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Structural properties of confined sticky hard-sphere fluids
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A simple density-functional approximation, which is based on both the hybrid weighted-density approxima-
tion of Leidl and Wagner and the density-functional approximation of Ca#éjal, has been developed to
study the structural properties of sticky hard-sphere fluids. The approximation has been applied to calculate the
density profiles of sticky hard-sphere fluids confined in structureless hard walls, and the results have been
compared with those from the available computer simulation and some other approximations. The calculated
density profiles have shown that the approximation is better than the Choudhury-Ghosh and Kim-Suh approxi-
mations, and they compare very well with the results from the computer simulation.
[S1063-651%98)09206-X]

PACS numbdss): 61.20.Gy, 61.20.Ne

Over the last decade, numerical studies have addressednfined sticky hard-sphere fluids. The calculated results
problems involving model fluids confined in special sym-have shown that the Kim-Suh approximation is better than
metrical systemg$1,2]. It is known that for confined hard- the Choudhury-Ghosh approximation. However, for the
sphere fluids, the weighted-density approximatif®ig] de-  strong adhesiveness the agreement with the computer simu-
scribe their structural properties very well compared with thdation slightly deteriorates with increasing fluid densities.
well-known standard integral equations. However, at theThus we have here addressed these problems.
lower temperature the weighted-density approximations fail In this Brief Report, we will develop the density-
to describe the structural properties of the real systems witfunctional approximation, which is based on both the hybrid
the attractive potential. For example, for the confined stickyweighted-density approximation of Leidl and Wagner for the
hard-sphere fluid the weighted-density approximations yieldeference term and the density-functional approximation of
very poor results at the lower values compared with the Callejaet al. [2] for the remaining term, to study the struc-
computer simulation, whereis the stickiness parameter re- tural properties of sticky hard-sphere fluids. We apply it to
lated to the strength of adhesion and to the temperature of theredict the density profiles of sticky hard-sphere fluids con-
system[5]. It is actually very difficult to use the usual per- fined by hard walls and compare with those from some other
turbation theoried6] of a liquid for a sticky hard-sphere approximations.
fluid because of the special intermolecular potential); In the density-functional theory, the grand canonical po-

tential Q[ p] and intrinsic(Helmholt? free energy functional

R B F[p], both unique functionals of the one-particle density
exq_ﬁ¢(r)]:E 6(r_R )+0(r_R)1 (1) p(f’), are related as

where R is the diameter of the sticky hard sphei&(x) B L .
Dirac’s delta function, and(x) the Heaviside step function. QLp]=Flpl+ | dF p(N[Uex(T) — p], 2
Thus relatively few studies have yet considered the structural

properties of the confined sticky ha.rd-sphere'fluid. Jam”iK/vhereM is the chemical potential of the system amgy(F)
and Bratko[7,8] studied the wall-fluid correlations on the 4, external potential. The equilibrium particle density distri-
basis of the solution to the Percus-Yevick—Ornstein-Zernikgy tion of the inhomogeneous fluid corresponds to the mini-
equation to predict the density profiles of sticky hard-sphergaym of the grand canonical potential satisfying
fluid confined in structureless hard walls. Choudhury and5Q[p]/5p(r~):0, which leads to the Euler-Lagrange equa-
Gho§h [9,10] pro_posgd the simple density—funqtional aP-tion; p— Ug(F) = SF[p]/8p(F). For an inhomogeneous
proximation, which is based on both the higher-ordersig in contact with a homogeneous bulk fluid, its chemical
weighted-density approximation for the reference term a”q)otential,u is equal to that of the homogeneous bulk fluid

the density-functional Taylor series expansion of Oneé-nq pence the Euler-Lagrange equation leads to an expres-
particle direct correlation function for the remaining contri- gion for the density profile equation given by

bution, to study the structural properties of the confined

sticky hard-sphere fluid. They have shown that for the strong p(7)
adhesiveness these approximations are in poor agreement In[—
with the results from the computer simulation. On the other

hand, Kim and Sulfi11] have recently proposed the density-

functional approximation, which is based on both the hybridwhere p, is the homogeneous bulk density of the system,
weighted-density approximation of Leidl and Wagrdl c¢™(7;[p]) the one-particle direct correlation function
and the higher-order weighted-density approximation off DCF) for the inhomogeneous fluid, ard¥)(p,,) the one-
Denton and Ashcroff12], to predict the density profiles of particle DCF for the homogeneous bulk fluid.

= — BUey(N +cP(F;[p]) —cV(pp), (3
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However, since the exact form of?)(7;[ p]) is unknown,
some kinds of approximations must inevitably be introduced. In
For this, we follow the basic idea of Choudhury and Ghosh
[9], which was proposed to study the structural properties of —C(ré'f)(pb)—AC(l)(pb), (1D
the confined sticky hard-sphere fluid. We divide the excess

free energy functiondF o[ p] with the reference tertfiefp]  where the one-particle DCFSY)(F:[p]) and c@)(py) be-
(hard-sphere-likeand the remaining contributioAF[p] as  come, from Eqs(5)—(7),

?}: — BUex(F) +Clg(F:[p]) + Ac V([ p])
b

Fed p1=Fredp]+AF[p]. 4 0
Coof (F; =—f_F—fd§§f'_§
As an approximation for the reference teffp.{p], we ot (NLP1) == Alred p()] P(S)Blrel p(S)]
adopt the hybrid weighted-density approximatigfiVDA) X w(|F—8,plp]), (12)

of Leidl and Wagnei4], which is known to give excellent
results for the hard-sphere system and is computationall

easier than the weighted-density approximations based o nd
the local density{3]. In the HWDA theory,F . {p] is as- ,
sumed as © C(réf)(Pb): = Bf el Pb) — PuBrei Pb) - (13
L - As the approximation for the remaining term
Fref[P]:J dr p(Nfred p(F)], ) Ac(Fi[p]), we introduce the density-functional approxi-
mation of Callejaet al. and Kim and SuHh2,13|, which is
where based on the density-functional Taylor series expansion of
the excess free energy functional corresponding to the re-
— & ca >l o maining contribution. If we retain terms only up to the sec-
p(r) J’ dS p(S)w(|F=8|.pLe)), ® ond order in the functional Taylor series expansion, one ob-
, tains the one-particle DCFAcY)(f;[p]), after some
with manipulation,
o= | 0 o) [ s p@ulr=sliton. @
== rp(r Sp(Sw(|r—5§|, , , = I
PLPITN P piee PLP Ac<”<r;[p]>=Ac<l><pb>+f ds Ac®(|F—4],pp)
where o(|F—$§|,p) is the weighting function for the refer-
ence term,N the number of particles of the system, and X[p(§)—pb]+3f d§J' dt L(r,5,f)
frelp) the free energy per particle. The weighted densities
p(F) andp[ p] become the homogeneous bulk dengityfor X[ p(8) = ppll p(E) = ppl, (14

the homogeneous system.

A unique specification ofv(|F—$|,p,) follows from re-  where the kernel (F,5,f) is related to the three-particle
quiring that the defining relationship between the two-DCF of the systemi13,14. It is noted that with_(F,$,t) =0,
particle DCFc{Z(|F—3§|,p,) and the second functional de- Egs.(11) and(14) lead to the Choudhury-Ghosh approxima-

rivative of F{ p] with respect top(r) be as follows: tion. However, the three-particle DCF is not known so we
need an approximation for the kerne(r,s,f). In fact, it
Clat (|7 =3, pp) = — 2B o pp) (|~ 3], pp) appeared that the kerne(F,$,t) is not very sensitive when
the separation of any two of the coordinatég;-$|, is

.Pb) greater than a molecular diamefr Thus we have chosen a
practically simple form as

~poBTintpe) | AT (¢

Xw(lf_§|1pb)v (8)

where the prime denotes the derivative with respect to the L(Fs, r):Bf du a(|r—dpa([s—dapa([t—u)), (15

density pp. Then, c2(|F—$|,p,) is related to the two-
particle DCFc®)(|F—4§],p;,) as with

ci2(I7=8],pp) =c?(|F~8],pp) — Ac®(|F~8],pp), (9) 6 (R
a(l’):?a E—r . (16)
whereAc®)(|F—4§|,py,) is the two-particle DCF correspond- 7
ing to the remaining contribution. We can also decompos

the corresponding one-particle D@E/(p,) as

e (pp)=cB(pp)—AcD(py), (10

2
where Ac®M)(py) is the one-particle DCF corresponding to _ 2 het __Po J S A2 le & 3
the remaining contribution. In this approximation, the den- BP=potpuBiiefpn) =5 | dSAC (|F—$,pp) +Bpp,
sity profile equation, Eq(3), can be rewritten as a7

eI'he constanB, which depends on the properties of the ho-
mogeneous bulk fluid, is determined by the equation of state
of the systenj13]
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whereP is the pressure of the system. Combining EG4§)— 1.0
(14), one obtains the density profile equation

[p(F)
In| —
Pb

== BUexl(FN) — Bf e p(1) ]

~ [ s oS8l T07—31.5)+ Biefpr)

p(Z)R®

+poBliut o)+ [ A5 8¢ py

X[p(9)~ps1+38 | dsa(r—s)3p(s7 (19

where

0.0 | { | 1 1
2 0.0 0.5 1.0 1.5 2.0 2.5 3.0

(19 7/R

5p(F)2=U dsa(|r—$))[p(S) = po]

Let us consider the fluid confined in planar slits consisting g 1. Density profiles of the sticky hard-sphere fluid confined
of two walls located atz=—L/2—R/2 andz=L/2+R/2, 5 the gap of widthL=6R hard walls at different bulk density

where the walls are parallel to the_ pIape;(,O). In this case, ,,R3 (=0.6, 0.4, and 0Rwith the strong adhesivenes¢=0.2).
the fluid-wall interactionBuc,(2z) is given by a hard core The solid circles are taken from the computer simulafih The

one, solid lines correspond to the present approximation. The dotted
lines and dashed lines correspond to the Choudhury-Glieh
BUo(2)= 0 for — L{2< z<L/2 (20) present approximation witB=0) [9] and the Kim-Suh approxima-
ex o otherwise.

tions[11], respectively.

Due to the planar symmetry of the problem the density dis- : ,

tribution varies only along the direction; p(F)=p(z) and b(ez?n obtained by solving E(g) for the knownfe(pp) and

p(N=p(2). c,ef(r,pb). The mte_grals haye been performe(_j by _the trap-
To calculate the density profiles of the sticky hard-spheréZoidal method with spacingz=0.01. The iteration is

fluid confined in hard walls, Baxter's Percus-YeviéRY)  Stopped when the successive valyggz)R®, p,.1(2)R® of

expression for the two-particle DCE@(r,p,) of sticky the density profile satisfy [“?%ed(Z/R)[pn+1(2)R?

hard-sphere fluid in the homogeneous phase has been use®n(2)R*]?<1071°.

[5]. Following the suggestion of Choudhury and Gh¢8h The resulting density profiles for the confined sticky hard-
we have chosen the reference teftrard-sphere-likeand the ~ sphere fluidp(z) R® with the gap of widthL = 6R have been
remaining contribution as displayed against/R at three different values of the bulk
densitiesp,R*(=0.2, 0.4, and 0.6with the strong adhesive-
(2) _ r UJ ryd ness7(=0.2) in Fig. 1 and compared with those from the
Cref (1,pp) =| —Ao— A1 Rl T2 Ml R O(R—r),

(21 1.2

and

ACP(r o) =~ 15 )\2($) B(R—T)+ 1% S(r—R°),
(22)

where = mp,R%6 is the packing fractionAy,=(1+27
—O%(A—n)*, Ar=—39(2+7)?+281+Tn+7n") — (2
+9)12(1-n)*, = n(1-17), \=6n[v—(*— )7, v

=1+ 79/(1—7), and y=75(2+ 5)/6(1— 5)?. To calculate

the constanB, the equation of statel 5] for the sticky hard-
sphere fluid, via the compressibility equation, has been used:

p(Z)R®

BP lt+ntn’ E2+m7) &

— = 3 3 3. (23) 0.0 1 1 { !

pp (=7 2(1=n)" 36y(1-17) 0.0 0.3 0.6 0.9 1.2 1.5
The compressibility sum rule has been used to calculate the Z/R

excess free energ¥,.(pp) corresponding to the reference
term [15]. The weighting functionw(r,p,) has numerically FIG. 2. As for Fig. 1 except that the gaplis=3R.
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computer simulation. It is noted that in the original sphere fluid confined in a planar wall with a gaploft 3R
Choudhury-Ghosh approximation Choudhury and GH&h have been displayed. The calculated results also show that
used the higher-order weighted-density approximafib2]  the present approximation is better than the Kim-Suh ap-
based on the approximation of the one-particle direct correproximation and compares with the computer simulation; at
lation functional. It is known that for the hard-sphere fluid higher densities the Choudhury-Ghosh and Kim-Suh ap-
the HWDA is better than the higher-order weighted-densityproximations yield higher values of the fluid density near the
approximation of Denton and Ashcroft. As can be seen fronharg wall compared with the computer simulation and the
Fig. 1, the Choudhury-Ghosh approximation is less satisfacgjsagreement with the computer simulation deteriorates with
tory even for the lower densities. Figure 1 also shows thaje increase of the strength adhesiveness. Once again, for the
the present approximation is b_etter than the Klm-Suh_apE:onfined sticky hard-sphere fluid the present approximation
proximation and comparable with the computer simulationy;ie|qs reasonably good results compared with the computer
the Kim-Suh approximation yields higher values of the fluid simulation, whereas for the Choudhury-Ghosh and Kim-Suh
density at the walls com.pared with the corr_lputer_simuIationapproximationS the agreements get worse at the hard walls.
The good agreement with the computer simulation perhapg), the other hand, the above result indicates that the present
comes from the fact that the strength paramBtér Eq.(18)  gccess will provide impetus to extend the density-functional
is chosen to satisfy the equations of state, @q), for the  5y5r0ach to the study of inhomogeneous fluids with aniso-
homogeneous sticky hard-sphere fluid. The above choice Qfopic adhesion or to more realistic interaction potentials.

B ensures that ip,, is the liquid wall density at a hard wall, fyrther investigation for these realistic systems is in
the exact relation3P,,= py, is satisfied when the wall sepa- hrogress.

ration L goes to infinity. This indicates that for the confined

sticky hard-sphere fluid the present approximation provides a This work was in part supported by the Basic Science

proper representation of the intermolecular correlation. Research Institute Program of the Korean Ministry of Edu-
In Fig. 2, the calculated density profiles of the sticky hard-cation(Grant No. BSRI-97-2405
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