized by the color:

T . higher density (black) and lower density (gray). The electrostatic energy
The binding of polyelectrolytes to small oppositely charged fihe state (b)Es = 3QZ5R, is lower than the energy of the state (a),

micelles was observed in refs 424. The critical conditions Ea = 3Q%5r, Ep < Ea
for the micelle-polyelectrolytes complex formation were found
to be strongly depended on the ionic strength of the solution our earlier worké3 the charge inversion of a spherical penetrable
that emphasized the electrostatic nature of this etfe€o- polyanion by spherical polycations was analyzed within the
acervation and precipitation in solutions of the miceltes framework of the simple model of structureless macroions of
polyelectrolytes complexes were studied in ref 13. This system the fixed volume. Electrostatic interactions and the translational
also revealed the phenomenon of charge and mass overcommotion of counterions were taken into account. It was shown
pensatiort* Very important result of ref 14 comprised penetra- that the inversion of the charge of a large polyanion by smaller
bility of the polymer micelles for polyelectrolyte chains. The polycations, which are able to enter into the polyanion, is always
same conclusion was made in ref 15 for the case of dendrimers,driven by Coulomb interactions: excess polycations possess
which are permeated by flexible polyanions. Therefore, the smaller electrostatic self-energy within the complex because of
penetrability of porous macroions has to play a key role in the the “smearing” of the charge of the polycations throughout the
theoretical analysis of the overcharging. whole volume of the complex. Counterions were shown to play
Up to now most of the theoretical models examined the case a dual role: they can both promote and suppress the overcharg-
of polyelectrolytes interacting with oppositely charged hard, ing.

impenetrable spheres or cylindé¥s?! The practical importance The energetic mechanism of the overcharging proposed in
of such studies was primarily connected with the understanding ref 23 can be illustrated by a simple example of the spherical
of the physical reasons of the DNistone complexatiofin charged droplet of the charde and of the radius which is

able to enter into a neutral shell of the radRiSR > r (Figure

*To whom correspondence should be addressed. E-mail: igor@ 1)- If the interior of the shell is intrinsically neutral (“empty”
polly.phys.msu.ru. shell), the Coulomb energy of the droplet within the shell is
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The total free energy of the system can be written as a sum
of two terms:

F=FY+F? (1)

The first term, F{", corresponds to the free energy of the
excess PCs and counterions. Assuming the spherical shape of
the multiarm star macromolecules in the dilute solution and
using the two-zone Oosawa modéi26 F") takes the follow-

ing form:

Figure 2. Schematic representation of two states of the system: a

neutral PA-PCs complex coexisting with the unbound excess poly- |:(1) Bt(g)

cations (left) and swollen overcharged complex (right). |<BT 10 Z(1-p5)+ _(V ﬁ)
n

the same as that of the droplet in the infinite spdtes= 3Q% ﬂc - B
5r (Figure 1a). However, if the electric neutrality of the shell is ﬂ In=-+(1-4) In - |

provided by equal amount of oppositely charged units (full _
shell), the spreading of the charge of the droplet throughout Z yIn L +(1- V) ) + §kr_
the volume of the shell is energetically favorable because it n 2 &N
reduces the electrostatic energy up to the véipe= 3Q%/5R ) 2-30"+0 301’3+ 0 T 3
(Figure 1b). Sincegy, is smaller than the Coulomb energy of kNCpS", t(0) =
the unbound droplet, one can say that the electrostatic interac- (
tions promote the overcharging. b= 3kNy (2)

In the present paper we extend the mean-field thédr Arr
the case of macroions capable of the swelling and collapse. The
overcharging of a microgel particle by oppositely charged In this model, the total volume of the system (a sphere of the
multiarm star polyelectrolytes is considered. The polymeric radiusRy) can be imagined as a set of densely packed, neutral
degrees of freedom are shown to introduce a variety in the spheres (cells) of the radiug Ry® ~ nro® (Figure 2). Each cell
behavior of the system and can become one of the tools tois divided into two zones. The first zone of the radiuss
control the strength of the overcharging. We show that the occupied by the PC. The second zone of the volum@# —
overcharging is always driven by the decrease of the self-energyrd)/3 is free of the PC. Counterions are distributed inhomoge-

r

of the macroions. neously between the zones because of inhomogeneous distribu-
tion of the charge of the PC within the cell. This distribution is
2. Model approximated by a steplike function: the fractighsndy of

Let us consider a large negatively charged spherical microgel negatively and positively charged counterions occupy the first
particle (polyanion) comprising>> 1 flexible subchains, each ~ zone so that the number of the corresponding counterions within
of N> 1 segments. Each subchain contains a small fraction of the PC is equal tg8(z + Z/n) and yZ/n, respectively. The
charged unitsf = 1/o < 1. It is assumed that all charged units  resultant volume charge density of the PC is assumed to be
are completely dissociated:; i.e., the system compésesnNo constant and equal t@ = &(z(1 — ) + Z(y — B)/n)/(4mr?/3).
mobile, positively charged counterions. Let us consider the The second zone is charged with the dengity= —e(z(1 — f)
overcharging of the microgel particle by oppositely charged + Z(y — B)In)/(4xa(ro® — r®)/3) due to electrical neutrality of
k-arm star macromolecules (polycations) in dilute solution. For the cell. Calculation of the Coulomb energy of the concentric
the sake of simplicity, we will analyze a special case of the spheres with constant charge densities can be done in a standard
arms having the same length and the fraction of charged unitsway?*?’
as those of the subchains. The total electric neutrality of the

polycations is provided by mobile negatively charged counter- Fc y B(V ( )) Arp(X)

ions @ = kNl > 1 counterions per star molecule). Every kBT f W(X) = T e

charged unit of the system is monovalent of the chagad

its size,a, coincides with the size of the neutral segments. We o(x) = {Pl O<x=<r ®)
assume that the solvent is@-solvent, and we treat it as a r<x=<ry

dielectric continuum of dielectric constaat
To demonstrate the overcharging of the polyanion (PA) by resulting in the first term of eq 2. Hetgis the Bjerrum length,
the polycations (PCs), we compare the free energies of two statedg = e%/eksT. The next two terms of eq 2 are the contributions
of the system: neutral PAPCs complex coexisting with  of the translational motion of negatively and positively charged
unbound excess PCs (state I) and overchargedf®®@s complex counterions, respectivelyc™ and ct are the corresponding
where all excess PCs are localized within the complex (state average volume fractions of the counterioos,= (z + Z/n)-
I) (Figure 2). vl(4nro?3) andct = Zuvl(4nr®n/3). The excluded volume of
2.1. State I.Let us assume that only PCs are responsible for the counteriony, coincides with the excluded volume of the
neutralization of the microgel particle (PAp = Z/z PCs enter monomer unity ~ a3 Owing to the conditiorz> 1, the energy
into the PA releasing all “own” and PA’s counterions into the of the translational motion of the PCs can be neglected in
outer solution. Such substitution is entropically favorable if ~ comparison with the energy of the counterions.
> 1. Denote byn the number of excess PCs. They are immersed  The fourth term of eq 2 is the elastic free energy taken in the
in a “gas” ofnz+ Z negatively charged ardpositively charged Flory form28 Here we assume homogeneous stretching of the
counterions. star arms if the value df is not so high. CDV
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Figure 3. Difference of the free energies,= (F, — F))/(nksT), as a function of the number of excess polycatiansfor various sets of the
parameters of the system-ad3. Relative mean-field electrostatic enerdy)( the energy of the translational motion of counteriahg (the elastic
free energy de)), the energy of excluded volume interactiods,{), and the RPA electrostatic energyréa) vs n in the range of the values of
where the overcharged complex is staldles dc + dci + del + Oexcl T Orra < 0. We useRy = 150g, k = 5, m = 100 (solid),m = 200 (dashed),
andm = 300 (dotted).

The last term of eq 2 is the third virial contribution with the  of this term is done in the Appendix. Notice that the translational
dimensionless coefficier ~ 1; ¢s is the volume fraction of entropy of PCs is neglected in eq 4. The equilibrium value of
monomer units within the star molecule. The equilibrium value the free energf® is found by minimization with respect to
of Fl(l) is found by minimization with respect to the parameters the fractiong:

B, v, andr.

The second contribution to the free energy (1) comes from Ffz) 9 (87C\1omN/ | \23 1/ 64 \vof | \u3
the free energy of the neutral PACs complex. We assume  —— == —(—) —N(—) ) = —( 1 4) (—)
that neutralization of the complex in the dilute solution is kT 4m\ 9 " \ao? 8\ar'c a0’

(%)

The value ofp coincides with that of diblock polyampholyte
complexes calculated within the framework of the scaling
approach#2 On the other hand, in contrast to the scaling thédry,
the energy of the compIeR,(z) is positive. This difference is
connected with the sign of the term of the fluctuation-induced
attraction, eq 14. This term is always positive.

2.2. State Il.Let us consider the overcharged complex where
all nexcess PCs are trapped within the PA. The key assumption
F@ of our model is that the whole excess charge of the complex is
LI @(C(2¢)3 T @( 249l )3’4) smeared out throughout the volume of the complex. It becomes
nksT  ng 127\ 522 possible because of the collective effect: excess and neutralizing

PCs tend to be rearranged within the complex in such a way as
The first term of eq 4 describes hard-core repulsive interactionsto remove charge (spatial) inhomogeneities of the complex.
of monomer units in th@-solvent. The second term is the RPA  These inhomogeneities could be originated by the excess PCs
correction to the mean-field free energy. It is responsible for in the case if the neutralizing PCs would be immobile. Such
the fluctuation-induced attraction of charged units. Calculation rearrangement is favorable: homogenization of the PCs W&fﬁr{/

achieved only by PCs. Therefore, the average polymer volume
fraction of the microgelg, coincides with that of the stars
localized inside the complex.

The formation of the neutral polyelectrolyte complexes cannot
be described at the mean-field level: the Coulomb term is equal
to zero at this level. One has to include at least fluctuations
around the electroneutral state to describe the complexation.
The simplest way to do it is the RPA formalisitt3! The RPA
free energy of the complex is written

(4)
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the complex minimizes the energy of electrostatic interactions.
The total free energy of the overcharged complex is derived
in a similar way as eqs 2 and 4:

Fo 3 15t(0) 5
Wr = EW[HZ(]. — B) + Z(F — B)] +
3 1-B
(z+%)(Bln%+(l—B)ln(l_éc + o° > 4 T 1o
z[ Tt @=D)c) 4R . '
n(F In o) +@—-0)In -6 + 3 \C(gas—i- N ' n
o ¥+ J2u[126@s + fpm)l)3’4) 5)3 ;
™o 12n| P ’ R’ /
__3NKp+n)v _ 3Nmw -4 b
Ps= W’ m e (6) Figure 4. Difference of the free energied,= (Fy — F))/(nksT), as a

function of the number of excess polycationsfor various values of
the number of the armis k = 5 (solid), k = 7 (dashed), an& = 9

Here the first term is the mean-field electrostatic energy of the (dotted). We usé& = 150s, N = 100, m = 100, ando = 20.
excess charge of the complex. The next two terms describe the
translational entropy of counterions inhomogeneously distributed {5 that in the solution. As a result, the swelling of the excess
between the complex and the outer solution. The overchargedpcg within the complex reduces, too. The excluded-volume
complex collapses if the excess charge is not so high. The lastiiaractions of monomer units also play a stabilizing rélge
term of eq 6 is responsible for the collapse. It comprises the - (. pegpite the rise of the number of monomer units within
third virial contribution~C, which is necessary to ensure the ¢ qyercharged complex, the mean-field electrostatic repulsion
stability of the complex, and the RPA free energy providing ot charged units reduces the concentration of the overcharged
the fluctuation-induced attraction. The latter is derived in the complex in comparison with that of the neutral complex.
Appendix, eq 20. Notice that fluctuations of the excess charges |t the number of the excess PCs in the system is not so high,
also contribute to the attraction of charged units in the compleX. . nterions stabilize the overcharged compiix € O in Figure

The equilibrium fractions of the counterions within the 3b1-b3). This effect is connected with the gain in the
complex,B, I', and the radius of the compleR, are found by rangjational entropy due to the partial release of those coun-
minimization of eq 6. terions which are trapped within the excess PCs in the unbound
state. On the other hand, if the number of the excess PCs is
high enough, the entropic mechanism does not work anymore,
dci > 0 (Figure 3bt-b3): the high number of the excess PCs
within the complex (high charge of the complex) is able to keep
more counterions (per one PC) than it would be in the unbound

3. Results and Discussion

The difference of the free energies of the two statess
(Fi — F)/(nkgT), as a function of the number of excess PCs,
n, for various values of the parametensN, ando is presented

in Figure 3. These curves are obtained by numerical minimiza- State- o o
tion of egs 1 and 6. It is seen that stability of the overcharged 1 N€ Overcharging is very sensitive to the number of the star

complexes (negative values f is possible if the number of ~ &MSk (FiQUfej)i P* increases wittk, and the strength of the
the excess PCs is smaller some certain vatyed(n*) = 0. O\Trcharglngx = n*k/m can become high enough~ 0.64 at
This value increases with for all cases depicted in Figure k = 9. Such behavior is determined by_the increase of the self-
3al-a3. However, the strength of the overchargings n*k/m energy of the unbound excess PCs vkthTherefore, a larger
(the ratio of the excess charge;z to the bare charge of the number of "[he. excess PCs are able to come into the complex.
microgel,Z), weakly depends om (at least for the parameters Under dilution of the system (the increase BY) the
analyzed)o ~ 0.22-0.24 (al, a3), 0.270.3 (a2). Simultaneous sFablhzmg r(_)le of the_cour]te_rlpns qlmlnlshes (Figure 5_) and
decrease of the bare charge of the PA and PCs via shorteningliSappears in the limit of infinite dilutionRp — ). In this

of the subchains and the ar,Figure 3al,a2, or via decrease CaS€ a very simple quantitative criterion for the charge inversion

of the fraction of charged unit§,= 1/0, Figure 3al,a3, leads C&n be obtained if we s@ y, B, I', §, ® = 0in egs 1 and 6:

to the increase off*.

To demonstrate the driving force for the overcharging, let us i ~
plot the dependence of the relative mean-field electrostatic NksT

213f =1/3;,5/3
u 3513 C \¥9m
9N(02) ( X +(m2) n)+TO,

energy §c), the energy of the translational motion of counterions uk |3 1

(d¢i), the elastic free energy of the star armig)( the energy of r~aN—| >aN",
excluded-volume interaction8dxc), and the RPA electrostatic = 3l ) S0 6 33 a4
energy Orpa) ON N in the range of the values of where the no_ Bn(N_k L9 CaNs , 4 [NsR T
overcharged complex is stabl®,= o¢c + O¢i + Oel + Oexcl + nksT  5R \ o 1672 nR «/én\ Jla o
Orra < 0 (Figure 3b%*-b3). Itis seen thadc andoe are always s=2m+kn (7)

negative; i.e., the mean-field electrostatic interactions and the
elastic free energy of the star arms stabilize the overchargedwhereu = Ig/a, To = (z + Z/n) In ¢ + (Z/In) In ¢*, and

complex. The physical reason for this kind of stabilization is

equilibrium values of; andF are found by minimization with

the gain in the self-energy of the trapped PCs: the charge of respect to the radius of the PE, and of the overcharged
the complex is distributed homogeneously throughout the complex,R. The equatiord(n*) = 0 has a solution only under
volume, reducing the charge density of the excess PCs comparedhe conditionm > kn (the casek > 1 is excluded from th%DV
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Figure 5. Difference of the free energied,= (Fy — F\)/(nksT), as a
function of the number of excess polycationsfor various values of
the concentration of PAS\(1/R,%): (a) Ry = 150s and (b)R, = 3005.
We useN = 100,0 = 20, m = 100 (solid),m = 200 (dashed), anch
= 300 (dotted).

analysis). In this limit the first term df; is small, and we can
use a perturbation theory to minimize with respecRto
N33

FII %s( )2/3(L1/9
nkBT 2n \ 52 (72712)
2/3
8204/3 ) )+T0’

2( 8\712 )4/27(
15\9v3C
4127 NSOZIS 1/3
8«/_3712 A
andn* has the value

15 27C \427{[K\2/3 C 9\ [2m\ 132\ 4
" Slevad 8l e T ©
2\8v37? \W® 7274 \N?] \u
In this regimen* can be high enoughn* ~ m‘3, but the strength

of the overcharging becomes small= n*k/m ~ ¢®°/(mN)%3
< 1. Similarly to the system with the macroions of fixed siZe,

®)
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known that the mean-field description of the weakly charged
chain swollen in the®-solvent coincides with the scaling
description where the chain is considered as a sequence of
electrostatic blobs, each of the sigg ~ ac?3ul’® and of the
number of the segmentg ~ o*3u23 (£¢ ~ age?).3536 The
end-to-end distance of the chain scaleg;as NEe/ge A~ aNUH3/
023, and the electrostatic energy is proportional to the number
of the blobs Fehaifks T &~ N/ge & NUZ3/c*3 > 1. These results
coincide with those of eq 7 (the first term Bf and the value
of r atk ~ 1). To estimate the fluctuation-induced electrostatic
energy, one has to take into account lateral fluctuations of the
chain of the blob$2 In the ®-solvent, the characteristic length
scale of the fluctuations isg &~ (N/ge)V/25e ~ aNV2. Let us
introduce the second kind of blobs of the sizeso that the
chain can be viewed as a straight-line row of the blobs whose
number isry/ro > 1. Within such blob the electrostatic blobs
do not fluctuate (they are absolutely correlated, i.e., one can
say about “persistence length” of the chain of the electrostatic
blobs), and fluctuation-induced interactions are dominant at the
length scales larger tharmy. Thus, the fluctuation-induced
electrostatic energy can be estimatedRag/ksT ~ r/ro ~
(NU2/3/O4/3)1/2, i-e-, Ffluc < Fchain

Examination of the system is confined by a demonstration
of the stability of the overcharged complexes and by the
description of the mechanisms responsible for the overcharging.
Phase behavior of the solution of the microgel particles and
multiarm stars, which can embrace coexistence of the states |
and Il or precipitation of the neutral complexes, will be described
in a forthcoming publication.

4. Conclusions

We have studied in this paper the overcharging of the weakly
charged penetrable microgel particle (PA) by oppositely charged
multiarm star polyelectrolytes (PCs) in dilute solution. For this
purpose we have developed a simple theory that combines both
the mean-field approximation and the random phase approxima-
tion (RPA) to take into account fluctuation-induced attraction
of charged units in the complex. The main physical reason for
the overcharging was shown to be the gain in the self-energy
of the excess PCs because of localization of them within the
neutral complex. The self-energy of the PC comprises two
dominant contributions: (i) the electrostatic self-energy and (ii)
the energy of the stretching of the arms due to unscreened
repulsion of the charged units. The electrostatic self-energy
“release” in the complex occurs because of the collective
effect: neutralizing and excess PCs are rearranged within the

the condition (9) can be rewritten in terms of the radii of the complex in such a way as to homogenize the total charge of

unbound PCs, eq 7, and of the overcharged complex, eq 8:

R 2 1

" =-— u (10)

Il
wl
|
—_—
a1
o
O
S~—
[N
S

the complex. As a result, the excess charge of the complex
becomes “smeared out” throughout larger volume than it is in
the unbound PCs; i.e., the electrostatic self-energy reduces. The
screening of the electrostatic repulsion between the charged units
of the excess PCs within the complex leads to the shrinkage of
the star arms. This explains the gain in the elastic free energy.

Therefore, the number of the excess PCs is proportional to the The counterions have been found to play a dual role. If the

radius of the complex.

Using the results for the regime of infinite dilution, let us

number of the excess PCs is small, the counterions, which are
trapped within the PCs, promote the overcharging due to the

discuss the following aspect of the model. Derivation of the release of the part of them after localization of the PCs within
free energy of the unbound PCs in the state I, eq 2, was donethe complex. If the number of the excess PCs is larger, the
on the mean-field level neglecting the RPA term. Indeed, in complex gets higher charge and is able to retain more coun-
contrast to the neutral or overcharged complex, the fluctuation- terions in comparison with the unbound PCs. The fluctuation-
induced electrostatic energy of the swollen arms is much more induced interactions of the charged units prohibit the over-
smaller than the electrostatic mean-field energy of the PC. To charging because they are aimed to reduce the size of the

demonstrate this, let us address to the scaling concept. It iscomplex.

Ccbv
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We have shown that the overcharging is sensitive to the calculate the osmotic pressure:
concentration of the polyanions and to the number of the arms
of the polycations. Dilution of the solution diminishes the 0 V2 24l \34
overcharging. To get higher inverse charge of the complex, one =9 g T 4871( 2 2)
has to increase the number of the arms of the PCs.

It is negative and decreases with the increasep)of.e., the

Acknowledgment. This research was supported by the fluctuation-induced electrostatic interactions are attractive.

Deutsche Forschungsgemeinschaft within the SFB 569 and by Overcharged Complex. The overcharged complex can

(15)

the Russian Agency of Science and Innovations. contain some certain fraction of counterions to compensate
(partially) the excess charge. Denotey(x) = pm(X) — @n/
Appendix v, P(X) = ps(X) — @dv, and§(x) = pc(X) — @dv the small
density fluctuations of the microgel, stars, and counterions,
Neutral Complex. Let us consider a neutral PAPCs respectively. The contribution of Coulomb interactions to the

complex which is free of counterions. It is assumed that the free energy functional of the overcharged complex can be
subchains and the star arms of the complex have Gaussianwritten as follows:

statistics. Denote bym(X) = pm(X) — @/v andy«(X) = ps(X) —

@lv the small density fluctuations of monomer units of the Fe
microgel and the stars, respectivelym(X)| < ¢lv, [p«X)| < kBT =2
@lv. In the main approximation they contribute to the free energy
functional as

1l ﬁs(q) pm(q)

f(Zﬂ)

(S(C]) (S(Q) s Pm  Pe
OF () [1pda) v ol (E_E_F) )
Pm¥y) _ 1 qus_ O Ps  Pm Pe|[¥d)  ¥na)
ke T 2/ @) o Sl (2)(2%_%_%)(7_ o _5(‘1))4r
2 - 2
oL@ + Il )] (1) T D 00D o)) ey

where we used Fourier-transformed amplitugies is the wave

vector and|ym(q)|2 = vm(@)ym(—q). The first term of eq 11 The first term on the right-hand side of eq 16 corresponds to
corresponds to the electrostatic interactions. The parathister  the electrostatic energy of the excess charge homogeneously
proportional to the Bjerrum length= 4xlg. This term vanishes  distributed throughout the volume of the complex. The second
in the limit g — O because of the macroscopic electric neutrality term of eq 16 is equal to zero becaugg(q=0) = [dX(pm(X)

of the complex. The second term of eq 11 is the structural — ¢n/v) =0, etc. The last term comes from the thermodynamic
contribution. The effect of cross-links of the microgel and the fluctuations of the charged units. Introducing electrostatic
stars on the density fluctuations is negligible in comparison with potentialw(x), which is subjected to the Poison equatitmy(x)

that of the subchains and the arms. Therefore, we use the= —4a(@d(ov) — @nl(ov) — @dv), €q 16 can be rewritten in
approximation for the mixture of linear chains (the translational the conventional form

motion of the PCs is neglecteth).

The electrostatic free energy of the weakly fluctuating charges i (VW(X)) | _S(q)
can be found following a standard procedure: ~ f 2f - -
(23-[) o o
F OF (W 17
_’_‘I_ = —In Dy D, exp{ - —”(w.';f ws’)] +
kg Ks oF ) where integration over the spatial coordinatecovers the
o n\Pm ¥ volume of the complex an@d(ov) — @n/(ov) — @dv = [nZA1
Inf'@wm‘(m/’s eXJl_ kg T |—o] (12) — B) + Z(I' — B)])/(47R%3). We neglect the contribution of
the density fluctuations of counterions in eq 17. To argue in
where DymWyps = Mgdym(q) dyy(q) is a product of dif- favor of this, let us address to macroscopically neutral solution

ferentials. The details of calculation of similar Gaussian integrals of the mixture of oppositely charged polyelectrolytes with low-
can be found in ref 34. In the case of the functional 11, eq 12 molecular-weight ion?3°For this system in the salt-free regime

takes the form the contribution of counterions is negligible if the condition
24 ¢ ) lp2 < af(@,+ @) (18)
Th= +—= (23) ¢ s
’ ksTV (zn) ( a’q’

is held?%:30 The macroscopic electric neutrality provides the
whereV is the volume of the complex. Equation 13 comprises dependence. = f (@s + ¢m), leading tolg(@s + gm)la < 1.
both the energy of fluctuation-induced interactions between the This inequality is always valid for the case of weakly charged
charges and the self-energy of the chains. In contrast to thepolyelectrolytes. The concentration of the counterions inside the
systems with low-molecular-weight ioA%*the integral ineq finite-size overcharged complex is smaller than that in the

13 is convergent afj — oo neutral system?20 Therefore, in the case of the overcharged
complex the condition (18) has to be held a fortiori.
\/_ (24¢I )3/4 (14) Taking into account that the average concentrations of
0T 127 volal monomer units of the microgel and the stars are differ@g;

@m, the contribution of the density fluctuations to the free energy
To extract the contribution of intercharge interactions, let us functional takes the form CDV
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6Fo(wm1ws) _ 1 dq |. | U’s(Q) . U)m(Q) 2 +
KT _éf(zﬂ)3|.q_2 o o
a2q2 B ) a2q2 5
v 12¢S|1//S(Q)| + ul—z%lwm(q)l ] (19)
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(12) McQuigg, D. W.; Kaplan, J. I.; Dubin, P. . Phys. Cheni992 96,
1973.

(13) Wang, Y.; Kimura, K.; Huang, Q.; Dubin, P. Macromolecule4999
32, 7128.

(14) Talingting, M. R.; Voigt, U.; Munk, P.; Webber, S. Hacromolecules
200Q 33, 9612.

(15) Kabanov, V. A.; Zezin, A. B.; Rogacheva, V. B.; Gulyaeva, zZh. G.;
Zansochova, M. F.; Joosten, J. G. H.; Brackmamdcromolecules
1999 32, 1904.

The fluctuation-induced electrostatic energy of the overcharged (16) wallin, T.; Linse, PLangmuir 1996 12, 305.

complex is found by eq 12 with the functional (19):

3/4

V2[12@s+ @)l
127 P

o= (20)

References and Notes

(1) Alberts, B.; Johnson, A.; Lewis, J.; Raff, M.; Roberts, K.; Walter, P.
Molecular Biology of the Cell4th ed.; Garland Science: New York,
2002.

(2) Kabanov, A. V.; Kabanov, V. AAdv. Drug Delivery Re.. 1998 30,

49.

(3) Caruso, F.; Donath, E.; Mwvald, H.J. Phys. Chem. B998 102
2011.

(4) Giating, N.; Fritz, H.; Maier, M.; von Stamm, J.; Shoofs, T.; Bayer,
E. Colloid Polym. Scil999 277, 145.

(5) Felgner, P. L.; Gadek, T. R.; Holm, M.; Roman, R.; Chan, H. W;
Wenz, M.; Northrop, J. P.; Ringold, G. M.; Danielsen, Rtoc. Natl.
Acad. Sci. U.S.A1987, 84, 7413.

(6) Felgner, P. LSciencel997 276, 102.

(7) Gershon, H.; Ghirlando, R.; Guttmann, S. B.; MinskyBfochemistry
1993 32, 7143.

(8) Rdler, J. O.; Koltover, I.; Salditt, T.; Safinya, C. Bciencel997,
275, 810.

(9) Lasic, D. D.; Strey, H.; Stuart, M. C. A.; Podgornik, R.; Federik, P.
M. J. Am. Chem. S0d.997 119, 832.

(10) Tsuboi, A.; Izumi, T.; Hirata, M.; Xia, J.; Dubin, P.; Kokufuta, E.
Langmuir1996 12, 6295.

(11) Kabanov, V. A.; Sergeyev, V. G.; Pyshkina, O. A.; Zinchenko, A.
A.; Zezin, A. B.; Joosten, J. G. H.; Brackman, J.; Yoshikawa, K.
Macromolecule200Q 33, 832.

(17) Gurovitch, E.; Sens, RPhys. Re. Lett. 1999 82, 339.

(18) Park, S. Y.; Bruinsma, R. F.; Gelbart, W. Europhys. Lett1999
46, 454.

(19) Mateescu, E. M.; Jeppesen, C.; Pincust&rophys. Lett1999 46,
493.

(20) Nguyen, T. T.; Grosberg, A. Yu.; Shklovskii, B.Phys. Re. Lett.
2000Q 85, 1568.

(21) Grosberg, A. Yu.; Nguyen, T. T.; Shklovskii, B.Re.. Mod. Phys.
2002 107, 329.

(22) Laguecir, A.; Stoll, S.; Kirton, G.; Dubin, P. L1. Phys. Chem. B
2003 107, 8056.

(23) Potemkin, I. I.LEurophys. Lett2004 68, 487.

(24) Oosawa, FPolyelectrolytesMarcel Dekker: New York, 1971; p 13.

(25) Dobrynin, A. V.; Rubinstein, MMacromolecule2001, 34, 1964.

(26) Limberger, R. E.; Potemkin, I. I.; Khokhlov, A. R. Chem. Phys.
2003 119, 12023.

(27) Landau, L. D.; Lifshitz, E. MStatistical Physics, Part;1Pergamon
Press: New York, 1970.

(28) Flory, P. J.Principles of Polymer ChemistryCornell University
Press: Ithaca, NY, 1953.

(29) Borue, V. Yu.; Erukhimovich, I. YaMlacromolecule4988 21, 3240.

(30) Borue, V. Yu.; Erukhimovich, I. YaMlacromolecule499Q 23, 3625.

(31) Castelnovo, M.; Joanny, J. Mlacromolecule®002 35, 4531.

(32) Shusharina, N. P.; Zhulina, E. B.; Dobrynin, A. V.; Rubinstein, M.
Macromolecule2005 38, 8870.

(33) Grosberg, A. Yu.; Khokhlov, A. RStatistical Physics of Macromol-
ecules AIP Press: New York, 1994.

(34) Potemkin, I. I.; Oskolkov, N. N.; Khokhlov, A. R.; Reineker,fhys.
Rev. E 2005 72, 021804.

(35) de Gennes, P. G.; Pincus, P.; Velasco, R. M.; Brochard, Phys.
(Paris) 1976 37, 1461.

(36) de Gennes, P.-GScaling Concepts in Polymer Physic€ornel
University Press: Ithaca, NY, 1979.

MA0605649

Ccbv



