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Because of the increasing interest in studying the phenomenon exhibited by charge-stabilized colloidal
suspensions in confining geometry, we present a density functional theory (DFT) for a hard-core multi-
Yukawa fluid. The excess Helmholtz free-energy functional is constructed by using the modified fundamental
measure theory and Rosenfeld’s perturbative method, in which the bulk direct correlation function is obtained
from the first-order mean spherical approximation. To validate the established theory, grand canonical ensemble
Monte Carlo (GCMC) simulations are carried out to determine the density profiles and surface excesses of
multi-Yukawa fluid in a slitlike pore. Comparisons of the theoretical results with the GCMC data suggest
that the present DFT gives very accurate density profiles and surface excesses of multi-Yukawa fluid in the
slitlike pore as well as the radial distribution functions of the bulk fluid. Both the DFT and the GCMC
simulations predict the depletion of the multi-Yukawa fluid near a nonattractive wall, while the mean-field
theory fails to describe this depletion in some cases. Because the simple form of the direct correlation function
is used, the present DFT is computationally as efficient as the mean-field theory, but reproduces the simulation

data much better than the mean-field theory.

I. Introduction particle system interacting with a short-range attraction and a

. . . . long-range electrostatic repulsion has been successfully de-
Understanding the structure and adsorption of fluids near solid scribed in the well-known DerjaguirL audar-Verwey—Over-

surfaces is relevant to many traditional applications such as gaspeek (DLVO) theory, which is also expressed as a Yukawa

storage, oil recovery, heterogeneous catalyst reactions, removapotemial' For example, the hard-core two-Yukawa potential has

of various pollutants, and fabrication of colloid-based nano- . . e ;
s : : been used to predict the thermodynamic and diffusion properties
structured materials:® The interplay between intermolecular - . .
of bovine serum albumin (BSA) in aqueous electrolyte solu-

forces and external potential from solid surfaces makes the . g . X
tion®9and to explain the small-angle neutron scattering spectra

behavior of these confined fluids of interest but difficult to of cytochrome C protein solutions at moderate concentrations.

predict. Apart from the external potential, the intermolecular Besides, the phase behavior ofoGnolecular systems and
interaction is the only factor that affects the structure of fluids o P . . 0 y
stability of colloidal dispersions has been accurately reproduced

and the phenomena at the surface, such as adsorption, wettingby using the hard-core two-Yukawa mod&kIn principle, the

capillary condensation, efc. . . .
. . ; hard-core repulsion with three or more Yukawa tails can be
The various interactions between atoms and molecules can . . . : .
used to approximate the intermolecular potential by including

be calculated by using quantum mechanics, although Suchvan der Waals interactiofisand electrostatic interactiod$.

calculations are far from trivial, requiring electron correlation Therefore, we believe that the fluids with multi-Yukawa

and large basis sets. In practice, we require some means tg ials shoul | imul | thout losi
accurately model the interatomic potential curve using a simple potentials should be able to simulate real systems without losing

empirical expression that can be rapidly calculated. Subse_generallty. . o . )
quently, the intermolecular interaction for an atomic fluid is  Because of the analytical availability and simplicity in solving
usually modeled by using a Lennardones potential term for the Ornsteir-Zernike integral equation with the mean spherical
van der Waals interactions and a Coulomb potential term for @PProximation (MSA) closure, the phase equilibria, thermody-
electrostatic interactiorfs.The Lennare-Jones potential, as namic, and structural properties of the attractive hard-core one-
pointed out by Tang et a.can be well approximated by a hard- Yukawa fluids and their mixtures have been investigated

core repulsion with two-Yukawa tails. A charged colloidal extensively:>2° The repulsive hard-core one-Yukawa fléfid
and the multi-Yukawa fluiéf—30 also have received attention

* To whom correspondence should be addressed. E-mail: yangxyu@ IN recent years for their important applications to protein systems
mail.tsinghua.edu.cn. and colloidal suspensiod3! In addition to the MSA-based
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variations, there are achievements for the thermodynamics basedl. Density Functional Theory
on the BarkerHenderson perturbation theory using hard

) The hard-core Yukawa (HCY) potential with multiple tails
spheres as the referen®@&@? The disadvantage of the perturba- ( )P P

. - i ) is given b
tion theory is its absence of structural information. For the d 4
inhomogeneous case, the situation is different. The previous 00 r<o
investigation$33-3" were concerned in the attractive and M € exp[—A(r — o)lo]

. . . u(r) = i i (1)
repulsive hard-core one-Yukawa fluid. There is no report on — r>o
the inhomogeneous hard-core multi-Yukawa fluid up to now. = rlo

Analysis of the previous theoretical investigations results in two

groups of methods: one is integral equation theory and anotherwhere o is the diameter of particles, is the center-to-center
is density functional theory (DFT). It proves that the DFT is distance between two interacting particldbjs the number of
more powerful than the integral equation theory in the prediction tails, ¢; and 4; represent, respectively, the potential energy at
of the structural properties of inhomogeneous Yukawa flifids.  contact and the screening length of Yukawa tail

The key task in a DFT is to construct the expression of the  In a density functional theory for an inhomogeneous hard-
Helmholtz free-energy functional. Generally, the modified core multi-Yukawa fluid, the grand potential functior@[p-
fundamental measure theory (MFM%§$°yields very accurate ()] is related to the Helmholtz energy functiorfglo(r)] via a
density profiles for the hard-sphere fluids and their mixtures Legendre transform,
near walls and in slitlike pores. The remaining problem is how
to handle the dispersion force contribution to the Helmholtz Qlp(N] = FloM] + [ V() —ulp(r) dr - (2)
free-energy functional. The most simple and popular method
for this problem is the so-called mean-field (MF) thebryhich

is computationally efficient but describes some inhomogeneous .
P y g The Helmholtz energy functiond[p(r)] can be formally

phenomena only qualitatively. Efforts to improve the MF theory d ideal tributioh |
have been made by adopting the so-called effective referencefxr?nr?fese rastﬁntl ea 'gﬁf cfo? trr|1 uh h é) (r)]hprusran elxicenss nd
field or the effective external potenti#t 42 The approach has € "{p(r)] that accounts for the hard-sphere repulsion a

successfully addressed interfacial and hydrophobic phenomeney an der Waals attraction,

in inhomogeneous fluids, which is hardly expected from a _ pid e

traditional MF theory. An alternative way to correct the MF Flo(r)] = F¥lp(r)] + F{p(r)] 3)
theory is to use the bulk direct correlation function (DCF) The ideal-gas contribution to the Helmholtz energy functional
obtained from the integral equation theory. The analytical form is exactly known as

of DCF was first generalized to the case of a multi-Yukawa

potent'ial by Hoye and Blur#® The'correct coefficients of the F‘d[p(r)] = ka drp(r)[ln(p(r)A3) —1] (4)
analytical form have to be obtained by solving a group of

nonlinear equations, and the complexity is increased with the wherek is the Boltzmann constariL,is the absolute temperature,
number of terms in the multi-Yukawa potential. In contrast, the A = h/(27mkT)*? represents the thermal wavelength withnd
first-order mean spherical approximation (FMSA) solution M standing for, respectively, the Planck constant and the mass
obtained by Tang et &Bis straightforwardly a linear combina-  Of the Yukawa sphere.

tion of individual one-Yukawa solutions, and has been applied ~ To derive the excess Helmholtz energy functional due to both
to homogeneous three- and four-Yukawa flii@ecause the hard-sphere repulsion and van der Waals attraction, we incor-
analytical form of DCF from the FMSA is much simpler than Porate the modified fundamental-measure theory (MFMT)
that from the full MSA, the FMSA is adopted here to retrieve developed by Yu and WA* with Rosenfeld’s perturbative

wherep(r) is the equilibrium density distributio’/**{r) is the
external field, and: is the chemical potential of the fluid.

the fluid structure. method?®
In this work, we reformulate the Helmholtz free-energy e _ h o
functional for the inhomogeneous hard-core multi-Yukawa fluid Flo(n)] = ka @™ ny(n)] dr + FZilp(r)] (5)

through Rosenfeld’s perturbative method. The excess HelmholtzWhere @ p(r)] is the excess Helmholtz free-energy density

free-energy functional due to hard-sphere repulsion is evaluatedy . o hard-core repulsion, amg(r) is the weighted density
from the MFMT, and dispersion contribution is approximated ofined as '

by using a quadratic expansion of the residual Helmholtz free-

energy functional with respect to that for a uniform fluid of the _ ST (1 P

same chemical potentials. Then the theory is applied to Nu(r) = f dr'p(r )W( (r=r) ©)
investigating the structure and adsorption of the hard-core multi- \whereo. = 0, 1, 2, 3, V1, and V2. The weight functions{®-
Yukawa fluid in a slitlike pore as well as the radial distribution (1), are given b§8.3945.46

function (RDF) of bulk multi-Yukawa fluid. To test the

performance of the established DFT, grand canonical ensemble wW(r) = 7a®WO(r) = 2zowWD(r) = 6(0/2 — 1) (7)
Monte Carlo (GCMC) simulations have been carried out to 3

obtain the density profiles and adsorption isotherms of the hard- wo(r) = ©(012 — 1) (8)
core multi-Yukawa fluid in the slitike pore at different (V2)/\ (V1)/y _

temperatures and densities. In the following section, we present WEHr) = 2mowH(r) = (1/no(of2 = 1) ©)

the DFT for multi-Yukawa fluid. We briefly describe the where®(r) is the Heaviside step function, ad@) denotes the
simulation method in Section Ill. We present and discuss the Dirac delta function. Integration of the two scalar functions,
numerical results for the density profiles, surface excesses, andam2)(r) andw)(r), with respect to the position gives the particle
RDF in Section IV, and we end with some conclusions in surface area and volume, respectively, and integration of the
Section V. vector functionw®2(r) is related to the gradient across a sphere
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in ther direction. In the MFMT, the Helmholtz free-energy Fex ex _
density consists of terms dependent on scalar- and vector- Fale(r)] = Faieo) +uanfdrAp(r)

weighted densities, ?f dr dr' AC@°(Ir" — r)Ap(r)Ap(r') + -+ (16)
h — phss hs(V)
®"ny(r)] = ®"C[n(N] + @"VIn ()] (20) Equation 16 shows that the perturbative method is completely
free of any weighted density and of any higher-order DCFs.
where the superscripts (S) and (V) represent the contributionsConsidering the system composed of particles interacting via
from scalar- and vector-weighted densities, respectively. The the hard-core multi-Yukawa potentia‘i,(:fn)b(n’ —r|)is given

scalar Helmholtz energy density is given by by
n,n ACDP(r — ) = C(Z)b r C(Z)b r
3
n,’ In(1 — n,) n,® whereC@P(r" — r|) andC@*(Ir" — r|) are the bulk second-
(11) order DCFs of a hard-core multi-Yukawa fluid and a hard-sphere

2 2
36 36mny(1 —ny) fluid, respectively. Their analytical expressions can be obtained

by solving the OrnsteirZernike (OZ) equation within proper

and the vector part is expressed by approximation closures. For the hard-core multi-Yukawa fluid,
the most popular approach is to calcula@@°(|r' — r{) from
hst) o Nyty, oy Ny, IN(L = ng) the mean spherical approximation (MSA) due to its analytical
@ n(N] =~ 1-n, B 1272 N expression in reasonable accuracy. However, the parameters in
3 the expression oﬁcfn)bﬂr' — r|) are M functions of bulk
MoNv2"Nvz (12) density pp, €nergy parametes;, and screening parametets
127n,(1 — n3)2 and can be only obtained by solvingi&coupled nonlinear

equationg?® This makes the calculation complicated for the
In eq 12,nv: andnyz are vectors, andyi-ny, andny,+nys, are multi-Yukawa fluid. Alternatively, the analytical expression of

dot products. In the limit of a homogeneous fluid, the two Acgztt)b(”', — r|) obtained from the first-order MSH is
vector-weighted densitigs; andny, vanish, and the Helmholtz ~ Sélected in this work, i.e.,

free-energy density becomes identical to that derived from the M i(—o)o

Carnahar-Starling equation of stat¥.It should be pointed out ﬁe-e
that the tensor-weighted density is introduced to describe the @ 4 rlo

structures of the hard sphere crystal by TaraZSrdowever, ACLH() ={ "y (18)
for hard sphere fluid, our previous wdéfé® shows that the Y(r€,4) <o

Helmholtz free-energy functional without tensor-weighted den- =

sity reproduces very accurate density profiles. Therefore we also
neglect the tensor-weighted density in this work.

To obtain the contribution of a long-range van der Waals
interaction to the excess Helmholtz energy functional, Rosenfeld
assumed that it could be perturbatively constructed around that Y(red) = 56
for the bulk fluid at equilibrium. According to Rosenfetelwe
can make a functional Taylor expansion of the residual Q) = [St) + 1277L(’[)e7t]72 (20)
Helmholtz energy functional around that for a uniform fluid, 3 2
ie. S(t) = A%+ 6pAL + 187%t — 129(1+ 27) (21)

L(t) = (L+ /2)t + 1+ 29 (22)

, =0

where

g Ailt—olo

— Q(li)P(f,/li)] (19)

ex

oF . )
Flo(r)] = Fi(op) + f dr5 (:;Ap(r) + with 7 = 7pp0%/6, A = 1 — 5, t = 4 andP(r, 4;) defined as
t(r—o)lo

2—ex e —t(r—o)lo =
oS ((?)Eatzr')‘Ap(r)Ap(r') b3 POD=SOT T+ LH 0T — -
prce 1271 + 277)2t4 +AQ+ 2900+ 12n[S(t)L(t)t2 -
whereAp(r) = p(r) — pp andpyp is the bulk density. The bulk AL+ 92t rlo — 245[(1 + 2)%* + AL + 29)t°] +

DCF due to the residual attraction are defined as 24pS(OL(olr (23)
ex The equilibrium density distribution for the hard-core multi-
ACEP = — p—2=— pu% (14) Yukawa fluid is obtained by minimization of the grand potential
op(r) functional Q[p(r)], which yields
52Fex
U= ==l ey ) = oy —Mr -n|-
b

where 8 = 1/KT and ug; is the dispersive part of the excess BV(r) + f dr’AC(thb(|r —r)Ap(r") (24)
chemical potential. If we neglect all higher-order terixis;, “)b ?
(n > 2) in eq 13,F5{p(r)] becomes where ups is the hard-sphere part of the chemical potential,
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which can be obtained from the Carnak&tarling equation
of state’

ex_ 18— 9+ 31)
coa-w

When the hard-core multi-Yukawa fluid is confined in a slit
pore or around a fixed spherical particle, the density profiles
vary only in thezdirection orr-direction, i.e.,pi(r) = pi(2) or
pi(r) = pi(r), and can be solved from eq 24 by using the Picard-
type iterative method. In the calculation, the weighted densities

(25)

and the integrals in eq 24 are evaluated by using the trapezoidal

rule with the step sizé\z or Ar = 0.005, and the iteration

repeats until the percentage change is smaller than 0.001 at al

points.

I1l. Monte Carlo Simulation

To test the performance of the DFT established above, the

grand canonical ensemble Monte Carlo (GCMC) simulations
are carried out in this work. The details of the simulations have
been described elsewheé®eThe GCMC simulations are per-
formed with the excess chemical potential obtained from the
canonical ensemble Monte Carlo (CMC) simulations by using
the Widom test particle method. The simulated fluids are
confined between two parallel walls with the distance 0f.10
The simulation box is cubic (X0x 100 x 100), and the cutoff
distance of the Yukawa tails is set to be. he usual periodic
boundary conditions and minimum imagine conventions are
applied in the directions parallel to the walls. The density
profiles of the hard-core two-, three-, and four-Yukawa fluids
confined in the slitike pores at different temperatures and
densities are simulated in this work. In addition, the adsorption
isotherms of the hard-core two-Yukawa fluid in the slitlike pores
are also obtained by using the GCMC simulations.

IV. Results and Discussions

A. Hard-Core Multi-Yukawa Fluid in a Slitlike Pore. We
first discuss the density distributions of a hard-core multi-
Yukawa fluid confined in a slitlike pore under various condi-
tions. In this case, the external potential from the parallel walls
can be expressed as

s JW@+WH-—-2 0/2<z<H-0/2
Vo = {oo otherwise (26)
where
W(2) = — € exp[— Aw(z — 0/2)lo} (27)

whereey is the energy parameter of the wallly is the screening
length of Yukawa tail for the wallz is the perpendicular distance
from the left wall andH is the width of the slitlike pore.
Throughout this work, the screening length for the wallyg
= 1.8, the width of the pore i$l = 100, and the reduced
temperature is defined 8% = kT/es.

In Figures -3, the density profiles predicted from the present
DFT are compared with those from the GCMC simulations
carried out in this work for the two-Yukawa fluid{ = 2.8647,

A2 = 13.5485, andel/e; = —1.4466) in a slitlike pore at
temperaturd* = 4.0, 1.25, and 0.6, respectively. In this case,
the two-Yukawa fluid mimics the Lennardlones potential,
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A GCMC (¢, /KT =0)
O GCMC (¢, /kT=1.0)
——DFT

30 35

O 1 1 1
2.0
z/lo

2.5 4.0

igure 1. Reduced density profiles of a hard-core two-Yukawa fluid
A1 = 2.8647,A, = 13.5485,¢,/e; = —1.4466) confined in a slitlike
pore with wall energyw/kT = 0 and 1.0 at reduced temperatife=
4.0 and reduced densipso® = 0.5 (inset) and 0.7. The symbols and
solid curves represent the results from the GCMC simulations and the
DFT, respectively. To enhance visual clarity, the density profiles for
ew/KT = 1.0 atpyo® = 0.5 (inset) and 0.7 are shifted upward by 0.2
and 0.5, respectively.

5 A GCMC (g, /KT=0)
0 GCMC (s, /kT=1.0)

——DFT

- - - - MF theory

zlo

Figure 2. Reduced density profiles of a hard-core two-Yukawa fluid
(A1 = 2.8647,1, = 13.5485,¢c,/e; = —1.4466) confined in a slitlike
pore with wall energyw/kT = 0 and 1.0 at reduced temperatre=

1.25 and reduced densippo® = 0.4 (inset) and 0.7. The symbols,
dashed and solid curves represent the results from the GCMC
simulations, MF theory and DFT, respectively. To enhance visual
clarity, the density profiles foew/kT = 1.0 atppo® = 0.4 (inset) and

0.7 are shifted upward by 0.2 and 0.5, respectively.

and 2 suggest that the higher the wall energy parameter or the
bulk density is, the larger the magnitude of the density
oscillation. The density profiles shift toward the wall as the
density is increased, and there is a significant accumulation of
spheres near the wall at high bulk density and/or large value of
ew. Both the present DFT and MF theories predict the density
profile well except for slightly overestimating the contact density
from the MF theory af™* = 1.25 andopo® = 0.4. It should be
mentioned that the MF theory used here is implemented by using
the MEMT for the hard-core repulsion.

As the temperature is decreased, the density profile exhibits
fewer oscillations and monotonically decreases at the approach
of the nonattractive wall, as shown in Figure 3. This depletion
is the result of the competition between excluded-volume and
long-range attraction interaction: the former favors accumulation
of spheres near the wall, while the latter holds back the spheres
close to the wall. At low temperature and low density, the
attractive interaction prevails and the density profile shows
depletion. The comparisons of theoretical predictions with the
GCMC simulation data show that the performance of the present

which is repulsive near the contact distance but becomesDFT is excellent. In contrast, the MF theory overestimates the

attractive at long enough distance. For each density, two wall
energy parameteks,/kT= 0 and 1.0 are considered. Figures 1

density profile in the vicinity of the wall and gives incorrect
oscillatory behaviors. Figure 3 demonstrates that the MF theory
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1.2
4 GCMC (g, /kT=0) it A GCMC (g, /kT=0)
o GCMC (¢, /kT=1.0) 4 % O GCMC (¢, /kT=1.0)
DFT Lol ® ——DFT
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1 1 1 1 1 2 3 4
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Figure 6. Reduced density profiles of a hard-core three-Yukawa fluid
(A1 =1.8,A2=4.0,43 = 24; eJJe; = —1.0; e3le; = —1.0) confined in

a slitike pore with wall energyew/kT = 0 and 1.0 at reduced
temperaturél* = 5.0 and reduced densipgo® = 0.4 (inset) and 0.7.
The symbols and solid curves represent the results from the GCMC
simulations and the DFT, respectively. To enhance visual clarity, the
density profiles forew/kT = 1.0 atp,o® = 0.4 (inset) and 0.7 are shifted
upward by 0.1 and 0.5, respectively.

Figure 3. Reduced density profiles of a hard-core two-Yukawa fluid
(A1 = 2.8647,A, = 13.5485,c,/¢; = —1.4466) confined in a slitlike
pore with wall energyw/kT = 0 and 1.0 at reduced temperatdfe=

0.6 and reduced densifyo® = 0.4. The symbols, dashed and solid
curves represent the results from the GCMC simulations, MF theory
and DFT, respectively. To enhance visual clarity, the density profile
for ew/kT = 1.0 is shifted upward by 0.2.

i charged BSA surrounded by counterions includes a van der
6t A GCMC (¢, /kT=0) Waals attraction and the screened Coulombic repulsion, which
spooal © GCMC (s, AT=1.0) can be expressed as two-Yukawa tails. We e¢yle= 91.3 K

' DIt andl; = 1.8 for the van der Waals interaction and obtain the
M/p\ Yukawa potential parameters from the DLVO theory for the
% screened Coulombic repulsion, i.e.,
; i z,%€
€=——————andl,=«o (28)
oD(1 + «kol2)
l s wherez, is the charge number of BSA is the charge of an
zlo electron,D is the dielectric constant of pure water, ani the
Figure 4. Same as in Figure 1 bt = —1.25. Debye screening parameter, which is given by
ab , N,cz%€?
K° = Z— (29)
A GCMC (g, /kT=0) — DKT
L3 o  GCMC (e, /kT=1.0)
p=} DFT whereN, is the Avogadro constant; andz are, respectively,
=5 the molar concentration and the valence of micraiobnder
the condition given above, the hard-core diameter and the charge
number of BSA are 7.20 nm anti.5, respectively. Then from
r o egs 25 and 26, we obtai/k = —141.8 K andi, = 2.1132.
The density profiles of BSA in Figure 5 show some analogy to
0 1 5 3 4 those in Figure 4, exhibiting oscillations near the wall. In both
zlo cases plotted in Figures 4 and 5, the density profiles predicted

Figure 5. BSA density profiles of BSA-electrolyte solution confined ~ from the present DFT are in excellent agreement with those
in a slitlike pore with wall energyw/kT =0 and 1.0 at 298.15 K, pH  from the GCMC simulations.
4.7, and ionic strength= 0.1 mol/L and reduced bulk densipyo® = In Figures 6 and 7, the density profiles from the present DFT
0.6. are compared with those from the GCMC simulations for the
is not only quantitatively unreliable but also qualitatively hard-core three-Yukawa fluid with potential parametérs=
questionable because of its failure to describe the depletion nearl.8, 1, = 4.0, A3 = 24.0,¢x/e; = —1.0, andegle; = —1.0. In
the wall at the low temperature. In addition, the MF theory gives this case, there are attractive and repulsive interactions outside
too strong density oscillation for fluid with the long-range the hard-core, but the repulsive interactions are smaller than
attractive force due to its neglect of the structural free-energy the attractive one. From Figures 6 and 7, we can see that the
functional. Figure 4 presents the results of the present DFT aspresent DFT accurately reproduces the density profiles of the
well as its comparisons with the GCMC simulation data under three-Yukawa fluid in the slitike pore at moderate to high
the same conditions as in Figure 1 but 16r= —1.25. At this temperatures. When the temperature is decreas&t to 0.7
temperature, the potential is attractive at short distance but(see Figure 7), depletion is found near the nonattractive wall.
becomes repulsive at enough long distance. The density profilesDifferent from the case shown in Figure 3, the present DFT
are similar to those in Figure 2, but higher contact densities are slightly overestimates the density at contact and the MF theory
observed af* = —1.25. underestimates the density profiles at all positions in the pore.
Figure 5 depicts the BSA density profiles of BSNaCl Figure 8 illustrates the comparisons of the predicted density
aqueous solution confined in a slitlike pore at 298.15 K, pH profiles with the GCMC simulation data for the four-Yukawa
4.7 and ionic strength = 0.1mol/L. The interaction between fluid with potential parameter§; = 1.8, 1, = 4.0, 43 = 8.0,
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0.9
o3l & GCMC(e,/kT=0)
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Figure 7. Reduced density profiles of a hard-core three-Yukawa fluid P, 0-3

(A1 = 18,4, = 4.0,A3 = 24; eJJe; = —1.0; e5le; = —1.0) confined in ) o b

a slitlike pore with wall energyew/kT = 0 and 1.0 at reduced Figure 9. Adsorption isotherms of a hard-core two-Yukawa fluid (
temperaturel* = 0.7 and reduced densih(jo3 = 0.4. The symb0|s’ :.2.8647,12 = 13.5485,,/¢; = *14466) confined in a slitlike pore
dashed and solid curves represent the results from the GCMC With wall energyew/kT = 0 and 1.0 at reduced temperatdre= 1.0.
simulations, MF theory and DFT, respectively. To enhance visual The symbols, dashed and solid curves represent the results from the
clarity, the density profile foew/kT = 1.0 is shifted upward by 0.1. ~ GCMC simulation, MF theory and present DFT, respectively.

effects,I"®* displays a nonmonotonic variation with bulk density,

“or both in the theory and in the simulations. For attractive surfaces,
358 & GOMC (e /kT=0) the surface excess is high. The curvel6t as a function of
3.0 o GCMC (E: /KT =1.0) bulk density is similar to that for the surface without attraction
w25 DFT except in the range of very low densitpy¢® < 0.1). An
% 20 interesting phenomenon is observed at very low density, i.e.,
X s I'*¢increases rapidly as the density is increased. This finding
~T indicates that the surface attraction dominates the adsorption at
LOF S very low density. The present DFT reproduces the surface excess
05} quite well. While the trends df®* predicted from the MF theory
0.0 . . . . as a function of bulk density are only in qualitative agreement
1 2 2l 3 4 with the GCMC simulations, its quantitative performance

. . ' .. remains unsatisfactory. At moderate to high densities, the MF
Figure 8. Reduced density profiles of a hard-core four-Yukawa fluid . . . .
(o= 18,42 = 4.0,43 = 8, 44 = 12; exler = —0.5, esfer = —0.5¢4ler _theory predlcts_an ad_sorptlon excess higher than what is seen
= —1.0) confined in a slitlike pore with wall energy,/kT = 0 and in the GCMC simulation. _
1.0 at reduced temperatufé = 3.0 and reduced densipso® = 0.6. C. Radial Distribution Function. To demonstrate the
The symbols and solid curves represent the results from the GCMC applicability of present DFT to bulk multi-Yukawa fluid, we
simulations and the DFT, respectively. To enhance visual clarity, the compare the predicted radial distribution function (RDF) with
density profile forew/kT = 1.0 is shifted upward by 0.5. the Monte Carlo simulation data for the two-Yukawa fluid with
Ja=12.0,esle1 = —0.5,eg/e; = —0.5, andese; = —1.0 atT* potential parameters;, = 1.8, 1, = 4.0, andey/e; = —3.0. In
= 3.0 andp,o® = 0.6. As expected, an excellent agreement this case, the potential is repulsive at short distances and
between the results predicted from, the present DFT and theP€comes attractive at long distances. The RDF is calculated
GCMC simulation data is achieved. From all the results Pased on the idea of Percus’ test-particle method. If we fix a
described above, we find that the present DFT predicts very sphere, then the external potential produced by the fixed sphere

accurate density profiles of the multi-Yukawa fluid in the slitlike = 1S 9iven by
pore under all the conditions considered in this work. In contrast,

. . i 00 r<o
the MF theory may overestimate or underestimate the density - _
profiles at low temperatures. Vi ={ <& exp[-4(r/o —1)] rsg G
B. Surface ExcessThe surface exceds™ is a quantity of £ rlo h

interest in experiments. It is defined as

ex __ [H—ol2 If the density profile of other spheres around the fixed one is

= L/z [p(2) — pl dz (30) obtained from the present DFT, the RDf) is obtained through

In this work, we consider the hard-core two-Yukawa fluid with a(r) = p(r)p, (32)
potential parameters; = 2.8647,4, = 13.5485, and,/e; =
—1.4466, which is used to approximate the Lenraldnes Figure 10 depicts the predicted RDF for the two-Yukawa fluid

potential. Figure 9 depictE®* as a function of bulk density at  atT* = 2.0 andpo® = 0.8, along with the canonical ensemble
* = 1.0 for two-wall energy parameteeg/kT = 0 and 1.0. Monte Carlo (CMC) simulation data of Lin et &l. The

For the surface without attraction$* deceases at first, and then agreement between the present DFT and the computer simula-
increases rapidly as the bulk density is increased. This behaviortion is excellent, while the MF theory predicts a lower contact
can also be explained in terms of long-range attractive interac- value and weaker oscillations when compared to the CMC
tion and of excluded volume effects. Figure 9 shows that long- simulation data. In Figure 11, we plot the contact value of RDF
range attractive interaction is dominant at low density, and as a function of density &t = 1.5 and 3.0. The contact value
excluded volume interactions begin to play an important role increases monotonically with the density. The present DFT
at high density. As a consequence of the interplay between twopredicts a very accurate contact value of RDF, while the MF



of the bulk multi-Yukawa fluid.
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lation data show that the present DFT is quite accurate. It is
capable of describing the surface depletion of multi-Yukawa
fluids at low temperature. In contrast, the well-known mean-
field theory overestimates or underestimates the density profiles
in the vicinity of the solid surface for the multi-Yukawa fluids

at low temperature and fails to account for the surface depletion
in some cases.

When the present DFT is applied to the calculation of the
radial distribution function for the two-Yukawa fluid, an
excellent agreement between the predictions from the DFT and
the simulation data is achieved. However, the MF theory

W05 20 25 30 35 20 s substantially underestimates the radial distribution function in

rlo the vicinity of contact for the system considered in the text. It
Figure 10. Radial distribution function of the hard-core two-Yukawa IS concluded that the present DFT is comprehensively reliable
fluid (1, = 1.8, 12 = 4.0, ezle; = —3.0) at reduced temperatufé = and computationally efficient and can be used to predict the

2.0 and reduced densifyo® = 0.8. The symbols, dashed and solid structural and thermodynamic properties of both inhomogeneous
curves represent the results from the Monte Carlo simulation of Lin et and homogeneous multi-Yukawa fluids. It is most promising
al.** MF theory and present DFT, respectively. for practical applications such as gas storage, colloidal suspen-
sions in confining geometry, removal of various pollutants, etc.
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