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We study thermodynamic and structural properties of a Lennard-Jones liquid at a state very close to the triple

point as the radius of a hard sphere solute is varied. Oscillatory profiles arise for small, molecular sized radii,
whereas for large radii smooth interfaces with a “drying layer” of low vapor density near the solute are seen.
We develop a quantitative theory for this process using a new mean field treatment where the effects of
attractive interactions are described in terms of a self-consistently chosen effective single particle field. We
modify the usual simple molecular field approximation for the effective field in a very natural way, so that
exact results (consistent with a given accurate equation of state for the uniform fluid) arise in the “hydrostatic
limit” of very slowly varying interfaces. Very good agreement with the results of computer simulations for
a wide range of solute radii are found.

1. Introduction liquid interface. In general, &increases from molecular size,
the contact value of the density profile decreases and mixed
states with increasingly damped oscillations are seen.

We will develop a quantitative description of this process,
generalizing ideas based on mean field theory that we have

eveloped in a series of recent papersConsider first the
qualitative physics. As pointed out by Widdhm most typical
configurations in the uniform LJ fluid, the attractive inter-
molecular forces on a given particle tend to cancel in pairs
between oppositely situated particles. This leaves only the
excluded volume correlations induced by the harshly repulsive
forces, which are well approximated by those in a uniféwand
sphere reference systefrhis cancellation argument should also
apply, though somewhat less accurately, to a small hard sphere
solute of the same molecular size in the LJ fluid. The density
response to such a fixed particle should thus closely resemble
the oscillatory radial distribution in the associated hard sphere

In this paper, we are concerned with the interplay between
oscillatory excluded volume correlations and the formation of
smooth liquid-vapor interfaces in simple liquids. Broadly
speaking, the former arise because the harshly repulsive
molecular cores cannot overlap, whereas the latter are associate
with the longer ranged and more slowly varying attractive
intermolecular interactions. The theoretical challenge is to
develop a general approach that can naturally explain the
complete range of behavior. Early in his career, Bruce Berne
and co-workersexamined some of these issues in a pioneering
simulation study of the effects of confining a Lennard-Jones
(LJ) liquid—vapor system in a slit with a varying width. This
is a long-standing and very general problem, with work
extending back to the time of van der Waals, and some
interesting questions remain even now.

Herelwe conslder a simpler geometry where the different reference model, with a densitgaximumat contact.
correlations manifest themselves in a particularly clear way. We ) )
study the density response and associated thermodynamic However, because.the ha.rd core solute prowdes no balancing
properties of a LJ liquid at a state very close to the triple point attractive forces, as its radius increases, LJ particles near the

as the radius of a hard sphere solute is varied Sdgnote the ~ Solute will increasingly experience a net “uncanceled” or
radius of thesolute caity within which the centers of fluid unbalanced” attractive force directealvay from the solute

particles are excluded. As is shown in recent computer simula- arising from neighboring particles situated farther awayhis

tions by Huang and ChandfefHC), for small molecular sized unbalanced attractive interaction induces a second more slowly
Sof order unity (with the usual LJ parameteras the unit of ~ Varying “interfacial component” in the density response that
length), the induced density profile is highly oscillatory and competes with the oscillatory e_xcluded volume correlatlon_s and
resembles the radial distribution function of the uniform LJ fluid, tends to produce éower density near the solute. The final
with a large density maximum near the solute. However, for density profile results from the interplay between the_se com-
much largeiS, the solute approaches a hard wall and the density Ponents and depends on how close the thermodynamic state of
response is very different: a “drying layer” of low vapor density the |q|t|al uniform LJ fluid is to coexistence anq on the
forms near the wall, and the transition to the bulk liquid density Mmagnitude of the unbalanced force, clearly related in this case

occurs through an essentially unperturbed and smooth vapor O the size of the hard core solute.
The quantitative theory behind these ideas makes use of a

T Part of the special issue “Bruce Berne Festschrift”. funda_mental approximation: the attrac_tive interactions are
*To whom correspondence should be addressed. described by a generaieanor molecular field(MF) approach
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in which the locally averaged effects of the attractive inter-
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parts associated with the intermolecularces!® so that all of

molecular interactions are replaced by an effective single particle the harshly repulsive forces arise framand all of the attractive
potential. Because the attractive interactions are relatively slowly forces fromu;.
varying, it seems plausible that such an averaged description The structure of the nonuniform LJ system is related to that

could often provide a useful simplification. Thus, in the present

of a simplemonuniform reference fluiéi-> with only repulsive

case, the structure of the nonuniform LJ system is approximatedintermolecular pair interactiong(r) (equal to the LJ repulsions)

by that of a (hard sphere) reference fluid in an appropriately
chosereffectve reference fieldERF) comprised of two parts:
the bare external field from the hard core solute and a much
more slowly varying part describing the unbalanced attractive
interactions.

Of course, there are inherent errors in the theory arising from
the use of an ERF to describe the effects of attractive
interactions. In addition, other errors can arise from the
numerical determination of the properties of the reference fluid
in the presence of the ERF. However, we have previously

and a chemical potentialg’ corresponding to the same bulk
densitypB but in a different renormalized or ERpr(r). (In the
numerical calculations that follow, the soft-sphere reference fluid
is approximated by a hard sphere fluid of appropriately chosen
diameter, with the finite softness of taken into account by

the usual “blip function” expansioH;'2 as described in detail

in earlier work®” The errors introduced by this treatment of
the reference fluid are very small, and for most purposes, the
reference system can be thought of simply as a hard sphere
system.)

introduced a new and generally very accurate way of calculating What is the best choice fapgr(r)? Because we want the

the structure and thermodynamics of the reference fluid in the
presence of generalexternal field, based on a locally optimized
application of linear response thed{Thus, the latter source

of error is very small (as will be verified later in this paper),
and the quantitative validity of the theory for the LJ-hard core
solute system depends mainly on the choice of the ERF.

In our earlier studies of nonuniform fluids in a variety of
different geometries, we obtained very good qualitative and often
even guantitative accuraty’ using the simplest possible mean
or MF description of the ERF, given in eq 3 below. However,
in the present case, where an essentially unperturbed vapor
liquid interface with a very large change in density can form at
large S, the usual MF theory will yield shifted (mean field)
values for the coexisting vapor and liquid densities. The main
problem with the theory is not so much its description of the
local density gradients but its predictions for the thermodynamic
properties of the coexistingulk phases. In this paper, we
introduce a simple modification of the mean field expression
for the ERF that incorporates information from an accurate
equation of state for theniformfluid. The modified expression
for the ERF ensures thekactthermodynamic results (consistent
with the given uniform fluid equation of state) are found in the
“hydrostatic limit” of a very slowly varying ERF, and it gives
in particular accurate results for the coexisting vapor and liquid
densities.

Using this modified expression for the ERF, we obtain
excellent agreement with the simulations of HC for the density
response to the hard sphere solute for all value$S tdsted.

HC have already shown that good qualitative agreement can

be obtained using a simplified version of the mean field theory
introduced by Lum, Chandler, and We&KkCW). The LCW

theory does not require detailed information about the inter-
molecular potential (and, hence, can be applied to drying
transitions in more complicated liquids such as water) but

empirically fits a few key quantities using experimental data |

for properties of the liquietvapor system. The present results
suggest that the full theory can be used for quantitative
calculations as well in simple liquids, requiring only the

intermolecular potential and an accurate bulk equation of state
along with known properties of the hard sphere reference system.

2. Simple Molecular Field Approximation for the ERF

Fluid particles interact with a known external fied) from

reference fluid structure to approximate that of the full fluid to
the extent possible, it seems reasonable to determiie
formally by the requirement that it producedaal (singlet)
density at every point in the reference fluid equal to that of
the full nonuniform LJ fluid*3

polr:[#rl) = p(r:[¢]) (1)

In practice, we will make approximate choices ggrmotivated

by mean field ideas. The subscript O in eq 1 denotes the

reference fluid, and the notatiopd] indicates that all distribu-

tion functions are functionals of the appropriate external field.
We can derive a formally exact equation for suckrby

subtracting the first equations of the YBG hierarthfpr the

full and reference systems withhr chosen so that eq 1 is

satisfied®=> The result appropriately focuses @orces 1% and

can be written exactly as

—Vilr(ry) — ¢(r)] = _f dr po(roIf 3;[@rl) V1Us(r12)

= [ dry {p(rolr 8] —
po(r2lr 13 [@rD} viw(ry,) (2)

Here po(r 2l 5[¢rl) = pPr1, r2[6-) po(r [¢) is the condi-
tional singlet density, i.e., the density gtgiven that a particle
is fixed atri.

To integrate this equation and obtain a simple expression for
the effective field¢gr, we make some physically motivated
approximations. If we assume that eq 1 produces similar local
environments for the (identical) repulsive cores in the two fluids,
which then mainly determine density correlations through
excluded volume effects, then when eq 1 is satisfied the
conditional singlet densities in the two fluids should also be
very similar. This suggests that the last term on the right side
in eq 2 should be very small, at least at high densities where
excluded volume correlations dominate. Moreover, the last term
clearly vanishes at very low density whepg = ¢.

If we ignore the last term entirely, we obtain an approximate
equation forvegr suggested by Weeks et&lWe focus here on
the even simpleMF equationthat arises from further ap-
proximating the conditional singlet densjay(r2|r 1;[¢R]) in the
first term on the right side by the ordinary singlet density
po(r2;[¢r)]- This approximation is much better than one might

the hard core solute. We consider a grand ensemble with fixedat first suppose, because the main difference in these two

chemical potential:®, which determineg®, the uniform fluid
density far from the solute wheggr) = 0. The LJ pair potential
W(r) = ug(r) + uy(r) is separated into rapidly and slowly varying

functions occurs when; is close tor; but then for smalki,
the multiplicative factor—viui(rio) (the attractive part of the
LJ force) vanishes identically. The gradientcan then be taken
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outside the integral and the equation can be integrated. Choosingpotential and the external field, the effect of such a field just
the constant of integration so thag'F vanishes far from the ~ amounts to a change in the chemical potential of the uniform
solute where the density equal®, we obtain the simple MF  LJ fluid from xB to u® — ¢, which then changes the bulk
equatior for the ERF: density!26 Equation 3 then reduces to the simple M-
proximationfor the analogous fielgg (or the reference chemical
MF _ .[ +MF B otential change) that from eq 1 is supposed to produce the
dr () — o) = f dra polr2léR Din(re) +20°a - (3) game density (?haznge in the un?form reftfance quidPIn general,
there will be errors arising from the MF approximation even in

where this simple limit. However, if an accurate equation of state for
1 the uniform fluid is known, we can calculate these density
a=-; drj uy(ry,) (4) changes exactly, and this will suggest how to modify eq 3 so
that it gives exact results for very slowly varying fields.
corresponds to the attractive interaction parametén the To that end, letu(o) denote the chemical potential as a

uniform fluid van der Waals equation' as discussed below. function of densit}p for the uniform LJ fluid. (Th|s also depends

A self-consistent solution of eq 3 must be found, because on the temperature, but we are interested in density variations
the ERFoM" appears explicitly on the left side and implicitly ~ &long particular isotherms, so we will not indicate the temper-
on the right side through the dependence of the reference densitture dependence explicitly.) We determingo) from the
po(r2[#7]) on ¢lF. As mentioned above, we have developed accurate 33-parameter equation of state given by Johnson et
new and generally very accurate ways of calculagis@;[¢r]) a_1|.18_ This provides a very good global description of the_ stable
for a given¢r. Because these methods have been described inliduid and vapor phases in the (cutoff and shifted) LJ fluid used
some detail previousl§7 we will not review them here. Using N the simulations of HC and provides a smooth interpolation
these methods, it is straightforward to solve the MF equation

between by using analytic fitting functions. Thus, it naturally
(by iteration, for example) to determine the self-consisttéﬁt produces a modified “van der Waals loop” in the two phase
and the associated densiy(r;[¢p ]), which from eq 1

region and seems quite appropriate for our use here in improving
. 7 the simplest mean field or van der Waals description of the
approximates that of the original LJ-hard core solute system. " fluid. O d al | h hod of Swol
Although the simple MF expression (3) often gives quite unriorm fluid. ©Ine cou 'aternatey'useF e”?et od ot van Swo
satisfactory result$>7 particularly for local density gradients and Hendersdft and achieve essentially identical resulls()
Ty | > part y nsity g ', denotes the magnitude of the uniform external field that yields
for quantitative accuracy in the present application, we require
a better treatment of two phase coexistence. In the limit of a

a particular densityp when applied to the LJ system with
. - : : .
uniform system, eq 3 describes all effects of attractive interac- chemical potentiak®, then its value is exactly given by
tions in terms of theconstantparametera as in the van der B

: P(p) = — u(p) )
Waals equation. Indeed, the theory then reduces to the general-

ized van der Waals theory of Longuet-Higgins and Widdm,  sing known properties of the hard sphere fluid, we also have
where one combines an accurate description of the uniform (hardggsentially exact expressions fai(p), the chemical potential
sphere) reference system with the simple treatment of the 55 4 function of density in the uniform reference fluid, and for
attractive interactions in terms of the constantThis very e inverse functiopo(x), giving the uniform reference density
simple approximation captures much essential physics and givesys 5 function of chemical potential. The analogous uniform

a good qualitative description of the uniform fluid thermody- sference field yielding the same densityas in eq 5 is then
namic properties. To achieve quantitative agreement with bulk exactly given by

thermodynamic properties, one can replace the conatapta
i B
function o that depend_s (hopefully weakly, to the extent the o) = 18 — uo(p) (6)
van der Waals theory is reasonably accurate) on temperature
e , .

and density> We will adopt such a strategy here, modifying  rinay the exacu(o) and uo(p) can be related through a
eq 3 so that it incorporates information from a given accurate function a(p) defined so that
bulk equation of state and gives exact results wieand ¢r
are very slowly varying. = — 2001 7

Although the details differ, our method is similar in spirit to #(p) = olp) po(p) %
the procedure introduced in important work by van Swol and Thys, the exact chemical potentials in the uniform LJ and
Hendersori® They modified the usual mean field description  reference systems are related in the same way as predicted by
of attractive interactions in density functional theldip ensure the simple mean field approximation of eq 3 except that the
that accurate coexistence behavior is obtained in a densityconstanta in eq 4 is replaced by a (temperature and density
functional treatment of a square well fluid at a square well wall. gependent) functiom(p) chosen so that eq 7 holds. Because
The main idea behind both approaches is that, when repulsivegyen the simplest mean field theory is qualitatively accurate,
forces are accurately described, reIatlveI_y simple modifications e expect that the ratia(p)/a will be of order unity and rather
of the van der Waals treatment of attractive forces can produceeakly dependent on density and temperature.
accurate thermodynamic and structural data in the limitof very |5 Figure 1, we give the calculated effectiugp) from the
slowly varying f|eld§ orin bulk phases. The modlfled theory equation of state of Johnson et #ltogether with the valua
combines the simplicity of mean field theory with an accurate of the van der Waals constant in eq 4 for a number of different
description of two phase coexistence. isotherms. The value of the constant= —2xz/ § dr r2us(r)
seems to be a good overall compromise and may suffice for
many qualitative purposes. Our derivation resulting from

Consider first the important special case where the external approximately integrating the force balance in eq 2 indicates
field ¢ is aconstanteverywhere. Because in the grand ensemble why this expression withi; giving all the attractivdorcesand
one encounters only the difference between the chemicalintegrated from O to infinity is appropriate. This gives much

3. Constant Fields and Chemical Potential Changes
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Figure 1. Density and temperature dependence of the effective van
der Waals parametet(p) of the truncated and shifted LJ fluid obtained
from the accurate equation of stateAlso shown with a solid line is
the prediction of the simple van der Waals mean field theory from eq
4.

better results than the earlier intuitive suggestbr —27/

dr rw(r) which integrates only th@egatve part of the LJ
potential from the pointr where the potential changes sitjn.
However, the truex(p) exhibits some noticeable variations in
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replaced by the constaat Our goal is to modify eq 3 so that

in the hydrostatic limit it reduces exactly to eq 8, while still

giving reasonable results for more rapidly varying fields.
There is no unique way to do this, but the following simple

prescription seems most natural and gives our final result, which

we will call themodified molecular fielfMMF) approximation

for the ERF:

o(p")
a

f dr, po(T 5 [BRD Ui 1) + 20%a(p®)
C)

Thus, the MF integral in eq 3 is multiplied by a factofp':)/a

of order unity that depends an through the dependence of
the hydrostatic density': on the local value of the fielgg(r 1),

and the constant of integrationp® is replaced by the
appropriate limiting value of the modified integral. Note that
the hydrostatic density’s remains smooth and relatively slowly
varying even whempg(ri) contains a hard core. The nonlocal
oscillatory excluded volume correlations that can exist in the
full density po(r 1;[¢r]) do not appear ip': because of the strictly
local response tor.

The next sections report results for the structure and
thermodynamics of the LJ-hard core solute system studied by
HC with the ERF determined from eq 9. We use methods based

Pr(ry) — ¢(ry) =

density and temperature, illustrating the need for an accurateon generalized linear response thédnto determine the
equation of state for quantitative accuracy. We note that somestructure of the nonuniform reference fluid.

of the thermodynamic states plotted in Figure 1 are in the two
phase region of the bulk LJ fluid and, thus, are not thermody-

namically or sometimes even mechanically stable. The analytic

6. Results

equation of state provides a smooth interpolation through these 6.1. Structure. To make contact with the work of HC, we
states and produces behavior analogous to the van der Waalstudy the LJ liquid at a state near the triple point with=

loop in the simplest mean field description. By introducing a
functiona(p) that reduces to theonstant an the van der Waals

0.70 andT = 0.85 in the presence of a hard sphere solute. (We
use the standard LJ reduced units.) By definition the solute

theory, we hopefully have removed much of the (temperature centered at the origin interacts with the LJ particles through

and) density dependence otherwise arising from the loops,

leaving the relatively smooth(p) suitable for interpolatio”?

4. Slowly Varying Fields and the Hydrostatic Density

These results for a strictly constant field can be used to

the hard core potential:

o0

¢(r;37={0,’ =2

r>S (10)

determine simple and accurate approximations for very slowly ~ 1heé MMF theory discussed above allows us to reduce this

varying fields. In particular, when the fielok(r) varies so slowly
that it is essentialljconstantover the range of a correlation
length in the reference fluid, then the denswyri;[¢R]) at a
given pointry is very accurately approximat€d by thelocal
hydrostatic density"s = po(ug), the density of theuniform
reference fluid at the shifted chemical potentigl = uf§ —

¢r(r1). Because in the hydrostatic approximation the density at

any given point responds only to ttecal value of the field,

problem to that of theeferencefluid in the presence of the
effective fieldgr(r;S satisfying eq 9. By construction from eq

1, the density profile of the full LJ fluid subjected to the “bare”
external fieldp(r;S) and the profile of the reference LJ fluid in
the presence of the external fieltk(r;S) “dressed” by the
attractive interactions are supposed to be identical to each other.

We have calculateself-consistentlthe ERFgg(r;S) and the

associated density responsfr;S) of the reference fluid, solving

all of the equations defined above for constant fields and uniform ©d 9 Dy iteration. In Figure 2, we compare these resullts for the

densities also hold for very slowly varying fields and the
corresponding hydrostatic densities.

density profiles in the presence of the hard sphere solutes with
S equal to 1.0, 2.0, 3.0, and 4.0 in reduced units with the

By subtracting eq 5 from eq 6 and using eq 7, we then arrive Simulation resultof the same LJ system by HC. There is very
at an equation analogous to the simple mean field equation (3)900d agreement between theory and simulation.

that gives essentially exact results in the hydrostatic limit of
very slowly varying fields:

Pr(ry) = o(ry) — 20" op") + 20%(p°) ®)

5. Modified Molecular Field Equation
We now compare this exact result to the hydrostatic limit of

Figure 3 shows the corresponding ERFs obtained in these
calculations. For small solutes wit8 less than about 0.7,
attractive interactions do not give rise to any substantial
modification of the bare external field, as can be seen from the
plot of ¢r(r;S for S= 0.5. (Clearly, forS= 0, there are no
solute induced interactions of any kind and the profile reduces
to the constanp®). However, the effects due to unbalanced
attractions begin to become important evenSer 1.0, which

the simple mean field equation (3). It is easy to see that this is about the same size as the LJ core, and all larger sizes give

takes the same form as eq 8 except that the funati@) is

rise to a very strong and relatively soft repulsiondr(r;S).
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Figure 2. Density profiles of the LJ fluid T = 0.85 andp® = 0.70) Figure 4. Predicted density profiles of theferencelJ fluid in the

in the presence of the hard sphere solute @ts 1.0, 2.0, 3.0, and presence of theare external fieldy(r;S) for the solute withS = 1.0,
4.0. Circles denote simulation resultsines are results of the self- 2.0, and 3.0 (lines). For ease of viewing, the density profilesSfer
consistent approach based on the modified mean field determined from1.0 and 2.0 have been shifted vertically by 0.4 and 0.2 units,
eq 9. For ease of viewing, the density profiles $+ 1.0, 2.0, and 3.0 respectively. Circles denote simulation results of fille LJ fluid.?

have been shifted vertically by 0.6, 0.4, and 0.2 units, respectively.
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r Figure 5. Density profiles of theeferencelJ fluid in the presence of

Figure 3. Self-consistent mean MF of the LJ fluid for the solute with  the self-consistently determined mean MF given by eq 9 for the solute
S=10.5, 1.0, 2.0, 3.0, and 4.0, obtained from eq 9. with S= 1.0, 2.0, and 3.0. For ease of viewing, the density profiles

for S= 1.0 and 2.0 have been shifted vertically by 0.4 and 0.2 units,

The corresponding density profiles show pronounced depletion "eSPectively.

near the surface of the solute, characteristic of surface induced ) .
drying. with our treatment of the reference fluid, we have carried out

To demonstrate the importance of the renormalization of the COmputer simulatiorfsof the referencefiuid structure in the
effective field, we show in Figure 4 the density profiles of the Presence of the self-consistently determined ERFs_. Th|s_ directly
reference fluid in the presence of thare external fieldg(r:;S), tests our theofy’ for reference system correlations in the
thus, neglecting all effects due to the attractions. These densityPr€S€nce of agiven external field. Results of these calculations
profiles reflect the characteristic packing effects associated with € shown in Figure 5 and demonstrate a very good agreement
excluded volume correlations, which result in a local ordering P&tween our theory for the reference fluid structrand the
(or layering) of fluid particles next to the solute. We would Simulations.
also expect such behavior from the LJ system at very high 6.2. Solvation Free EnergyAnother quantity of great interest
temperatures, but for the state near the triple point consideredis the free energy of the nonuniform system. This is the main
here, the strong ordering is absent even though the density isfocus of attention in density functional thediavhere one tries
high. The unbalanced attractive interactions generate an ad-to approximate the “intrinsic” free energy as a functional of
ditional strong repulsive component in the ERF as shown in the nonuniform singlet density. The equilibrium density and
Figure 3. This is capable of destroying the ordering and value of the free energy for a given external field and set of
effectively places a layer of the metastable low-density vapor intermolecular interaction potentials is determined by minimiz-
next to the solute’s surface for states near coexistence. ing an appropriate free energy functional of the density and those

In the self-consistent theory discussed above, we make potentialst? By starting from the free energy, certain exagm
approximations both in determining the ERF and in calculating rules relating integrals of those correlation functions to the
the structure of the reference fluid in the presence of a given thermodynamic properties are automatically and consistently
ERF. To make sure that in the present case the agreement withsatisfied!” Of course consistency does not necessarily imply
the simulation results for the LJ fluid given in Figure 2 is not correctnessa poor functional will give consistently poor values
the result of some fortuitous cancellation of errors associated for the thermodynamic propertiesand the physical implications
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of particular approximations made in DFT can sometimes be 2 r T T T
hard to understand.

In contrast, our approach focuses first on the licgtidicture
as do most integral equation methods. We believe this permits 15
physical insight to play a more direct role. However, because
we can determine the density response to an arbitrary external
field, the free energy can be easily calculated from a coupling %
parameter type integration that connects some initial state (e.g., £
the bulk fluid) whose free energy is known to the final state as <
the field is varied. Of course, our structural predictions, though
generally accurate, are not exact, and different routes to the same 0.5
thermodynamic property can give different answers. Fortunately,
in the present case, there is a very simple route to the free energy
of the nonuniform LJ system that uses structural features that o . ! . 1 "
we know from simulations are accurately determined. 0 2 4 6

6.3. Virial Route. The basis for our calculation lies in the S
definition of the grand canonical free energy (thermodynamic Figure 6. Dependence of the contact value of the density profiles of
potential) in the LJ fluid, which is related to the partition the LJ fluid on the cavity siz& Circles denote results of simulatiohs.

function Z through the following equation: The line is the result of the present theory.
Q=—kTInZ (11) ! T ‘ 1 '
We also use the property that the partition function is the 08 L - -
generating function for the density correlation functions; in '
particular, the density profile in the presence of a general field r
¢ is given by %, 0.6
g
6 In 2@ g
., B _ ' g
p(ru[¢]) =kgT—F————— (12) 0.4
T 5~ o0 )
We now specialize to the hard core solg{e,S) and introduce 0.2
a coupling-parameter dependent external figltt) = ¢(r/A) '
with corresponding density;(r) = p(r;uB,[¢.]). This A de-

pendence corresponds to growing the range of the external field 0
from zero atl = 0 to the full external field al = 1. This 0
construction is the basis of scaled particle theBrs is well-

known, the free energy change for the hard core field then takesgigg_relf Igependencel- of tpe_sol}/ayio??kjree energ)t/) on thde fcavity size

; ; ircles denote results of simulatioh&ines are obtained from eq
the particularly simple form 13 by using the results of the mean field eq 9 (solid) and by neglecting
the mean field (dotted).

pAQ, = 4xS’ [" a1 2%02(2S") (13)

) ) ) practically constant plateau in agreement with the simulation
which requires only theontactvalue p;(AS") of the density  results. The small slope of the curves in Figure 7 for laBge

profile. This is very accurately given by the theory described can be understood by separating the free energy into volume

above. To use this “virial route”, we can discretize the (V5 = 475%3) and surface As = 47S) contributiond as
integration and calculate the density profile for several values discussed by HC:

of 1 at the fixed bulk chemical potentiaP.
In Figure 6, we plot the contact values as a function of the ~ B
sizeS. For solvent fluids with purely repulsive interactions, such AQ AV + Agrs (14)

as the hard sphere fluid, the contact value monotonically . . ) )

increases because the fluid particles increasingly tend to order! e ,f'rSt term in th_'s expression corresponds to the Wprk

next to the surface of the solute and the density profile always "éduired to remove liquid particles from the volume occupied

has a sharp peak at contact. A nonmonotonic dependence of '€ Solute, wherg® is the bulk liquid pressure, and is very

the contact values is a very characteristic feature of surface SMall for the values of considered here. The second term

induced drying and has been predicted for the case of water in@termmgs the cost Qf forming the.lqu|d-§qulte mterfape and
is proportional to the interface tensigg, which is essentially

contact with hydrophobic objects by Stillingérand in the : .
present case by the LCW theory. independent of the solute size for large solutes.

Using eq 13, we obtain the dependence of solvation free 7 Conclusions
energy on the size of the hard sphere solute. The free energy *
per unit surface area of the solui€25/47S we obtain is shown The theory described here combines an accurate treatment
in Figure 7. For small solutes, attractive interactions do not play of correlations induced in the nonuniform hard sphere reference
an important role and the solvation free energy agrees well with system by a general external field with a mean field description
a pure hard sphere model, which completely neglects attractionsof the effects of attractive interactions in terms of an ap-
by using the bare solute potential, as shown by the dotted line. propriately chosen ERF. We have shown here how a relatively
At the solute size of about 0.7, the behavior changes drastically simple modification of the simple MF expression for the ERF
and the reduced free energy rapidly crosses over to thecan ensure that accurate results are found in the hydrostatic limit
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of very slowly varying fields and for properties of coexisting (6) Katsov, K.; Weeks, J. DPhys. Re. Lett. 2001, 86, 440.
bulk phases. Of course there are important limitations inherent 114(1)1g/°”may"'-ee' K.; Katsov, K.; Weeks, J. D. Chem. Phy=2001,
in any mean field treatment of long wavelength fluctuations, ™ @) widom, B.Science1967 157, 375.

such as those seen near the critical point or the capillary wave  (9) Lum, K.; Chandler, D.; Weeks, J. D. Phys. Chem. B999 103
fluctuations of the liquig-vapor interfacé2 However, in many 4570

other applications where such fluctuations do not play an 54(%-)%)3;/_\/%'(5'3'D';Cha”d'er' D.; Andersen, H.JCChem. Physl97],

important role, mean field theory provides a simple and often  (11) Andersen, H. C.; Weeks, J. D.; Chandler fDys. Re. A1971, 4,
very accurate starting point. In future work, we will discuss 1597.

properties of the liquietvapor interface and of fluids confined (12) Hansen, J. P.; McDonald, I. Rheory of Simple Liquidsicademic
ress: London, 1986.

in slits and cylinders from this perspective. (13) Sullivan, D.: Stell, GJ. Chem. PhysL97§ 69, 5450.
(14) Longuet-Higgins, H. C.; Widom, BViol. Phys.1964 8, 549.
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