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The force between two parallel charged flat surfaces, with discrete surface charges, has been
calculated with Monte Carlo simulations for different values of the electrostatic coupling. For low
electrostatic couplingsmall counterion valence, small surface charge, high dielectric constant, and
high temperaturethe total force is dominated by the entropic contribution and can be described by
mean field theory, independent of the character of the surface charges. For moderate electrostatic
coupling, counterion correlation effects lead to a smaller repulsion than predicted by mean field
theory. This correlation effect is strengthened by discrete surface charges and the repulsive force is
further reduced. For large electrostatic coupling the total force for smeared out surface charges is
known to be attractive due to counterion correlations. If discrete surface charges are considered
the attractive force is weakened and can even be turned into a repulsive force. This is due to
the counterions being strongly correlated to the discrete surface charges forming effective,
oppositely directed, dipoles on the two walls.2005 American Institute of Physics
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I. INTRODUCTION is of Coulomb type. The parallel plate geometry can be seen

) ) o as a simple model for understanding colloidal stability but it
The theoretical cornerstone of colloidal stability is the 5o has a more direct experimental equivalent in lipid

. . 1,2 .
Derjaguin-Landau-Verwey-Overbe¢RLVO) theory, ™ in  pyavers1314 Eor the model system, the PB theory predicts

Wh'Ch attracnve_ van der Waals forces are balanced by repuh,lat the electrostatic interaction between the plates is always
sive electrostatic interactions. In the DLVO theory, elecno'repulsive Monte Carlo simulatiohsind theories based on

s_tat|cs are 'Freat_e d with the Poisson—Boltzm4RB) mean gntegral equation4shave shown that when the counterions are
gﬁfr aéo dp;O):g:;;usonii ﬁgg%’ggﬂ?ﬁgﬁ?{ﬁ;%: ;%S;ra?gii;d[valent it is possible to observe an effective attraction be-
9 y ' bp Rveen the plates. This attraction is attributed to counterion

tion is qualitatively incorrect when the electrostatic interac- . : :

. 4 . . correlations which are not accounted for in the PB theory.
tions are stroné, such as when multivalent counterions are In both mean field theories and the early numerical
present or when the dielectric constant of the solvent is y

3,4
small. Furthermore, the DLVO theory does not handle Spe\_/vork the parallel surfaces or walls are assumed to have a

cific ion effects which can be important at high salt smea_red out unifgr_m charge, quant_ified_by a surface charge
concentrations hydration forces which arise due to the spe-dens'tya' The validity of this approximation has been ques-

cific structure of watef, or the discreteness of surface ione€d when considering nanoscale systems where the mac-
charged 2 romolecules are of a size comparable to the average distance

In this paper we will describe the effect of discrete sur-between then® Even for the model case of infinite charged
face charges, either fixed in a lattice or mobile on the wallwalls, simulations have shown how the discrete nature of the

Using Monte CarldMC) simulations the effective force be- Surface charge density will change the counterion distribu-
tween colloidal particles are calculated while varying a num-ion. Discrete surface charge will enhance the attraction of
ber of parameters, including the electrostatic couplingthe counterions towards the wall and deplete the counterion
strength, the degree of charge discretization and the effect @fistribution at the midplane between the walls.
multivalent ions. It turns out that for some sets of parameters ~ The effect of charge discretization on the effective inter-
the simulation results are qualitatively different from the action between the two walls have recently been approached
mean field predictions. theoretically. The result of charge discretization in mean field
A suitable model system which has drawn much interestheories can be either to make the charged walls less
is that of two parallel charged plates with only counterions repulsivé?*°or more repulsivE depending on if all counter-
treated in the primitive model. The sole property of the sol-ions reside between the walls or not. In this paper we will
ute is to screen electrostatic interactions by the dielectri@dopt the first approach and use Monte Carlo simulation to
constante and the only interaction between charged particlescalculate exactlywithin statistical limitg the effective inter-
action between two walls with discrete wall charges. The
JAuthor to whom correspondence should be addressed; Electronic maif?0ve mean field calculations are all performed for condi-
m.khan@ms.unimelb.edu.au tions at which the two plates repel each other. We will also
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D

required to be moved in order for the bare Coulomb energy
to change bykT. The coupling strengths covered are
1<E =100 which ranges from low to very high coupling.

(2) The degree of charge discretizatiafD (see Fig. ],
where the limit ofa/D=0 corresponds to smeared out sur-
face charges. We report results foxa/D=<8. The low
limit results are equivalent to results for smeared out surface
charges while the high limit is well above the threshold for
which discretization effects are observed.

(3) q/Q, i.e., counterion valence divided by wall ion
valence. Here we will look at effects of monovalent and
divalent species, 1/2q/Q=<2.

(4) h, the distance between the walls, which will vary as
5<h=<40 A.

For fixed wall charges the opposite walls can be in phase
or out of phase, which will affect the effective interaction
between the plates. Instead of considering the out of phase
system we will consider a model in which the surface
tharges can move within theandy dimensions that make
p the infinite walls.

+ -

| | |
-h/2 0
FIG. 1. In the model used, negative wall charges are located a distance
behind the walls. In th&y plane, the wall charges are distributed on a square
lattice with lattice constana. The walls are infinite in thxy plane and
separated a distantein the z direction.

investigate the effect of discrete charges when the electr
static interactions are large, i.e., when a treatment inc:Iudin{Jl
electrostatic correlation predicts an attraction between two
walls with smeared out surface charge. Furthermore we wilP- The Monte Carlo method
describe the effect of Ietting the wall ions move in directions In order to simulate two para||e| infinite Charged walls
lateral to the wall. with counterions in between, certain approximations regard-
The remainder of this paper is organized as follows. Secing the boundary conditions in they plane have to be con-
tion 1l describes the model and the Monte Carlo method usedjdered. Here we use a modified version of the approach of
to solve it. We will also introduce the different independentvalleau, Ivkov, and Torrié® In our study, the wall charges
parameters of the model. In Sec. I, we present results showand counterions inside the central Monte Carlo cell are
ing where in this parameter space the effect of charge disreated as discrete charges while all electrostatic interactions
cretization is important. In Sec. IV, our results are summa-outside the central cell are treated in a mean field approxi-

rized.

Il. THE MODEL AND NUMERICAL METHOD
A. The model for two charged walls with counterions

The model charge surfaces are parallel, infinite isnd
y directions, and located at=+h/2, see Fig. 1. The walls
have discrete negative charges located=at (D+h/2). The

mation adding a tail correction to the interactions inside the
central Monte Carlo cell.
The Hamiltonian of the system is
Nior=1 Niot Niot

U= > X u®(ry)+ 2 u™(r),

i j=i+l i

1)

where N is the total number of charged particles in the

neutralizing counterions are treated as point charges confingginimum image cellu®(ry) is the pair interaction between

in —h/2<z=<h/2. The distanc® is the distance of closest
approach between the surface and counterions, and can

two charges in the central cell ané¥(r;) is the tail correc-
gen for a charge in the central cell.

thought of as the size of the ions. No added salt is considered The direct interaction between two charged partidles
in this work. In the cases where the wall ions are positionedndj, in the central Monte Carlo cell, is given by Coulombs
in a fixed square grid, the distance between the surfac@W,

charges is. The relation between the surface charge density

o anda is o=Qe/a% whereQ is the valence of the wall
charges(without sign. The primitive model is used, where

ui(r,) = _szez_
L 47T€r€0rij

(2)

the solvent only enters by screening Coulomb interactionsvherez andz are the valences of the two particles afds

with the dielectric permittivitye, €. €y is the permittivity of
vacuum ande, is the relative dielectric constant of the sol-
vent.

In this system there are four independent variables which

are the followind®
(1) The coupling strengtl =q?lg/\gc= 270130, where
q is the counterion valencky=€?/ (4me ,KT) is the Bjerrum

the distance between the particles.
The tail correction for an iom can be found from

) = yw) — (MD 4 i) 00 (3)
whereu™ is the interaction between an ion and an infinite
wall with smeared out charges anti™" is the interaction

between an ion and a wall in the minimum image cell with

length, the distance for which the interaction between twesmeared out chargel’™ -uli? accounts for the interaction

monovalent charges equals the thermal enekgy (Ig
=7.14 A in watey. The Gouy-Chapman length)\gc

between an ion and the mean field solution outside the cen-
tral cell. Hereu™ is the interaction between an ion and the

=e/(2mqlgo), is the distance from the wall a counterion is mean field over the entire sliinfinite in x andy) andu‘® is
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the interaction between an ion and the mean field in the 4 y T y T
minimum image cell. These subtractions are needed so as not | \
to double count the counterion-counterion interactions in the ° % _
central cell already accounted for when summing Ej. g 2r \Q_l 1
over all particles in the central cell. g Som

In practice, the mean field is only used as an initial ap- 1 l:\_-@:,. %_ 0 T~
proximation, since during the simulation the actual distribu- o or -5l ARLEELE)
tion in the central cell is used to update the tail correction in E=100
a self-consistent walf, Note that the first termu™ is a [
constant, independent of the position of the ion. Thti¥ 2% . 10 . 35 . 30
does not have to be calculated when generating new configu- h (A)

rations in the simulation.
When comparing with the expression for walls with FiG. 2. The pressure as a function of the distahdestween two charged

smeared out chargé§ walls (Q=1) with monovalent counterion&=1). The lines are the results
(%) — 1 (iw) (i) (|f from MC simulations with a low degree of charge discretizatiahD=2)
ur=urtt U - (4 while the symbols are results from corresponding simulations with a high

. . iMI) . degree of charge discretizatidga/D=4). The different coupling strengths
the only difference is the term( which we subtract notto  are==1 (dashed line and diamond<E =10 (dotted line and squargand

double count the interaction with the part of the wall located==100(solid line and circles The standard deviations are smaller than the
within the minimum image cell. The expression fgiM!) js ~ symbol sizes.
derived in the same manner as the other terms in(]!i\ql.7

At the start of the Monte Carlo simulation the counteri- Since we need to subtract the interaction with a surface with
ons are distributed randomly in the central cell. A trial con-smeared out charges in the central box,
figuration is generated by translating a single counterion a  pes_ plii) _ pif) _ p(iMI)_ (6)
random distance between 0 adgl. The energy of the trial )
configuration is calculated according to E@) and rejected In Eq. (6), P") is a double sum over all particles while the
or accepted according to the standard Metropolis Montdwo last terms are single sums over all particlesmpare
Carlo schemé® % with Eq. (1)].

After an equilibration of 18-10’ attempted moves, av- It is interesting to study the separate components of the
erages are gathered for a simulation length of-®x 108 pressure as divided in E¢5). At the midplane the entropic
attempted moves. Depending on the parameters of the sim@art of the pressure is proportional to the ion concentration
lation, &, is between 2 and 15 A. For the results reportedand always positivérepulsive. Mean field theories will only
here, simulations consisting of 144 ions per wall are usedhave this term always resulting in positive pressures.

This leads to the number of counterions varying from 144 to ~ For smeared out wall charges the electrostatic contribu-
576 depending on/Q. When increasing the size of the sys- tion P ~P(" is related to the deviation of the ionic distri-
tem no noticeable changes where observed, indicating th&ution from its mean. Since a counterion in one half of the
no size effects are present. Also, in order to verify our pro-slit will repel counterions in the other halR™’ <P’ and
gram we have favorably compared our counterion profileghe electrostatic pressure will always be negatattractive.
for the case of low coupling and low degree of charge dis- When considering discrete wall charges, two different
cretization with the counterion profiles from simulations in parts are added to the pressure. First) is now extended
which the walls have smeared out wall charges. over the wall ions in the minimum image box and second,
PiMD the interaction between counterions and the minimum
image part of a wall with smeared out charges has to be
C. Calculating the pressure subtractedsee Eq.(6)]. The resulting electrostatic pressure
for discrete wall charges can be either repulsive or attractive
depending on the electrostatic interactions.

In order to ensure convergence and good statistics we
calculate the autocorrelation Bfand adjust the length of the
Simulation so that at least a hundred independent observa-
tions of P are calculated. In most cases this number will be
much higher.

The main output from the simulations is the wall-wall
interaction. Throughout this work we will be reporting on the
pressure lateral to the walls. The pressi{aeforce per area
unit) between the two walls can be calculated at any plane
parallel to the walls. It is well known that the midplane is
preferred for reasons of numerical stabiﬁr&t the midplane
the pressure can be calculatedas

P=KkTp + P®S, (5) [ll. RESULTS AND DISCUSSION

where the firs{entropig term comes from the concentration We first consider the case where surface charges and
p of counterions at the midplane and the second tBffris  counterions are monovalegtQ=1. In Fig. 2 the pressure is
the electrostatic force per unit area acting across the midshown as a function of the wall-wall separation for different
plane. For the case with a smeared out surface charge Valleaoupling strength& and degrees of surface charge discreti-
et al® showed how the electrostatic pressure can be calcuzationa/D. At low coupling,Z =1, the discrete nature of the
lated asP')-Pi") where the same notation is used as inwall charges do not have any influence on the pressure. In-
Eq. (3). Just as for the Hamiltonian the pressure is modifieccreasing= from 1 to 10 results in a decrease in pressure by
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8 TABLE I. The entropic componen®®", electrostatic componerR®s, and
- the total pressur® for h=10 A, g=1, andQ=1 at different degrees of
6l i charge discretizatioa/D and electrostatic coupling. Also shown is the
—_ standard deviatiowr for the total pressure and the change in pressure when
é a- ] g_oing f_rom_ a low degree of charge discretization to a high degree of charge
~ | discretization A% =100%(1-[P(a/D=4)]/[P(a/D=2)]).
T 5 -
m Peﬂ'[ PeS P o
[ al/D =) (mM) (mM) (mM) (mM)
or G BB = ——————
e (a) E=1 ] 2 10 1143 -673 470 3
o L 4 10 790 -381 409 2
L 10 20 30 40 A% 10 31% 57% 13%
h (A)
2 100 19 -360 -341 1
. , , 4 100 0 -52 -52 0.4
B A% 100 100% 86% 85% e
o
2 o,
’2\ 00.' . .
= ’ case of the coupling strengi=1 [Fig. 3(@)] the total pres-
IE or 9.;,5 - sure is due almost entirely to entropic effects and the elec-
o DEB ] trostatic correlation component is not important. The two
2o of gab-4 =53 ab-2 | components, as well as the total pressure, are independent of
" (b) =10 the degree of charge discretization.
) Y B ~ Ata coupling strength 0E=10 [Flg. 3(b)], the pressure
0 10 20 30 40 is independent o&/D for largeh, while for smallh the total
h (A) pressure is decreased slightly when increasifig, see the
inset of Fig. 3b). However, the relatively small change in
1 ——= m total pressure witta/D is in fact made up of much larger
: o o] relative charges in the entropic and electrostatic correlation
'-_D ®O0O0 T components that happen to nearly cancel each other, see fur-
g . ] ther Table I.
~ o 02 —p 20 | For E=100[Fig. 3(c)] the two total pressure curves for
= OBE Y Rooe B a/D=4 anda/D=2 follow the electrostatic correlation con-
o tribution. For smallh the electrostatic contribution to the
] pressure is attractive for a low degree of charge discretiza-
(¢) E=100 | tion and repulsive for a high degree of charge discretization,
+—% g and consequently so are the total pressures. For lathe

h2?& correlation induced attraction is reduced when increasing the
(A) degree of charge discretization, see the inset of Rig. At

_ . o S .
FIG. 3. The electrostatic correlation and entropic components of the totaﬁ‘l 21 A t_here is a 25% reduction in totalttractive pressure
pressure for different coupling strengtf® Z=1, (b) =10, and(c) = when going froma/D=2 to a/D=4.
=100. Results corresponding to a high degree of charge discretization — Figure 4 gives an overview of the effect of discrete mo-
(a/D=4) are shown in symbols and those that correspond to a low degree ghjle and fixed surface charges at different coupling constants

charge discretizatiofa/ D=2) are shown in lines. The electrostatic correla- — _ _ - .
tion components are given in squares and dashed lines, the entropic comp‘a‘- (@=8.4 A andh=10 A)' For low electrostatic COUp“ng'

nents are given in diamonds and dotted lines and the total pressures af&€ inset of Fig. @), the repulsive pressure is decreased with
given in circles and solid lines. The standard deviations are smaller than thincreasing degree of charge discretization. When going from

symbol sizegeven for the insejs a/D=2 toa/D=8 the pressure is decreased by around 15%
for E=10. This confirms theoretical predictions by
a factor of 5 ah=21 A. This is in contrast to the prediction Lukatsky and Safrdfi for small E.
of mean field theory and demonstrates that counterion corre- At E=~20 the pressure is equal for the two cases of
lation is important in this regim&?? On the scale of the different degree of charge discretization. Just abgwe20
figure, the discrete nature of the wall charges do not alter théhe walls with a high degree of charge discretization have a
pressure folE=10 either. larger repulsion than the walls with a low degree of charge
For smeared out surface charges and at high couplingliscretization. For larg&, discrete surface charges results in
we expect counterion correlation effects to be large and thaa smaller wall-wall attraction than for walls with smeared out
the total pressure should be attracti?é.For £=100 this  surface charges. The deviations for walls with discrete sur-
type of behavior can be observed fafD=2, but when face charges, compared to walls with smeared out wall
a/D=4, discrete surface charges lead to the total pressumeharges, will increase when the relatiahh increasegsee
being repulsive at small separation. Fig. 3(c)]. Note thata appears in both the degree of charge
In Fig. 3 the electrostatic correlation and entropic com-discretizationa/D and electrostatic coupling.
ponents are shown together with the total pressure. For the Figure 4b) nicely illustrates that for the case with a low
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FIG. 4. The pressure between two charged walls as a function of the elec-
trostatic couplingz for q=1,Q=1,h=10 A, anda=8.4 A.(a) The lines are

the results from MC simulations where the discrete wall charges are allowed
to move while the symbols are results from the corresponding simulations
with fixed discrete wall charges. The degrees of charge discretization are
a/D=2 (dashed line and squajesnda/D=8 (solid line and circles The

inset shows corresponding results for sntal(b) The components of the
pressure for the two cases with moving wall ioe$P=2 (lines without

bol da/D=8(li ith bols Th lid li h the total N . . o
symbols anda/ (lines with symbols The solid lines shows the tota |J]:éG 5. Distribution functions for the counterion@) The distribution of

pressure, the dotted lines the electrostatic correlation pressure, and t%%unterions in the direction, perpendicular to the walls, faf D=2 (solid
dashed lines the entropic pressure. The standard deviations are smaller t ) ' I .
picp qme), a/D=4 (dotted ling, anda/D=8 (dashed ling Z=10 andh=12 A.

the symbol sizes. ; A . 8 . )
Y The left inset provides details close to a wall and the right inset provides
details around the midplanéb) The distribution of counterions in they

. .. plane, parallel to the walls, fd&=1 (solid line), =10 (dashed ling and
degree of charge discretizatiofor smeared out wall ==100 (dotted ling. a/D=4 andh=10 A. Also shown is the distribution

chargeg the decrease of the entropic repulsion is larger thamor ==100, a/D=2, andh=10 A (circles. Only part of the wall in the
the decrease of the electrostatic attraction wEeincreases. minimal image box is shown.

The net attraction at higlE stems from the electrostatic
counterion correlation attraction being changed less than th

entropic repulsioﬁ.Put another way, even if the electrostaticgce charges counterion correlation - effects will be

correlation attraction becomes smaller with increasthgt g?‘lzr:;m; rg_‘z Lélrtg:g ;T'xallé\;\éﬂrztst::fgo; Fnot(re?olirigr?:gt'eoen
becomes relatively more important since the entropic repul: r? : I dlz It ' tori ! 0 untert lati !
sion decreases faster. is much smallefdue to counterion-wall ion correlation, see

At small E (<20), the total pressure decreases On|ybelovw resulting in a small attractive, or even repulsive, elec-

slightly with an increasing degree of charge discretization{roStatic pressurgsee Fig. &)].
The source of the qualitative difference of the electro-

This is deceptive, since in fact the entropic and correlation .
terms both change by a large percentage, but the sum rétatic pressure component found ffD=4 anda/D=2 in

mains almost unchanged. The same mechanism as that delg. 3(c) can be found in the distribution of the counterions
scribed above regarding counterion correlation for walls within the xy plane[Fig. Sb)]. In the limit of low = and small
smeared out wall charges can explain the decrease in predegree of charge discretization the distribution in the
sure. Figure &) shows that with increasing degree of chargePlane is almost uniform, approaching the case of smeared out
discretization, counterions are more attracted towards theurface charges. Faa/D=4 the counterions show a pro-
walls.”® Obviously, with fewer counterions at the midplane nounced correlation around the discrete wall ions for high
the entropic contribution will be smaller. Even though theelectrostatic coupling==10 and==100. In the limit of
electrostatic contribution also decreases, it does not offset theery high =, every counterion will effectively be localized
decrease in the entropic contribution. around a wall ion, and the systems can be thought of as two
For largeE the entropic term approaches zero indepenwalls with oppositely directed dipoles, which will have a
dent of the degree of charge discretization. For a small derepulsive interaction.
gree of charge discretizatidor walls with smeared out sur- Note that for low degree of charge discretization, even
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h
4
40 - attraction
no effact no effect *
(repulsion) (repulsion)
smaller attraction
10
7 repulsion large attraction
. \ '
smaller repulsi large rep
1 1 1 > E
1 10 100

FIG. 6. The pressure between two charged walls as a function of the wall-

wall distance for different values af/Q. The dashed lines are the results FIG. 7. A schematic overview of the effect of going from a low degree of

from MC simulations where/D =2 while the solid lines with symbols are charge discretizatiorfor smeared out wall chargeso a high degree of

results from the corresponding simulations wattD=8. The following val- charge discretization.

ues have been usegi=1:Q=1 (circles, 2:1 (squarey 1:2 (diamonds, and

2:2 (triangles. The dashed lines are not individually labeled since they are

similar. The simulations are performed f&r=100. and thus the two walls attract each other for highand
smallh, just as walls with small degree of charge discretisa-

the high coupling caséS =100 does not give rise to strong O do.

deviation from the uniform distribution expected for smeared

out wall charges which is why the counterions can still cor-

relate to each other. IV. CONCLUSIONS
The effect of letting the wall ions move in a plane par-

allel to the walls, at a fixed distand2 behind the wall, is

shown in Fig. 4. The lattice constaathas no meaning but

the quantitya/D will still be used as a measure of the degree

In this study we have shown that the effect of discrete
wall charges can be important if the wall charges are located
only a small distance into the wall and if the wall charges are
. . far from each other. These effects are summarized in Fig. 7.
of chgr_ge d|scret|za.t|onia can be thought of as_c_onstant Discrete wall charges modify the distribution of the counter-
describing the two-dimensional wall charge densifigure ;s 1y attracting counterions towards the charged walls. For
4 shows howllettmg the wall ions move, §I|ghtly mcrtiases'OW =, when entropy is dominating the system, increasing
the effect of discrete charges for smal| while for largeZ  the degree of charge discretization mainly leads to a decrease
moving wall ions counteracts the effect of the discrete wallin the repulsive entropic pressure component. This results in
charges. the total repulsive pressure decreasing. For l&gehen the

For small= and a large degree of charge discretizationelectrostatic energy is large, the entropic component of the
the moving wall ions increase the attraction of the counterpressure disappears independent of the degree of charge dis-
ions towards the walls, in comparison to the case with fixectretization. For a small degree of charge discretization this
ions. According to the same reasoning as above this leads teads to an attractivéelectrostatic and totapressure due to
both smaller repulsive entropic pressure and smaller attragounterion correlation. For large the effect of a large de-
tive electrostatic correlation pressure, and since the entropi@ree of charge discretization is to decrease this attractive
part changes more, the net result is a smaller repu|siorp_l'essure. For small wall-wall Separations the attraction is
When E is large it makes no difference if the wall ions are turned into repulsion for a large degree of charge discretiza-
allowed to move, for large degree of charge discretizationtion since the counterions and wall charges form effective
since dipoles are formed in any case. For low degree ofiPoles. This is true as long as the wall ion valence is a
charge discretization, the moving wall ions again increasé_numple _of the_counterlon_ valence. Specifically the forma-
the attraction of the counterions towards the walls. Since th&°" of d|pples Is not p055|blg fay=2:Q=1. .

. . . As pointed out by Moreiera and Ne%zexperlmentally
entropic pressure is negligible for larg® the decrease of .

. . . ._relevant systems can be affected by the inhomogeneous char-
electrostatic attraction leads to a decrease in total attraction. .
_ : . ) acter of the surfaces. A system with=1/71 A andonly
. Thellast vanable' Ietho investigate is the valence of themonovalent charges will have a lattice consta8.4 A,
ions. It is only for high= that q/Q matters. Fora/D=2, 4= -4 5 for a water solutiofie=78) at room temperature.
dashed lines in Fig. 6, the valence does not influence thepe repyisive pressure for such a system would be decreased

result and all the lines are similar. FarD=8, we have qye to discrete surface chargesifs smaller than 10—15 A
already seen that fay=1:Q=1 the pressure becomes repul- gnd D is around 2 A.

sive due to the formation of dipoles. The same behaviour |y our simulations, a change from attraction to repulsion
should be true fog=2:Q=2, which Fig. 6 confirms. This is s found for =>20 anda/D>4. For a system witho

also evident fog=1:Q=2, where two monovalent counter- =1/128 A2 and divalent counterions as well as surface
ions form an effective dipole with one divalent wall ion. For charges, the lattice constant &=16 A, and £=20 for a

g=2:Q=1, the divalent counterions cannot form dipoleswater solution at room temperature. For a minimal distance
with the surface charges since the surface charges are fixdétween wall ions and counterions 8f=~4 A the ratio
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