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The anisotropic hypernetted-chain approximation is solved numerically for mixtures of neutral hard-sphere
solvent particles and divalent counterions between charged plates. A detailed analysis of the different compo-
nents of force acting between the plates is given. At separations of a few solvent diameters, it is shown that
even at relatively high surface charge and moderate solvent density, the ionic contribution to the force tends to
be dominated by the hard-core or packing component. If the ions and solvent particles are of equal size, then
the net pressure between the plates can be reasonably well approximated by adding the pressures of pure
one-component ionic and solvent systems. However, if the ion and solvent diameters are significantly different
the pressure curve is more complex, and the simple superposition of the ionic and solvent pressures no longer
works. For this case, we show that to a good approximation it is still possible to divide the pressure into
electrostatic and hard-core components, but now the appropriate hard-core system must itself be a mixture of
neutral hard spherepS1063-651%99)08210-0

PACS numbefs): 68.45-v, 61.20.Gy, 61.20.Qq, 82.45z

[. INTRODUCTION granularity and its effects on the ion distributions and on the

force between immersed charged walls. It has been proposed

The average force acting between like-charged macropat5,6] that the net pressure between plates in an ion-solvent
ticles in electrolyte solutions plays a fundamental role inmixture might be given, at least approximately, by the super-
determining the behavior of colloidal systems. These forcegosition of separate ion and solvent contributions obtained
depend on details of the interacting double layers and somdtom simpler one-component models. An important objective
times the results can be rather unexpected. For example, it ff the present work is to examine the validity of this appeal-

now well establishe@l,2] that like-charged plates immersed N9 suggestion. _ _
in a primitive model(PM) (i.e., continuum solveitsolution Some related earlier work has been reported by Davis and

with divalent counterions can experience an attractive interﬁ?c')‘r’;oéléirssigz:i]j i)nnds ?nth?érzpinedreig?\;ﬁelrg]s. Jsr;r?;ihzur_rmth
ion hort ran ntrar he predictions of the clas- - ; A e
action at short range, contrary 1o the predictions of the Casods of density functional theory. They found that at high

sical Poisson-Boltzmann theory. This is a very interestin : o .
observation, however, in real electrolyte solutions solver?gensny the pressure between plates exhibited an oscillatory
’ ' tructure due to the hard-core interactions. In the present

effects not included in the PM might be important and maypaper we consider similar models but employ anisotropic

even domina}te the el_ec_trostat_ic contribution a_t small_er Wa"'mtegral equation techniques which are known to be quite

wall separations. This is an important question which deccirate for inhomogeneous systems. However, our main

serves further attentlon_ anq some aspects of discrete S°|Ve;5‘ltjrpose is not to compare results obtained by different the-

effects are addressed in this paper. oretical methods, but rather to complement the earlier find-
While it is now possiblg3] to examine bulk electrolyte ings with a detailed analysis of the fluid structure and, par-

solutions using quite realistic solvent models and reasonabhycularly, of the net pressure in terms of its component parts.

accurate theories, the same level of treatment is not yet fe&€ases where the ions and solvent particles are of equal and

sible for inhomogeneous systems. Therefore, investigationgnequal size are discussed.

of two interacting double layers have usually employed the The remainder of the paper consists of three parts. The

PM, where the ions are represented by charged hard spheme®del and methods are described in Sec. Il, the results are

and the solvent is a dielectric continuum without any inher-presented in Sec. Ill, and our conclusions are summarized in

ent granularity. We would expect discrete solvent effects tdSec. IV.

alter the PM results through at least two mechanisms. These

are particle packing constraints and the relative lack of di- Il. THE MODEL AND NUMERICAL METHOD

electric screening at small ion-ion and ion-wall separations.

The latter effect comes about as the description of the solvent The system considered consists of two infinite parallel

as a continuum with a distance independent dielectric conhard walls at a separatiot,,; which are homogeneously

stant begins to break down; for example, in an “associated’charged with a surface charge density=-—0.267 C/nf

pair the ion-ion interaction is much stronger than the PM=1e/60 A?. The fluid between the walls is a mixture of

would imply. It might be possible to include the reduced hard-sphere counterions and neutral hard-sphere solvent par-

dielectric screening effects by employing McMillan-Mayer ticles. The diameters of the ions and solvent particleslare

level theory with effective ion-ion and ion-wall interactions andd,g, respectively. Two particles at a distanRenteract

[4]. However, in the present paper we focus upon solvenvia the pair potential
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FIG. 1. The frame of reference used in the calculations.
wherev;(z) is the particle-wall potential energy with(z)

. 1 =, if |z|>3(dya— d;i). The average ion density is dictated
* if R<§(di+dj) by the electroneutrality condition between the plates, 2
uij(R):uihjS( R)+uiej|(R): +Qion J Pion(2)dz=0, and no electrolyte solution outside the
i q; . cavity is taken into account. The advantage of this procedure
——— otherwise, T - . i
41reqeR lies in the restriction to a two-component mixture which is

(2.1)  much easier to treat than the full three-component model.
While this simplified model clearly involves some level of
wheree is the dielectric constang, is the vacuum permit-  physical approximation, it provides a reasonable description
tivity, and g; denotes the charge associated with particle  of the situation for highly charged plates immersed in dilute
We employ the reference frame shown in Fig. 1 withelectrolyte solutiorf2].
coordinatesz and r = \x?+y?, wherez=0 designates the The system of equations is solved self-consistently by first
midplane between the walls. The planes of closest approadterating Eqs(2.2) and(2.3) for an initial set of density pro-
to the walls for particle type are defined byz= *2z.,;, files until successive iterations of the correlation functions do
Zmaxj=(dwan—d;)/2. To obtain the particle density profiles not differ more than 0.1%. Obtaining the nex(z) from Eq.
pi(2) and particle distribution functiong;j(ri,,2;,2,), we  (2.4), the loop is repeated until successive density profiles
employ the formalism of anisotropic integral equationschange less than 0.01%. Following Kjelland&#], we note
which has been extensively used by Kjellander and cothat by using a two-dimensional Fourier transfo(htankel
workers[1,5,11-16 among others. The theory and method transforn) for the correlation functions in each layésee
of numerical solution are well established and we restrict oubelow) the three-dimensional integral in ER.2) can be
discussion to a short outline. transformed into a one-dimensional integral which is much
The Ornstein-Zernike equation relates the direct correlaeasier to solve. Thus, we have to perform two transforma-
tion function ¢;;(r,,2;1,2,) to the pair correlation function tions in every iteration loop for which no “fast-Fourier-
hij(r12,21,22) = 0ij(r12,21,22) =1 andp;(z) such that transform-(FFT-) like” algorithm is known[17]. Also, due
to the discontinuity ofc;;(ri,,2;,2,) andhjj(rqz,2;,2;) at
hard-core contact, the Fourier transforms have long-range
tails which can be avoided by adding an appropriate second
order polynomial to the function in space and subtracting
X Cik(r13,21,23) p(Z3) Ny (T 32,23, 25). the corresponding analytically known tail in Fourier space
(2.2) [14]. _ _
For all particle types the space between the plates is par-
A convenient closure for Eq2.2) is the hypernetted-chain titioned into up to 81 parallel layers of which the wall layers
(HNC) approximation are particularly thin. Parallel to the wall we use 300

grid points with a cutoff, r»=7d,, beyond which
hij(r12,21,22) =exd — Buij(Ryp) + hij(rq2,21,22)

we  set  h;i(rip,z,,2,)=0 and  Cjj(ri,z21,2,)=
el 2 . . .
o q 5 _—,8uij(\/r2124_r(zl—22) ), the latter choice gquatlrtgj with
Cij(r12:21,22) ]~ 1, @3 s asymptotic value. These long-range tails are handled ana-

Where R12=m and 8= (ksT)"L. This yields lytically throughout the calculation. The terms in Eg.4)

excellent results for systems that are dominated by CoulonwVOIVIng vi(2) and the asymptotlc part. qj ' —Buﬁ-', have
bic interactions at low to medium densitig. On the other (0 Pe evaluated together to yield the finite re$ag]
hand, it is well known that the HNC approximation does not
perform comparatively well for dense homogeneous liquids
with short-range pair potentials, and this holds true for the 'Bvi"”(zl)_zwf rdrdz; pion(z2)
inhomogeneous case as well. However, this limitation in the ol > 5
treatment of the hard-core interactions does not seriously af- < BUioniod VI + (21— 22)°]
fect our conclusions as much of the discussion is qualitative Ba
in nature,' and e_lll guantitative comparisons are made between = Gion o Ayt qionf dz,|z1— 25| pion(22) |- (2.5
systems involving the same level of approximation. € €o

The HNC approximation is advantageous since it yields
an easy way to calculate the density profiles once the activiwe carefully checked to ensure that our results are indepen-
tiesa; for the solution between the walls are known. One haslent of the number of layers, grid points, anghy.

hij(rlz,zl,22)=cij(r12,zl,zz)+2w; f radradzg
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We now briefly summarize how the perpendicular com-models except thatll charges are switched off while keep-
ponent of the pressure tend@e., the pressure between the ing the number of “ions” between the plates fixed. We label
walls) is calculated. Carnie and Ch&b8] have derived con-  systems of this type UCPMHS (UC for “uncharged”) and
tact theorems for a number of model electrolytes. For outhey prove very useful in our attempt to obtain and under-

case, the contact theorem takes the well-known form stand different superposition approximations for the force
2 between the plates.
Psit=KgT 2 pi(zmax,i)_z_r (2.6) In all calculations the relevant state and interaction pa-
i=hs,ion € rameters were chosen to be consistent wifg=2.8 A,

=78.7, and a temperatuiie=298 K. Thus, the hard-sphere
Tolvent particles are roughly the size of water molecules and
the background dielectric continuum has the dielectric con-
stant of pure water at 298 K. The walls are taken to have the
same dielectric constant as the solution which circumvents
the need for treating image charge effects. In fact, for the PM
it has been showhll] that image effects are not very im-
portant for the high surface charge density@.267 C/mt

which depends on the particle densities at the plane of co
tact. The net pressure felt between the plaigs;, is given
by the difference between the internal pressixg,, and the
outside bulk pressurép = IimdwalﬁmPS|it, such that

Pnet= Psiit— Pbulk- (2.7

We use wall separations of 9dy¢ or larger to determine ) : . \
P, With sufficient accuracy =1e/60 A?) considered here. We consider divalent counte-

" . . _ L _ _

Kjellander and Mafelja [11,13 have suggested that in- MONS @ion=2€) with diameterstioy= dys anddion=4.25 A
stead of direct application of Eq2.6), it is desirable to —1.5&ks. The latter value is frequently used in PM calcu-
transform to an equation for the midplane with the help ofl@tions and is sometimes considered to represent an “effec-
the Born-Green-Yvon equation. In this way the wall-wall tive” ion diameter which includes some portion of a strongly
interaction can be split into a ter®,;,, which depends on bound solvation shell. Here we have selected this value sim-

Kin 1 . .
the midplane particle densities, and additional parts that reg?ly Pecause it allows us to check our PM results against

resent pressure components due to the Coulombic and harg@rlier work, and it suffices to show the large effects which
core interactions R, and P respectively between the ©OCCUr when the ions and solvent particles differ significantly
e corer .

two fluid halves across the midplane. One has In size. bl
The results reported are foppe =I|mdwanﬁocph5(0)
Psit=Piin T Peit Pcore =0.49283,. To achieve this value we usem= yPukppuk
Zmasion 0 with an activity coefficientyﬁg'k= 57.1. This activity coeffi-
=kgT E pi(O)—f dz, pion(zl)f cient differs from the corresponding “exact.e., Carnahan-
i=hs,ion 0 ~ Zmax,ion Starling value of 40.9 due to approximations inherent in the
" e (r.2,.2,) HNC closure. We note that our bulk density is a little lower
X dz, Pion(ZZ)f 201 dr —enion 712727 than that of water under ambient conditiaie., ~0.7/4d;J).
0 92y However, the numerical solutions are dramatically easier at
oo (1121.2,) the Iower_density and the system considered is sufficien_tly
ioniont ™ » <152 dense to illustrate the large influence of solvent granularity
Zmaxi 0 which is of primary interest here. Furthermore, fluids of hard
+keT > Zﬂf dz Pi(zl)f dz, pj(z,) spheres are considerably more structured than waterlike
j=hs.jon ~ Zmax models at the same density, so using a somewhat lower den-

X(21—2,) Gii (T \24.25). 28 sity offsets the “(_)verstructuring” to some extent.
(2172) 6(1ij . 21,22) 2.8 The presentation of the results is divided into two parts,

The integrations ovez; andz, in the last term of Eq(2.9) and we first consider the simpler case where the solvent par-

are to be carried out only Iﬁ —1(d+ )2~ (2,-2)7 is ticles and ions are of the same size.

positive. Both Eqs(2.6) and(2.8) are exact but might yield
slightly different results when applied in numerical calcula-
tions because the correlation functions are only known ap-
proximately[15]. For numerical and conceptual reasons, we In Fig. 2 we give two examples of the density profiles of
use Eq.(2.8) in our calculations and will especially look at hard spheres and ions in the mixtuM+HS) and com-

the contributionP, when comparing systems with and with- pared with the profiles for ion€®M) and hard sphere$iS)
out neutral hard-sphere solvent. alone. Note thap;(z) is symmetrical around the midplane

and only one-half of the profiles are shown. The most obvi-
ous feature is the tendency of the ions to be found close to
the wall when the dense hard-sphere fluid is present due to
In the following discussion we refer to results for modelsentropic effects as the free space between the walls is re-
of four types. These include the primitive model where onlyduced. The presence of the ions at the wall lowers the contact
counterions are present between the walls, hard-sphere sydensity of the neutral component in the mixture in compari-
tems(HS) where only hard spheres occupy the slit betweerson to the pure hard-sphere system, whereas the densities
uncharged walls, and mixtures of counterions and harcéround the midplane are similar in magnitude. The profile for
sphereqlabeled PM+HS) of particular interest here. In ad- d, 4 =3.1d, plotted in Fig. 2b) shows the appearance of
dition, we consider systems which are equivalent tofff#6  maxima and minima typical of dense hard-core systems in-

A. Equal-sized particles

Ill. RESULTS
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FIG. 2. Density profiles for the mixture of ions and hard spheres
(PM+HS), the primitive model(PM), and the hard-sphere model ~ FIG. 3. Contact densities at the wall ft@ hard-sphere antb)
(HS). In all casesdig,=dps. In (8) dyq=2.6dps and in (0) dyay ion components for different models. The model labeled
=3.1d}s. UCPM+HS is identical to PM-HS but the charges are switched
off as described in the text. The remaining models are as in Fig. 2.

. . . In all cased;;,=dps.
dicating the buildup of particle layers. It should be noted that on—7h

with the hard-sphere bulk density used here we do not finghteractions in the PM are of no importance the correspond-
any significant layering of the ions in contrast to the situationing curve is not structured, but has one broad minimum at
for pps “=0.7kis [7,8]. dyai~2.15, due to correlated ion-ion density fluctuations.
An interesting point is that the total average particle den-The midplane densitiegFig. 4) exhibit layering features
sity between the plateg,; (calculated by integrating up the similar to those of the contact values.
density profiles of all particles for a given mogek higher For d,a=2.2d,s, the densities at the midplane and con-
for PM+HS than for HS. This fact, which is true for all wall tact plane for PM-HS and UCPM-HS are very similar.
separations, is not due to the structural changes because Dhis demonstrates that charge effects at these small wall
the charges present. A comparison between the charged amdparations are only of secondary importance compared with

uncharged mixtures reveals thap,{PM+HS] and Packing constraints. Features such as higher ion contact den-
EO{UCPM+HS] are always within 0.5% of each other,

whereasp,,{ HS] is up to 5% lower than the values for the 08 i
binary mixtures. This indicates that the model UCPMS is 0.6
not equivalent to HS even though all the species have iden- Tl
tical interactions. The difference i, for the pure and the 0.4
mixed systems is rooted in the distinction between particles )
with a fixed chemical potential and particles that are located i
by definition(due to the electroneutrality conditibhetween 02~
the walls. The latter species may be viewed as part of the ‘25"" - (a) UCPM+HS -
wall-wall system and their chemical potential is generally A I E— .
different from the former species even if their interactions F
are identical. 0.3
A more complete discussion of the trends in the density
profiles is possible if we look at the contact and midplane 0.2
densities as functions daf,,, for the different models. The
contact densitiegFig. 3) for all components in the dense 0.1
systems(all except the PMshow to some degree maxima . . .
(around d,q=2.05d},53.1d;,d and minima (around d, 0ol il L L
=1.6d,,2.6d,,g). These are related to fluid structures that are 1 2 3 4
more “efficiently packed,” as in Fig. @), or more “loosely dyy / d
packed,” as in Fig. ), respectively. At wall separations el £ s
slightly larger than a multiple ofi;s neighboring particle FIG. 4. Densities at the midplane fta) hard-sphere antb) ion

layers interact more strongly and particles in the contactomponents for different models. The models are as in Fig. 3. In all
layer are pushed towards the wdll6]. As hard-core casesd,,=ds.



4420 FRANK OTTO AND G. N. PATEY PRE 60
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FIG. 5. Qionion(r) parallel to the walls in the midplane and con- 0.0 -
tact plane for the PM and PMHS (di;,.=dnd with dygy 3 PM+HS o
© -0.2 |
=2.05s. L UCPM+HS  x
—0.4 - B.[UCPM+HS]+B[PM] ——
sities and a faster decrease of the ion midplane density with —0.6 |- | Ea[HS]rRm[PM] N
increasingd,,,, for the PM+HS compared to the PM come h E— - E— 3 — . —

about because of the hard-core interactions. For larger wall
separations the curves for the charged and uncharged mix- dwan /' dns
tures deviate significantly. The “ions” in the UCPWHS
spread more evenly over the accessible space and their CoPle
tact density falls slowly to zero a%,,, increases, whereas a
constant nonzero contact density is reached for the-Pig
[see Fig. 8)].

The solution of the integral equations also yields the parcomponents, different possibilities are available. The sim-
ticle distribution functionsg;; . These functions depend on plest suggestion is to add the values Ry, for the pure
three coordinates and are therefore hard to depict, especiallystemsg(i.e., P,,o{ HS] + P,{ PM]). From Fig. b), we see
if small differences between models are to be shown. Hergnat for the equal-sized case this gives good agreement down
(Fig. 5, we present only a plot afjo,ion(r) parallel to the  to d,~1.8dps.
wall at the contact plane and midplane fiy,;=2.0%ys. For small wall separations another procedure yields much
The differences between tig,nion(r) for the PM and the better values, specifically, the superposition of
mixture are rather smalli.e., <0.1). This means that, al- P, [UCPM+HS] and P.,[PM]. The idea leading to this
though the average positioning of the ions between the platashoice is that for small wall separations packing effects are
(as indicated by the density profileshanges considerably crucial for the fluid structure and should be separated from
upon insertion of the hard spheres, the ion-ion structure ifhe electrostatic contributior®, on the other hand, shows
the fluid is not disturbed very much. The presence of theather small changes when comparing ion models with and
hard-sphere solvent induces small undulations with a “wavewithout hard spheregs is evident from Fig. J7despite sig-
length” slightly smaller than the solvent diameter, similar to nificant differences in the density profiles. However, this su-
the effects produced by a more realistic solvent model iperposition scheme breaks down at larger wall separations as
bulk solution[3]. For the PM midplane function, the single the “jons” in UCPM+HS do not stay close to the wallas
maximum atr =2.7d,s, which constitutes the global maxi- do those in PM-HS) and the pressure is systematically over-
mum as wellas seen in a full two-dimensional contour glot estimated.
is split into two maxima in the mixture. The oscillations in A couple of remarks are appropriate here. First, the com-
Jionion(F) in the contact plane are smaller and no maximumparisons made in the preceding paragraphs are of rather aca-
exists; the global maximurtand the most probable spot for
the next ion can be found at the opposite wall. 0.0

We now discuss the pressure perpendicular to the walls.
Because of the contact theorelq. (2.6)], most of the
points raised in our discussion of the behavior of the contact
densities hold for the pressure as well. Figu(a 8hows the
oscillating pressure for the pure hard-sphere system together
with the smooth, slightly attractive curve for the PM and the
electrostatic componen®,,, calculated via Eq(2.8). P, is
always attractive and arises because of correlated ion-ion Y A P B I
fluctuations across the midplafiee., it is zero for Poisson- o 1 5 3 4
Boltzmann-like theories which ignore these correlatjons (dyay — dig) / d
The net pressure for the system of interest, FS, to- voll - Ten he
gether with results given by two superposition approxima- FiG. 7. The electrostatic component of the pressure for the PM
tions, is plotted in Fig. @). If one wishes to estimate g for  and PM+HS. Results fod,,,= dys and ford,,,= 1.5, are shown.
PM+HS with simple addition schemes involving more basic

FIG. 6. The net pressure acting between the plates obtained for
different models and with different superposition approxima-
tions. In all cased,,=ds. The labels are as in Fig. 3 and as
discussed in the text.

Pel dgs/ kBT

-0.2
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dwall / dhs
FIG. 8. Density profiles for the mixture of ions and hard spheres
(PM+HS), the primitive model(PM), and the hard-sphere model ~ FIG. 9. Contact densities at the wall f@ hard-sphere an(b)
(HS). In all casesdj,,=1.52. In (a) dyq=2.5dns and in (b) ion components for different models. The models are as in Fig. 3. In
Ayan=2.9 . all cased;,,=1.52;;.

demic interest as we do not suaagest that anv procedure r}ard-sphere solvent particles is no longer possible. The in-
99 yp Yommensurate diameters appear to bring on an even more

adding pressure components of diiferent models W”.I yieldpronounced tendency to push the ions towards the walls. The
exactly Pl PM+HS]. Further, because of the restriction 10 n ¢ of the contact densities given in Fig. 9 confirms this
equal-sized particles, most schemes of combining the O_SC'Ebservation; the ion contact densities are higher and those of
lating pressure found for the hard-sphere fluid with a slighthe neutral species lower compared to the mixture with par-
attraction of electrostatic origin will likely give a fair quali- ticles of the same sizéFig. 3. Another point of interest is
tative picture. The case where the ions and solvent particlegat the first maximum of the ion contact density in the mix-
are of unequal size considered in the following subsection isure (PM-+HS) is at d,q~2.5dn= drst dion, Which means
much more interesting. Secondly, note thig{.{HS] and that ions are pushed closer to one wall by hard spheres as-
P.et UCPM+HS] are not the same although the “ions™” and sociated with the contact layer at the opposite wall. The pure
hard spheres are identical in UCPMNAS. This is due to the hard-sphere fluidHS) has its first maximum slightly higher
above-mentioned peculiarity of the present model, where théhan d, o= 2d,s [Fig. 9a)]. Since hard spheres in PMHS
bulk is treated as a pure fluid with the mixture existing onlyand UCPM-HS are affected by the interactions with both
in the cavity between the walls. species at the opposite wall we find two maxima at the cor-
responding wall separations for these mixtures.

This more complex behavior can also be found for the
pressure between the walls shown in Fig. 10. The distances

A set of calculations analogous to those described abovgetween maxima and minima Py for PM+HS are irregu-
have been performed for systems with identical diameters foar and no correlation with the oscillations characteristic of
the neutral hard-sphere component, but with ions which ar¢he HS model is apparent. The curves shown in Figh)0
50% larger, or, more preciselydi,,=4.25 A=1.52,. also demonstrate that the simple addition approximation
With this choice, the ions are considerably larger than theéP,.{ PM+HS]~P[HS]+ P, {PM] is not good at any
solvent particles and deviations from the equal-sized case amgall separation if the particle diameters are sufficiently dif-
expected to be significant. Moreover, this valuedgf, is ferent. On the other hand, the more complicated scheme,
often used in studies of the PM and results for the pure iofPnef PM+HS]~Pp{ UCPM+HS]+ P¢[PM], works very
system have been publishé2l]l. We note that for both ion Wwell for smaller values ofl,,, . Deviations do occur at larger
sizes considered here the PM yields essentially identical revall-wall separations where the fluid structure in
sults (with the appropriate redefinition af,,); the divalent ~UCPM+HS differs significantly from that of PMHS. Nev-
counterions stay sufficiently apart from each other that ion€rtheless, these results show that to a good approximation the
ion hard-core interactions are not important. See, for exnet pressure in the PHS can be viewed as a superposition
ample, theP,, plots given in Fig. 7. For larger values df,, of an attractive electrostatic part and_ a “quasms_cnlatory”
and especially for monovalent iofig] density profiles and component arising from the hard-core interactions in the sys-
pressure curves depend more strongly on the ion diameter!€Mm-

A qualitative comparison of Figs. 8 and 2 indicates that
with the different particle sizes the density profiles differ
more significantly from those of the pure systems. This We have solved the anisotropic HNC approximation for
comes about because an “in phase” layering of ions andnixtures of neutral hard spheres and divalent counterions

B. Larger ions

IV. SUMMARY AND CONCLUSIONS
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of secondary importance in these models. For the restrictive
case where the ions and solvent particles are of the same size
the oscillations are regular and similar to those for a pure
hard-sphere fluid. For this system, simply adding the PM and
hard-sphere pressures gives a reasonable approximation to
the forces found for the mixture. If the ions and solvent
particles are significantly different in size, one obtains a
R[PM] ---- more complex pressure curve which cannot be approximated
T by simply adding the PM and hard-sphere pressures. How-
04 (b) ever, for wall separations up to several solvent diameters the
r net pressure can still be well described by a better superpo-
0.2 N " s sition approximation. This consists of adding the net pressure
0.0 - IRCRRC 4 Wi soopupppoiciee- SN for a corresponding uncharged hard-sphere mixture to the
_02 L o purely electrostatic componemy,, of the PM. This scheme
Tt y UCPM+HS  x works because the hard-core interactions remain the most
-0.4 - Ba[UCPM+HS]+R,[PM] —— important contribution and thB, component in the mixture
06 L Bu[HS]+Ba[PM] - - - - differs little from that of the PM.
RN T I In conclusion, this work along with earlier studies
1 2 3 4 strongly suggests that in real solutions, solvent effects not
dyenn / dis included in the PM are likely more important than the ionic
interactions in determining the force between charged plates
FIG. 10. The net pressure acting between the plates obtained foft separations of a few solvefar ion) diameters. Further-
t_he different models and with different superposition approxima-more we have shown that simple superposition of ionic and
tions. In all caseslio,=1.5ahs. The labels are as in Fig. 3 and as gq|yent pressures only works if the ions and solvent particles
discussed in the text. are of similar size. A more accurate superposition scheme

between charged hard walls. In agreement with earlier calc can be devised but, although it provides physical insight into

lations[8,10], we observe that adding a neutral solvent to the he nature of the forces involved, its application is not par-

PM modifies the ion density profiles considerably. The hard_t|cularly practical. We are currently investigating solvent ef-

core ion-solvent interactions tend to push the ions towardgemS Wh.'Ch arise from .reduced d'ek.aCt.”C screening as dis-
the wall, resulting in higher ion densities at contact. Thiscussed in the Introduction. Our preliminary work indicates

effect is amplified if the ions are larger than the solvent par_that these too can have significant consequences for the force

ticles. acting between charged plates.

We find that, even at moderate solvent density and high
surface charge density, the net pressure between the walls at
separations of a few solvent diameters tends to be largely The financial support of the National Science and Engi-
dominated by oscillations associated with the hard-core inneering Research Council of Canada is gratefully acknowl-
teractions. At these separations electrostatic effects are onsdged.
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