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Electrostatic interaction of oppositely charged double layers
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We determined with anisotropic hypernetted chain theory the effective pressure and counterion excess of two oppositely charged surfaces
immersed in an electrolyte solution. These thermodynamic properties are enhanced in surfaces with evenly smeared surface charges witl
respect to those containing confined mobile charges. For low surface charges and moderate reservoir salt concentration ions are expellec
from the slit between the planes. Depletion arises from ionic charge positional correlations. Its effect was determined through the number of
excess of counterions which displays a negative value in the range of low surface charge density. However, a Poisson-Boltzmann calculation
lead to positive definite counterion’s excess due to its lack of ionic correlations.

Keywords: Electrolyte; double layers; liquid theory; primitive model; colloids.

Determinamos con la telarcadena hipertejida anisopiica la pregin efectiva y el exceso de contbaes de dos superficies con cargas opues-

tas inmersas en un electrolito. Estas propiedades ter@mitias se incrementan en superficies con una distébuwi carga uniforme que

con respecto a aquellas que contienen cargas confinadas discretas y mobiles. Para baja densidades superficiales de carga, y concentracio
moderadas de sal en bulto, los iones son expelidos del espacio entre los planos. Lémediidznes se origina por la correlaeiposi-

cional entre las cargas. Y su efecto fue determinado cofiraeno de contréines por exceso el cual adquiere valores negativos para bajas
densidades de carga superficial. Sin embargo la deterramdei exceso de contaies con la ecuan de Poisson-Boltzmann conduce a

valores positivos debido a que ignora las correlaciodegas.

Descriptores: Electrolito; dobles capa; teiar de Iquido; modelo primitivo; coloides.

PACS: 61.20.Qg; 82.70.Dd; 68.37.-d; 68.15.+e

1. Introduction molecular species. Thus, the system total free energy is low-
ered, and the counterions, which were previously confined

In recent years has grown much interest on the effective eledetween the surfaces, are carried out into the bulk solution
trostatic interaction between oppositely planar charged suwvhen the macromolecules surfaces approach each other. The
faces in aqueous electrolyte solutions [1-5]. Since, it is concontribution of the counterion release mechanism to the force
sidered to be an important mechanism that regulates selff two oppositely charged surfaces having a smooth distri-
assembly of cationic lipid-DNA complexes [6], attachment bution of surface charges was determined numerically from
of biopolymer to cell membrane surface [7], and stability PB theory by Maier-Kollet al [1], and comprehensive scal-

of colloidal suspensions [8]. Most of the theoretical stud-ing relations for this property were provided by Safran [9].
ies by other authors on this system has been conducted Byhereas the mean field study of the more general case of
using the Poisson-Boltzmann (PB) theory [1, 2, 9]. Its in-2symmetrically charged membranes was performed by Ben
vestigation within mean field theory using 1:1 reservoir elec-Yaakov et al [2]. However, real interacting surfaces such
trolyte solutions, lead to the conclusion that equally strengtt®S biological membranes have lateral inhomogeneous charge
and oppositely charged surfaces are always attractive [10]J!istributions which induces positional density correlations.
And asymmetrically charged planes can either attract or rel? the present manuscript we investigated with the use of
pel as function of the magnitude of surface charge and disthe anisotropic hypernetted chain (AHNC) theory the total
tance of separation [10]. Yet, repulsion of asymmetricallyPressure and counterion release due to ion-ion correlations
charged surfaces has been demonstrated experimentally wighd discrete surface charge distribution. The model system
the atomic force microscope in multivalent electrolytes [3]iS made of two similarly charged planes of opposite sign in

and confirmed through Monte Carlo simulations [11]. high monovalent saline solutions and with low up to moder-
0g;\te surface charge. We find important differences between

The effective force between the surfaces is comprised T ean field and liquid theory which appear at high salt con
the osmotic pressure due to the reservoir solution, steric and q y pp g
. o : tent and low surface charge. Hypernetted chain theory pre-
direct electrostatic ion interactions, the short range van der; ; . :
. . dicts depletion of ions from the slit between the surfaces for

Waals attractive force and the counterion release force. Wag- . L L
ow charged plates. Depletion originates from pair ionic cor-

neret al [6] determined with osmotic stress techniques thata ", . .
[6] g relations that are not taken into account by mean field the-

major mechanism of DNA and lipids self-assembly is driven . . .
. ory. Correlated density fluctuations arise from hard core and
by the large amount of released counterions from the macro-
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electrostatic pair direct interactions. Thus, the resulting totalhere 1* is the ion’s chemical potential that in thermody-
counterion and coion concentrations in the slit may becom@aamic equilibrium reaches a constant value, while= A is
much lower than their bulk saline values. On the other handits thermal wave length, which is assumed to be the same for
the net pressure between the plates as predicted from AHN@II ionic species. In the above equation

is larger for a smooth density of surface charge than for sur- qi L
faces having discrete mobile charges. qi(21) = —drColan -
1.1. Model system and theory — 27r%2j /d22|21 — 2|n? (22)q;, (5)

Consider the system consisting of two surfaces with equalvhere(z;) is the average electric field in the electrolyte
magnitude of surface charge| and of opposite sign sepa- phase at position; [13]. We obtained converged solution
rated the mean distandeby an 1:1 electrolyte in water of of Eq. (2) self-consistently with the use of Egs. (3)-(5) and
dielectric constant = 78.5. The surfaces have the same di- using a cut off for the long range tail i;; andc;; that orig-
electric constant as the continuous solvent. In the aqueounrates from the Coulomb potential [12] (see Appendix). In
phase all ions have the same hydrated diaméter4.25 A, all our numerical results for AHNC theory, we imposed the
therefore, the source field of an ion of specied a distance overall electroneutrality in the system

r3p IS Zmex
‘ / dz[+en+(z) - en_(z)} +o— ‘U| =0, (6)
wi(rsp) = { = 1) Zo
0, rsp < d, which allows for the exact match of the different ion’s chem-

bcal potentials that result from the ionic equilibrium with the

where it has been included a hard core to avoid overlappin - 4 bulk  hulk
reservoir electrolyte, thug, ™ =p3" + x andp ™ =p3™* — x

between the spheres angl, = V2 + 22. ¢; = ev; is the i bl 3 . =+
charge on spherie with v; = 1 being its valence, andbe-  With Exp[u™] = ngA”y+ andy. is the mean activity coef-
ing the electronic charge: is the radial distance on one sur- ficient corresponding to the concentratianof electrolyte in

face from the ion to the origin of coordinates. For the case off€ bulk solution. The constagtis obtained self-consistently

surfaces bearing discrete charges we consider that each pldf8™M the above Eq. (6). _ .
has a liquidlike equilibrium distribution of these same sized At mean field level, we have taken into account finite

spheres. We shall not consider neither image charge effeciniC Size effects by using the Poisson-Boltzmann's equation,

nor the negligible weak van der Waals interactions. At ther.Ref. 15

mal equilibrium the microstructure of the system is obtained V3(z) = ,4I[+en+(z) —en(2)], (7)
from the Ornstein-Zernike equation [12] €

where the ion’s local concentrations are given by

hij(r, 21, 22) = ci5(r, 21, 22) +6ey(z)
J J njF(z) _ noe ' (8)
1 — 2nod3 + 2nod3cosh(Bey(z))
All ions are restricted to reach the distance of closest ap-
) . proachzy, = d/2 andzpnax = L — d/2 from the plates.
whereh,; = g;; —1 andc;; are the total and direct correlation From Egs. (4) and (8) the contact (cont) values of the vol-

functions respectively, which are obtained self-consistently, .o qistribution of ions,* (#min) are obtained. Therefore,

. cont
by the closure relation the total (tot) pressure between the walls can be written as

+Z.Y/drdZ3ci.y(r, 21, 23)n" (23)hyj (1, 23, 22), (2)

gij(’l”, 21, 22) = exp[hij (’I“, 21, ZQ) Piot = Pait — Poulk, (9)
(3) with Py = ksTnd e + Noont] — 2 from the contact

cont 2€e€g

value theorem [16], and the osmotic pressure due to the elec-
gi; is the pair correlation functions = 1/kgT, andkp is  trolyte solution Pounc = ksT¢lnd + ng ], whereg is the
the Bolztmann’s constant aril = 298 K is the room tem- bulk osmotic coefficient associated with the ionic bulk den-
perature. The profile density of ions in the normal directionsity correlations included in the general AHNC framework,

to the surfaces is determined from [13, 14] meanwhile in mean field theogy = 1, andng = n, are the
bulk densities of both species of ions. Withthe permittiv-

n'(z) = %@m exp {_ B (z1) — /drdZQTLj(ZQ) ity of vacuum. The excess of counterion release (number of
A; ions in the slit minus their bulk values) is given by

— Cij (’f’, 21, 22) - ﬁul(r?)D)qJ]

1 Zmax
7h2 — G\l ) - AR ) j
. (2 (21 22) = e (r 21, 22) = Bui(r 21 22)%” N=A / dz[n*(2) + 07 (2) = 2n0).  (10)
1 Zmin
a hz 5 ) — G4y ) ) ) 4 .
+ 2 [his (0,21, 21) = €550, 21, 20)] “) with A the area element.

Rev. Mex. 5. 57 (4) (2011) 356-361



358 A. FLORES-AMADO AND M. HERNANDEZ-CONTRERAS

o ' ' ' ' " picture also the PB prediction for this property, black filled
o<[ 0008 . | triangle A, as it is more clear to see its magnitude difference
~ : ; with respect to liquid theory result. And Fig. 1b yields the slit
E 0.006 1 . : ° T pressurePy;;, in Molar units versus surface charge. We can
o) .. observe that only at very low surface charges{( .05 C/m?)
E 0.004 - i, . both models coincide and the case of smooth surface charge
S s ‘ predicts a larger strength of surface’s attractive interaction
= 0.002 | R . than the discrete surface charge case.
—_ LA 4 e With an opposite behavior for the monotonously increas-
< 0.000] a & * . ot _ ing counterion’s excess function. Such functional relation-
Sy e o* (a) ship of the pressure and counterion excess as a function of
Z ool R —— surface charge prevails down to lower salt concentrations
000 005 010 015 020 025 0.30 too (0.1 M,y = 0.778 ). The PB result forN/A yields
the same trends as observed above for the more concen-
trated case, that iSV/A > 0 for all surface charge den-
— N T T T ] sity (not depicted). However its comparison with liquid
E 1 e (b) : theory values becomes less relevant as the concentration of
— 11 * o . 1 salt is diminished. For instance, at 1M of electrolyte the
) 0 ". 5 ] largest relative difference between mean field and AHNC is
2 ] o ] 0.00128 Numbe&2, whereas at 0.1 M it has dropped to just
1 . - 1 7.26x10~° NumberA2. Thus, both theories coincide in their
— 2] ¢ 0 ] predictions on this structural property at low surface charge.
oC ] e 7. There are three distinct regions whe¥g¢A < 0, =0, > 0
-\E -3+ . . . versuso, which depends in the difference in magnitudes of
D(i) _4_‘ * . ] Zmax
1 .. 1 A / (n~ +nt)dz
° -— Zmin
0.00 005 040 015 020 025 0.30 and A[Zmin — Zmax2no in Eq. 10. The resultv/A = 0 cor-
C / 2 responds to the largest possible counterion release from the
G m ] surfaces and therefore their concentration between the plates

is the same as in the bulk. Similarly for the slit pressure, its

FIGURE 1. (a) calculated excess of counteriaNg A as a function three distinct regions whety;, < 0, — 0, > 0 are given by

of surface charge density. Predictions using liquid theory; sym-
bol o for discrete, and smooth surface charge respectively, and
mean field resulia for case of smooth surface charge only. Sys- 14
tem; restricted primitive model of 1:1 electrolyte at 1 M concen-
tration between two infinite flat walls separated SFigure (b) are
the liquid theory predictions of slit pressufgi./RT' versus sur-
face charge density for o discrete, an® smooth surface charge,
respectively.

T T T T T T T T T T T
A A -

2. Results I

n¥(z) [Molar]

We considered two model systems; a smeared out, and dis 41
crete charges with liquid like structure, on surfaces. Figure 1
depicts the results obtained from AHNC for the two cases
with ny = 1.0 M of 1:1 reservoir electrolyte solution. At
this concentration. = 0.656. We kept fixed the plates sep-
aration toL. = 9 Aand varied the surface charge density in
the range) < o < 0.3 C/m?. Therefore all thermodynamic
properties;n ™ (z), Fior, and N/A were calculated as func- FIGURE 2. Calculated profile concentrations of ions between

tions of o in order to capture their most general behavior for ihe two walls with smooth surface charge; mean field results are
each model studied on this same rangerofFigure 1a is  the symbolsa, v, O, for ¢ = 0.256, 0.178, 0.0178 C/m?,

the plot of the excess of counterioh§ A in units of number  respectively. ~ AHNC result corresponds ® symbol with
of particles per Angstim square. We have included in this ¢=0.16019 C/m®. Other system parameters as in Fig. 1.

Rev. Mex. 5. 57 (4) (2011) 356361
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ol 0.0025 -— . . . . . flat neutral surfaces in aqueous solvent due to image charges
0 on the walls [17]. Where it was found there appears depletion
0.0020 - . ] of ions from the slit for various surface separations. How-

ever, in our case depletion of ions results from correlations

0.0015 in core and charge density fluctuations taken into account in

—

<C

=
)

O o0 1 AHNC theory. Which it is not present in PB theory due to
E 0 its lack of such an effect and therefore doesn’t predict deple-
S 0.00104 “ i tion of ions as can be seen in Fig. 1la (black triangle symbol)

Z ° for the smooth surface charge model system. Figure 2 is a

—y  0.00054 o plot of four profile distributions of ions obtained from the

o ] mean field equation 8, for the three surface chaeges 256,

g 000001 oo K (a) 0.178, 0.0178 C/(open trianglea, open triangle dowv,

Z . : : : : ‘ : and open squarel, respectively). And the black filled cir-

000 005 040 045 020 025 030 cle e is the AHNC profile distribution of ions obtained at

o = 0.16019 C/m?. A common feature of the three mean
field ion’s density profiles is that they predict a bulk concen-

— L tration of 1.0 M at the middle of the slit= 4.5 A. Whereas,

E 0] °ce “ (b) i due to the depletion effect predicted by liquid theory, the ion’s
—_— 2 e ] profile yields a lower bulk concentration on the order of 0.7 M

O 4 Vo, {1 foro =0.16019 C/m?, see Fig. 2.
2 6 L . Due to this breakdown of mean field the predicted slit
— 3 oo i pressure turns out to be also different from the AHNC results,
I— A0 e ] since the calculated mean field contact vabm§§t yield also
m 12 o’ , ] of different magnitudes with respect to liquid theory. Figure 3
Sy 40 . 1 is the plot of N/A and Py, versuso calculated using liquid

= theory for the lowest electrolyte concentration we considered

<N 61 S 0.1 M, while the distance between the surfaces was kept fixed
ol 18 * 1 to 9 A. We find thatP.;, has a similar trend as in the more

20—

P concentrated case above. It is larger wheis smooth than

— T
0.00 045 020 025 030

005 0.0 ) .
2 in the discrete surface charge case. However, the property

G [C/m ] N/A remains approximately equal as calculated from the two

model systems in a wider range of surface charges, from low

FIGURE 3. Liquid theory prediction of excess of counterions (a) UP to moderate values, thatds< 0.2 C/m?. Finally, Fig. 4

and slit pressure (b) as a function of surface charge for diserete

and smooth density of surface charge. Wall's separation Asid 0

salt concentration 0.1 M.

the relative differences in magnitudes of the terms — | *©

kBT (ndont + neony) @nd—o2 /2¢eq. Thus, for increasing sur- -2 - o .
face charger, we can observe that there is a correspondence== 1
in the general trends between the slit pressure and excess ¢
counterions. Note that the point where the slit pressure turns&=,
into negative is roughly the same as for the counterions ex- |
cess function. NamelyN/A as a function ot is negative C 54
from zero up to the value of ~ 0.1 C/n? after which it ~ ] o ]
turns on positive values. The region wheYgA is negative 2 6 ]
means that there is a depletion of both counterions and coion:Q .

between the two surfaces for low strength of surface charges -7 4 o .
Therefore, the total concentration of ions in the slit turns out 1 1

to be lower than in the case of bulk solution, namely B S S S N
000 005 010 0.5 020 025 0.30

Molar

Zmax

A / (n~ +n")dz < Al Zmin — Zmax2no- ) [C/mz]

.
e FIGURE 4. AHNC prediction of total pressure between the two
This is an important effect that has also been observed in th@alls for discreteo, and smoothe density of surface charge.

context of 1:1 electrolytes confined between dielectric hardsame system parameters as in Fig. 1, ard 1.094.

Rev. Mex. 5. 57 (4) (2011) 356361
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depicts the total AHNC pressure between the surfaces givewith inverse
by Eq. 9 for the two model systems. It is attractive in all

of the range of surface charge considered. Being of larger

strength for the case of evenly smearing of charges on the

surfaces than in the discrete surface charges case.

Fr) = (1/2m) /f(k)Jo(kv')kdk,

Eq. (2) becomes
3. Conclusions hij(k, 21, 22) = cij(k, 21, 22)

We determined with the hypernetted chain liquid theory the + Zw/dz;;cm(k, z1,23)n0 hyj(k, 23,22). (1)
counterion excess and pressure between two flat oppositely

charged surfaces bearing either, an evenly smooth, or digor the numerical solution of this equation, theoordinate
crete density. We used as intervening electrolyte the rejs discretized into 122 layers between the surfaces. Each
stricted primitive model. When the surface pose a SmOOtther has a widthAz,, giving a two-dimensional number
charge density the counterion excess and pressure propertigsnsity per layer, and for Specie$§m) ~ Azpni(z0M). It
enhance their magnitudes with respect to the case when theassigned a set of layers to each ionic species through the de-
confined charges are discrete and formed by mobile ions witBendence = i(m). Also, we can define the independent of

a thermodynamic structure of a liquid like model. Another qyantity p(™) /Az,, ~ Ni(my (2(™). Similarly for the corre-
conclusion is that liquid theory predicts depletion of thoseation functions we havet (™™ (k) = Fimyitmy (ks 2™, 27).

ions that reside in the slab between the oppositely chargegherefore, the Ornstein-Zernike equation (OZ) in matrix
planes, and hence their concentration becomes smaller, at Igg,, is H(k)=C(k)+H(k)NC(k) whereH andC are ma-
surface charge, than in the reservoir solution. An effect that igrices of orderm x n, and (N} = {n™65,,} a di-
confirmed by the appearance of negative values on the COURyonal matrix. d,., is the Kroneckers delta. The pre-
terion excess function. In addition, and for comparison, W&jous matrix form of the OZ equation has the solution
treated this model system, in the case of smooth surface deﬂ(k) = (I — C(k)N)~1C(k), with I the unit square ma-
sity only, with mean field theory. The Poisson-Boltzmann'syx cut of the longe range tail of (k) is defined through
equation lack of ionic correlations, in contrast to the AHNC e short range functions;,

result, leads to positive values on the excess counterion func- /

tion for all charge density. cij(k, ziy zj)=ci; (k, zi, 25) — qiqj/2€€ok.

Now using the identity matrix
Acknowledgments
J (M—xy")"'=M"'+M 'xy"M~!/(1-y"M'x),

This work was supported by CONACYT Grant # 48794-F, . .
wherex andy are column matrices, T means matrix trans-

México. . o .
pose.M a square matrix. And definilyl = I — C*°N, with
x=q={q"} = {dim }, ¥y = —a' N/2ecok, it yields the

Appendix solution of the OZ equation

H(k)=(I-C*N)"'C*

(I-C°N)"'qq" (I-NC*)"!
[(k+qTN(I-C*N)~1q/2een))2¢€o]

Using the Hankel transforms for the radial dependence

f(k)=2n [ f(r)Jo(kr)rdr,
/

We used 300 mesh points in the lateral coordimate

1. A.A. Meier-Koll, C.C. Fleck, and H.H. von Ginberg,J. Phys. 5. I. Popa, P. Sinha, M. Finessi, P. Maroni, G. Papastavrou, and

Condens. Mattel 6 (2004) 6041. M. Bokovec,Phys. Rev. Lettl04(2010) 228301.

2. D. ben Yakoov, Y. Burak, D. Andelman, and S.A. Safr&u; 6. K. Wagner, D. Harries, S. May, V. Kahl, J.O. Radler, and A.
rophys. Lett79(2007) 48002. Ben-ShaullLangmuir16 (2000) 303.

3. K. Besteman, A.G. Sevenberger, H.A. Heering, and S.G. 7. C. Fleck and H.H. von Gmberg, Phys. Rev. E63 (2001)
Lemay,Phys. Rev. LetB3(2004) 170802. 061804.

4. U. Raviv, P. Laurat, and J. Kleird. Chem. Phys116 (2002) 8. L. Sjostrsm, T. and Akesson,J. Colloid Interface Scil81
5167. (1996) 645.

Rev. Mex. 5. 57 (4) (2011) 356361



10.
11.

12.

13

ELECTROSTATIC INTERACTION OF OPPOSITELY CHARGED DOUBLE LAYERS 361

. S.A. SafranEurophys. Lett69 (2005) 826. 14. P.H. Attard, R. Kjellander, and D.J. Mitchell, Chem. Phys39
V.A. Parsegian and D. GingeBiophys. J12 (1972) 1192. (1988) 1664.
M. Trulson, B. nsson, TAkesson, J. Forsman, and C. Labbez, 15. |. Borukhov, D. Andelman, and H. Orlanélectrochim. Acta
Phys. Rev. Let97 (2006) 068302. 46(2000) 221.
J.P. Hansen and I.R. McDonaltheory of simple liquidgAca- 16. D. Henderson and L. Blund. Chem. Phys/5(1981) 2025.

demic, London, 1986). 17. R. Kjellander and S. MarceljagChem. Phys. Lettl42 (1987)
. R. Kjellander and S. Marceljd, Chem. Phys32 (1985) 2122. 485.

Rev. Mex. 5. 57 (4) (2011) 356-361



