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Electrostatic correlation force of discretely charged membranes
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The total force between two like charged surfaces is investigated as a function of counterion concentration
in aqueous solution and surfaces distance of separation. A smooth and a discrete density of surfaeg charge
lead to differences in the force distance curve at lighwhich are negligible for low surface charge. The total
force per unit area with divalent counterions is an oscillating functiom0fAt fixed surfaces separation and
region of attractior(increasingo), there is a variation in its strength that results from a competition between
the ideal kinetic and ion-ion correlation force components as predicted from the anisotropic hypernetted chain
approximation.
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[. INTRODUCTION thermodynamic conditions of charge and separation. Our cal-
culations show that independent of the way the surface
Attractive forces between like charged objects due to theharges are distributed, the pressure curves with a low to
correlated fluctuations of their counterion concentrationmoderate surface chargeg coincide quantitatively, but there
plays an important role in the adhesion of biological cellappears quantitative differences at very high charge density.
membraneg1-4]. They have been also recognized as an!he total pressure of monovalent counterions is repulsive in
important mechanism for DNA to get tightly packed in a the range of_ charge considered. For _dlvalent_lons it is found
bacterial capsid, and in eukaryotic celf]. Experimentally o be repulsive for lowrs, and attractive for high values of
these forces have been studied systematically with osmotigurface charge with its strength varying nonmonotically as a
stress techniques in bulk aqueous solution of Dfg# and  function of the surface charge. These oscillations in the pres-
with the use of high resolution x-ray scattering techniques irsuré curve derive from the competition between the ideal
an overall neutral stack of synthetic charged membranelinetic and ion-ion correlations pressure contributions.
made of a mixture of the surfactant sodium dodecy! sulfatgcounterion profiles at lovss are found to be different for
and the pentanol cosurfactant, in equilibrium with their dis-discrete, and smootbrs. However, these differences dissa-
sociated counterion§6,7]. Recently, it was demonstrated Pear at moderate and high charge in which case the ions
that these forces arise from the correlated fluctuations ofieplete from the middle of the slit forming a cloud closer to
multivalent counterions that form almost two-dimensionalthe surfaces. It is also noticeable that radial distribution func-
clouds closely bound to their compensating planar chargetions of counterions that are located in the same layer, par-
surfaces[8]. Also condensed monovalent counterions onallel, and just next to the surfaces display an accumulation of
highly charged surfaces with a smooth distribution of charge&ounterion pairs driven by the positional correlations with
lead to this attraction, as shown through numerical calculathe oppositely charged neighbors.
tions of integral equation theof®—12 and computer simu-
lations [13-15. Using a Gaussian fluctuation theory the Il. MODEL SYSTEM
asymptotic analytic expressions for this force at all separa- .
tion regimes that correspond to a few angstroms were found TW0 models of charged flat membranes are studied. The
in a model of a pair of neutral membranes formed by arfdueous solvent is treated as a continuous dielecric,
equimolar mixture of a simple salt, which corresponds to the= 78-5. Smooth and discrete distributieaf charged spheres
case of strongly adsorbed counterions on discretely charge?) Surfacegare considered, neutralized by monovalent and
surfaceq16,17. It has been also used for counterions delo-divalent counterions that have identical size diameter
calized from the surfaces through an approximate mean field4-25 A. We shall not treat the case with added salt. Two
distribution[18]. In many real situations counterions are de-Such surfaces are separated by a mean distangg. 1. In
localized from the surfaces and distributed quite inhomogethis RPM modelN particles interact with the pairwise Cou-
neously[19]; therefore, the correlated pressure is very sensilomb potentials
tive to the actual ionic profile distribution and, it is expected

the pressure curve to show a more complex behavior as a di . Tp>0
function of separation, presenting, however, the asymptotic vi(rzp)=9 €M3p (1)
force laws cited above. We performed numerical calculations ®,  rap<o,

of the hypernetted chain theofHNC) on the restricted

primitive model (RPM) for continuous and discretely whereq;=eZ is the total charge on particleof valencez; ,
charged membranes with their delocalized monovalent andnde is the elementary electric chargey is the center to
divalent counterions in solution, in order to determine thecenter distance of separation of two particles. Each of these
total pressure between pairs of membranes under differemhodel membrane systems satisfy the electroneutrality condi-
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wherer is the radial distance of separation between a pair of
ions in the same ionic layer arxlthe midpoint perperdicular
coordinate of layeii. This integral equation is solved with

the HNC approximation
@ 0ij(r,z1,25) =expg h;j(r,z1,25) — ¢ij(r,21,2,)
‘:C ““““““““““ — T T Zmn — Bui(rap)q;], ®)
r h wherer zp=r?+(z;—2,)%, and B=1/kgT, kg the Boltz-

mann’s constant anfi=298 K the temperature. In order to
solve Eq.(4), the nonlinear Poisson-Boltzmann distribution
obtained from Eq(2) when the correlation functions are ig-
_ _ _ _ - nored is used as initial profile. Thereafter, neyvandc;; are
determined with Eqs(4) and (5), and used as inputs for
| OOOO OOO| correcting the new profile given by E) until successive
» iterations give updated correlation functions within 0.001%
FIG. 1. A pair of like charged flat membranes separated bydiference from the previous solutions. Up to 41 layers were
water e=78.5 a mean distanch, having each one the surface used in the normal directionto the surfaces, with 150 dis-
charge densityrs. Both the counterions of valencgi and the crete points in the lateral directianin a layer. Cuts of the
discrete charge on surfaces have diameter4.25 A. long range tails of all correlation functions due to the Cou-
lomb interactions were performed as described in Rz
tion qfdzp(z)=—20s, wherep(z) is the volume profile Converging solutions were obtained after four steps of this
distribution of counterions in the normal direction to the iteration scheme. The net interaction pressiger unit area

planes, andrg the density of surface charge. We study thebetween the surfaces is determined from
pressureP on the surfaces, and the equilibrium distribution

of counterions with the use of the anisotropic HNC theory P=Pyint Pet Pcore, (6)
[10]. In this theoretical scheme the counterion distribution is
determined from where
b Puin=KgTZipi(h/2), (7)
pi(z1)= Fem{—ﬁqiw(zl)—ijj drdz,pj(z,) hi2
I

0
Pei=2i o lePi(Zl)fihldeZPJ(ZZ)

X

1

_hﬁ(razlvzz)_cij(razl122)_Bvi(r121122)qj> L.

2 J der%fhzﬂhij(r,zl,zz), (8)
1

1
+E[hij(0,21121)_Cij(0a21121)] : 2

h/2 0
Peore=KgT272,; dzlj ) dz,(z1—2,) pi(z1)
where A; is the thermal wave lengthy; is the chemical 0 hi2

potential of the counterions between the surfaces that at ther- X pi(22)9ii{[ 02— (21— 2)21"2 21,25}, (9)
mal equilibrium is a constant independentiofn the above . .
equation whereu;; =q;q;/ersp, andp(h/2) is the density at the mid-

point between the wall®;, is the ideal kinetic part?, the
_ Qi qi electrostatic correlation pressure, aRd,.. the core-core
Gi(z) = —Zw?os(hﬂr)—Zw?EJ— particle interaction pressure due to collisions of the ions.

XJ 22— 2,/p;(2)0; 3) lll. RESULTS AND DISCUSSION

In this work we are interested in studying structural ther-
where y(z;) is the average electrostatic potential in themodynamic properties in models of pairs of charged mem-
counterion phase, and the surface to surface distance of branes separated a mean distaritemade of a two-
separation. The total correlation functibp=g;;—1 and the ~ dimensional ionic liquid of discrete spherical negative
direct correlation functionc;; are determined from the charges of diameter. We will compare the same properties
Ornstein-Zernike equation for the cases of a smooth density of surface charge, and that

of a discrete charge distribution. A number of thermody-

namic properties such as the pressure, free energy, internal

hij(f,Zl,Zz)=Cij(f121722)+27J drdzsci(r,z1,23) energy, and counterion distribution depend on the precise
knowledge of the radial distribution functioggr,z,;,z,) of

X p,(Z3)h,;(r,z3,2;), (4) counterions in the gap between surfaces. We determined
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FIG. 2. In (a) are the pair correlation functions CD{dashed
and DDiv (dot-dashef of divalent counterions at the ionic layer
z,/0=0.5, with a continuous and discrete density of chasge
—e/285.6 A2, respectively, and surface to surface separation
=1.75 A. The continuous curve DDiv is the pair correlation func-
tion at midpoint between the surfaceg/o=1.4. In (b) the same
correlation functions are depicted as (@ for the charge density
os=—¢e/60 A2 andh=3.25 A.

Concentration (Molar)

these structural properties for four systems: with a continu-
ous(C), and discretéD) density of surface chargeg, with
monovalent(Mon) and divalent(Div) counterions, systems
that are denoted respectively as CMon, CDiv, DMon, and F|G. 3. Concentration profilgs(z) of counterions of valencgi
DDiv. Three sets of parameter values were consideredyith a continuougCMon, CDiV) and discretg¢DMon, DDiv) sur-
a low o,=—0.06675 C/m=—¢e/285.6 A%, moderate face charges. (a) for o= —€/285.6 A2 and surface- surface
os=—0.267 C/mM=—e/60 A2 and highos=—0.4 C/nf  seperatiorh=8.75 A; (b) for os=—e/60 A? andh=10.75 A.
=—e/40.05 A%,

We consider first the lower charge density case. In Fig. Zrate value os=—0.267 C/id and small separatiorh
we plotted g(r/o,z,/0,z,/0) for the closest counterion =3.25 A between surfaces produces oscillations in the ra-
layer to the wall, and for the ionic layer at the middle of the dial distribution functions. These are seen in Figb)2for
slit and two values of the surface to surface distancén  curves DDiv and CDiv ofy(r/c,z,/0,2,/0), which is the
Fig. 2(a), curve CDiv(dashed curveis the pair correlation pair correlation function of positively charged divalent coun-
function of divalent counterions in the layer at the closestterions. Here, as in the previous case of low chargethe
distancez; =0.50 to the surfaces. This probability function discretization of surface charge led to a distribution function
reflects the fact that for a given, continuous, an ion in layer DDiv in layer z;/0=0.5 (dot-dashed curyehigher than
z; at the origin ¢/o=0) will find a second ion, in the same when the surface charge is continug@®iv dashed, due to
layer, and located a distancé/o apart, with a probability —the stronger electrostatic correlations among counterions and
value that is lower than {curve CDiv dashed Whenogis  surface charges. Thus, the effect of the discretization of sur-
discrete, the presence of negative discrete charges on mefiace charge and their correlations with ions in the bulk is to
branes increases this probabiliyot-dashed curve DD)vn indirectly enhance the counterions accumulation in layers
the interval 0<r’/o<3. Therefore, electrostatic correlations very close to the walls. Nonetheless, the radial distribution
among positive counterions and those negative in-plane sufunction of ions at the midpoint of the slityg/ o= 1.4[Fig.
face charges are strongest and indirectly favors counteriorgb), DDiv continuous curvg is even higher than for ions
to approach each other even more than wheiis continu-  located atz; /0. Thus, for surfaces separatiohs<3.25 A,
ous. Discretization of in-plane charge lead to correlations ofons located in a layer at the midpoint in the slit display a
ions that are less important for ions at the center of the slitmore structured pattern than do those ions residing in layers
z,0/ o, @s can be seen in Fig(&, continuous curve DDiv, closer to the surfaces at this density of charge. However, a
where this correlation function shows less structure. We rereverse structural effect to the one discussed just above is
call that for the case of monovalent counterions both curvefound when the surfaces separation is increased to the inter-
CMon and DMon do not show much differences amongmediate valueh=10.75 A at this moderate charge (not
them at this value ofrg. depicted, where in general pair correlation functions of ionic

An increase in the density of the surface charge to a modiayers closer to the walls are higher than at midway between
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walls. At the very high surface charge=—0.4 C/nf, we  We noticedp(z) is almost the same irrespective of the struc-
find a similar behavior of all correlation functioagr,z,,z,)  ture given to the distribution of surface chargg and va-
as for the case of moderate,=—0.267 C/m described lenceZ;. The counterions increase their concentration pro-
before. We may summarize these qualitative observations die closer to the membrane surfaceshagets larger, and
follows; for very low charges and at all separationty, the  develops oscillations for monovalent counterions.
ionic layers closer to the walls are high@nore structured Having addressed the problem of determining the profiles
than at midway distance from the surface. The same occudensity p;(z) we calculated the total pressure from E6).
in g(r,z;,2,) for moderate and high surface chargehif At the low surface charger,=—0.06675 C/rA the net
>3.75 A. These effects on the pair correlation functions arecounterion pressure for bothZ;=1 and 2 is repulsive at all
opposite to those mentioned above whew3.75 A for  surface-surface separatiorts It is also found that the
moderate and high, that is,g(r,z;,z,) is more structured strength of the core-core pressure component is higher for
at the middle of the slit than for ions closer to the walls. Z;=1 than forZ;=2 at all separationk and surface charge
Once we determined the structural properti€s,z; ,z,), 0s. A fact that comes about from the larger frequency of
we found from Eq(2) the ionic profilesp;(z) in the normal  contacts among monovalent ions and also due to their higher
directionz to the surfaces. For all the systems the separationeoncentration. However, the electrostatic correlation pressure
wereh=8.75 A and 10.75 A. These profilgs(z) are dis- component is always more important fdr=2 due to the
played in Figs. &) for o= —e/285.6 A?, and 3b) for o, strongest electrostatic interactions than fr=1. For a
=—¢e/60 AZ. From these plots we observe that discretizinggiven valency of ions the net pressure curves are quantita-
o has the effect of depleting counterions from the middle oftively the same irrespective of whethey is discrete or con-
the slit by increasing more their concentration closer to thdinuous[see Fig. 4a)] for o low.
surfaces than in the case whegis continuous. This effect We found above that the total pressure for low surface
is more important for divalent ionsee Fig. 8a) for DMon  chargess=—0.066 75 C/rf was always repulsive with any
and DDiv]. However, such effects due to the form af  valence of counterions. At the moderate valug=
dissapears when the surfaces get separated by few ionic d-0.267 C/mi we find now that the net pressure curve of
ameters morgFig. 3(b)]. In general those plots show that the divalent ions display already an attractive region at the very
profile concentration associated with monovalent ions ishort surfaces separation range 1<A<10 A, and turns
higher than for divalent ones. This is so because more einto repulsive for largeh, vanishing forn>25 A in both
ementary monovalent charges are required to compensate thases of continuouéeffect already observed by Kjellander
surface charges. In these plots we show the modification ot al, [9]), and discrete charge. A quite different behavior is
the profile concentrations(z) as a function of surface sepa- shown by the pressure curve of monovalent ions which at all
rations and density of charge,. These plots show that at separations is always repulsive with a small shoulder at
larger surface separations the counterions get confined to tiouth=5 A due to core-core repulsive ion interactions
surfaces, condensing closer to them, and vanish their concefsee Figs. &) DMon and CMon, and lowering its strength
tration at the middle of the slit for any valence of ions. Many slowly at very large separatidm Therefore, for this surface
quantitative differences are not observed in the profiles reecharge monovalent ions induce a repulsive pressure at all
gardless of whethew is discrete or continuous. A similar separation distances and remains non-negative. Even at this
effect occurs if the density of surface charge is increasesurface chargeds=—0.267 C/m) and any valencg; of
while h is kept fixed. At the highest value of, considered ions there is no quantitative differences in the net pressure
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tions h, see Figs. &) and 4d) for monovalent and divalent

121 p DMO“\ a counterions, respectively. The net pressure associated to di-
104 et valent ions turns always to a negative value forha[lFig.
a‘] S 4(d)]. Finally, Figs. %a) and 8b) give us the dependence of
j CMon the net pressur on the density of charge, for Z=1,2 and
6+ h=5.75 A, respectively. Here again nBtof Z=1 and 2

shows differences at highet;. The net pressure of divalent

counterions display oscillations as a function®f, mean-

2+ while P of monovalent ions is always an increasing function
] of o and is repulsive.

4 -

p/ksT CMolar 3

o

0,6

g-g‘j IV. CONCLUSION

0.0 In this work we reported that discretization of the surface
-0.24 charge on two equally and highly charged surfaces separated
-0.4 a mean distance by a counterion solution can lead to differ-
-0.6 ences on the pressure curve as a function of surfaces separa-
‘?'g-’: tion for any valence of counterions, as compared with the
e pressure for surfaces with a smooth distribution of charge.
-1.24 e . .

s These quantitative differences disappear at low. The

pressure curve of divalent counterions is repulsive at very
2 low o4 and turns into attractive at high charge density. In this
'O; EC/ m .-_I attractive range the strength of the total pressure varies with
increasingog due to a partial compensation of the ion-ion

FIG. 5. (@) The pressure curve of monovalent counterions as aorrelation pressure that outweighs the ideal kinetic contri-
function of the density of surface charge, and fixed surface- puytion to the total pressure, components that, however,
surface separation=>5.75 A.(b) The pressure of divalent counte- change their relative strengths with,. Unlike the divalent
rions as a function ofr for h=5.75 A. The other symbols are as case, the net pressure curve with monovalent counterions is
in Fig. 4. always repulsive for any charge considered.
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