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Based on the free-energy average method, an area-weighted effective potential is derived for rectangular corrugated
nano-pore. With the obtained potential, classical density functional theory is employed to investigate the structural and
thermodynamic properties of confined Lennard–Jones fluid in rectangular corrugated slit pores. Firstly, influence of pore
geometry on the adsorptive potential is calculated and analyzed. Further, thermodynamic properties including excess ad-
sorption, solvation force, surface free energy and thermodynamic response functions are systematically investigated. It is
found that pore geometry can largely modulate the structure of the confined fluids, which in turn influences other thermody-
namic properties. In addition, the results show that different geometric elements have different influences on the confined
fluids. The work provides an effective route to investigate the effect of roughness on confined fluids. It is expected to shed
light on further understanding about interfacial phenomena near rough walls, and then provide useful clues for the design
and characterization of novel materials.
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1. Introduction
Fluids in restricted geometry have unique structures and

thermodynamic properties,[1,2] which differ significantly from
those of bulk phase. The confined fluids are so ubiquitous that
they have obtained a wide spectrum of practical applications
in technological and engineering fields, such as catalysis,[3,4]

membrane separations,[5] heat exchange,[6] carbon capture
and storage.[7–9] In addition, the interplay of finite size effect
and surface effect in confined fluid can strongly modulate its
phase behaviors,[10,11] and even rheological properties.[12–14]

These distinctive properties of confined fluid make it rather
fascinating and interesting.

In the past decades, confined fluid have been investigated
by using of a variety of theoretical methods. Employed den-
sity functional theory (DFT), Peng et al.[15] investigated the
adsorption of nitrogen in MCM-41 material, which is mod-
elled by a cylindrical pore. Sun et al.[16] studied the pres-
sure tensor of inhomogeneous Lennard–Jones (LJ) fluids in
spherical cavity. With the calculated pressure components,
solid–fluid interfacial tension had also been studied. By solv-
ing the Ornstein–Zernike equation, density profiles of fluids
inside slit, spherical and cylindrical pores had been studied
by Zhou et al.[17–19] In addition to density profile, the parti-
tion coefficient and solvation force of the confined fluids were
also investigated. In addition, computer simulations[20] are

frequently employed to investigate confined fluids. By uti-
lizing of grand ensemble Monte–Carlo (GCMC) simulation,
Peterson et al.[21] studied the adsorption isotherm and phase
transition of LJ fluid confined in cylindrical pore. Perform-
ing molecular dynamics (MD) simulations, Magda et al.[22]

studied density profiles, solvation forces, interfacial tensions
and self-diffusion coefficients of confined LJ fluid. Despite so
many investigations about the confined fluids, most of them
focus on planar, spherical or cylindrical pores, because these
simple geometries can be easily modelled. Nevertheless, these
pores may be markedly different from real materials, whose
surfaces are usually rough on an atomic scale. This has been
confirmed by some recent studies on gas adsorption on some
specific adsorbents.[23–25]

Prior to investigating the effect of roughness on the con-
fined fluids, the solid–fluid potential near walls should be
firstly determined. In their simulation of gases on an infi-
nite set of straight square-walled grooves, Bojan and Steele[26]

(BS) obtained the solid–liquid potential by summing up the
LJ pair interactions between one fluid atom and the solid.
In addition, Schoen et al. had calculated the solid–fluid po-
tential of chemically[27,28] and geometrically[29,30] heteroge-
neous slit pores in their investigation of the ultrathin fluid
film. Following the BS method, Wu et al. derived coarse-
grained potentials arising from patterned cylindrical or rectan-
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gular pillars,[31] as well as that from rectangular grooves.[32]

The obtained potentials were further used in their MD sim-
ulations to probe the wetting of LJ liquid droplet on various
patterned solid surfaces. Recently, Liu et al.[33] developed a
general method to calculate the averaged solid–fluid potential
energies for a wide range of adsorbent models with different
extension and shape. By direct integration over the pair poten-
tial between the fluid and solid atoms, Malijevský calculated
the solid–fluid potential of solid grooved substrates.[34–38]

Based on the obtained potential, a series of interfacial phe-
nomena including filling,[34] wetting,[35] bridging,[36] inter-
face pinning,[37] capillary contact angle, and condensation–
evaporation transitions[38] had been investigated.

Though explicit results of solid–liquid potential are read-
ily available for rough surfaces, their applications in either
DFT or computer simulation may be strenuous because of the
involved multi-dimension. For example, by performing a 2-
dimensional nonlocal density functional theory (2D-NLDFT),
Jagiello et al.[39–41] investigated the pore size distribution of
adsorbents through calculation of the adsorption isotherms in
rough pores. Moreover, Yatsyshin et al.[42,43] had also per-
formed 2D-NLDFT calculations in their investigations of wet-
ting and capillary condensation near corrugated walls. Actu-
ally, efforts have been made to simplify the DFT calculation
near rough surfaces. One representative may be the quenched
solid density functional theory (QSDFT),[44,45] which models
the solid by the density distribution of solid atoms in the direc-
tion perpendicular to the surface rather than the source of the
external potential. Besides, combining the theories of Marko-
vian random processes and the first passage time probability,
Aslyamov et al.[46,47] obtained an effective solid–fluid poten-
tial for heterogeneous surfaces, with which a random surface
density functional theory (RSDFT) has been developed.

Recently, Forte et al.[48] found that the widely employed
integrated potentials, such as Steele 10–4–3 potential, are only
the leading-order terms in the high-temperature expansion of
an original free-energy-averaged (O-FEA) solid–fluid poten-

tial. They argued that for surfaces with irregular geometri-
cal defects, the temperature-dependent FEA potential should
be more preferable. Actually, the FEA procedure provides
an useful way to obtain the effective solid–fluid potentials,
whose efficiency has been verified in calculations for the rough
surfaces.[49] In a very recent work of Shi et al.,[50] a bottom-
up strategy was proposed, and the effective pore potential
was calculated via a random-configuration area-weighted free-
energy-average (RC-AW-FEA) operation. This routine shows
remarkable superiority over the O-FEA. However, it is not
suitable for the conventional DFT calculation because of the
involved random-configuration sampling. In order to extend
the AW-FEA method to DFT calculations for fluid near rough
surface, we aim to derive a 1-dimensional effective solid–fluid
potential, with which the fluids confined in rough pore can be
conveniently calculated.

This paper is organized as follow. In Section 2, a mean-
field AW-FEA potential model is proposed to calculate the ef-
fective solid–fluid potential in the rectangular corrugated slit
pore. In Section 3, the framework of DFT and some approxi-
mations for free energy functional of confined fluids are given.
In Section 4, the structural and thermodynamic properties of
confined LJ fluids in rectangular corrugated slit pores are in-
vestigated. The effects of pore geometry on these properties
are analyzed in detail. In the final section, a short summary is
given.

2. Mean-field AW-FEA model
The present work considers a rectangular corrugated slit

pore, which is composed of two identical rectangular corru-
gated substrates, as sketched in Fig. 1(a). Each corrugated
substrate can be regarded as the sum of a basal planar wall and
an infinite set of parallel and identical pillars. These pillars
are equidistantly distributed along y-direction with a spatial
period λ = w1 +w2. Note that both corrugated substrates are
infinitely extended in x- and y-directions.
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Fig. 1. (a) Cross sectional view of the rectangular corrugated slit pore. w1, w2 and D = M∆ specify the geometry of pillars. M denotes the
number of layers in each pillar, while ∆ is the interlayer spacing. (b) Magnified view of the pillar structure (gray) in the case of M = 4. The
magenta balls represent test fluid atoms in contact with the pillar, and the dashed line denotes the boundary of the accessible space around one
pillar. Note that in (b), the size of balls of different species does not reflect the real size of the corresponding atom.
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The solid–fluid and fluid–fluid interactions are described
by the LJ potential

ϕi j (r) = 4εi j

[(
σi j

r

)12
−
(

σi j

r

)6
]

(1)

with subscripts i, j = s, f. εi j and σi j are respectively energy
and size parameters, which satisfy the Lorentz mixing rules.
For the sake of concise, σff and εff are abbreviated as σ and
ε , respectively. Other lengths and energies are measured in
unit of σ and ε , respectively. Note that in calculation of the
effective potential via the AW-FEA, one should keep in mind
the accessible region of the fluid atom. To this end, the sketch
of boundary of the accessible space around one pillar has been
presented in Fig. 1(b).

The potential arising from the basal planar wall is mod-
elled by the Steele 10–4–3 potential[51]

VSt (z) = 2πεfsρStσ
2
fs∆

[
2
5

(
σfs

z

)10

−
(

σfs

z

)4

−
σ4

fs

3∆ (z+0.61∆)3

]
(2)

with ρSt being the volumetric density of solid atoms. As-
sume that each pillar consists of M atomic layers in z-direction.
Therefore, for a test fluid atom locating at (y,z), the potential
from one single corrugated substrate can be expressed as

Vsubs (y,z) =VSt (z)+
+∞

∑
n=−∞

M

∑
m=1

Vm,n (y,z), (3)

where Vm,n (y,z) is the potential contributed from the m-th
atomic layer in the n-th pillar. The index m and n are used
to distinguish the solid layers and pillars, respectively. Actu-
ally, due to the translational symmetry along y-direction, one
should only calculate the potential from the 0-th pillar, say
V0 (y,z), while those from other pillars can be simply obtained
by spatial translation along y-direction. Therefore, Vsubs (y,z)
can be rewritten as

Vsubs (y,z) =VSt (z)+
+∞

∑
n=−∞

M

∑
m=1

Vm,0 (y+nλ ,z) (4)

with Vm,0 (y,z) denoting the potential from the m-th atomic
layer of the 0-th pillar. In addition, it is satisfied that V0 (y,z) =

M
∑

m=1
Vm,0 (y,z).

Following the method in BS model,[26] one can obtain

Vm,0 (y,z) = 2πεfsρsσ
2
fs

[
Ψ12

(
y+m,0,zm

)
−Ψ12

(
y−m,0,zm

)
−Ψ6

(
y+m,0,zm

)
+Ψ6

(
y−m,0,zm

)]
(5)

with ρs being areal density of solid atom in the pillar, and

Ψ6 (y,z) =
y√

y2 + z2
m

[
1
2

σ4
fs

z4
m
+

1
4

σ4
fs

z2
m (y2 + z2

m)

]
, (6)

Ψ12 (y,z) =
y√

y2 + z2
m

[
1
5

σ10
fs

z10
m

+
1

10
σ10

fs
z8

m (y2 + z2
m)

+
3

40
σ10

fs

z6
m (y2 + z2

m)
2 +

1
16

σ10
fs

z4
m (y2 + z2

m)
3

+
7

128
σ10

fs

z2
m (y2 + z2

m)
4

]
. (7)

In Eq. (5), the relative coordinates y±m,0 = ±w1/2− y, zm =

zs,m− z have been defined. zs,m stands for the z coordinate of
the m-th atom layer in the pillars. Details about the derivation
of Vm,0 (y,z) can be found in the supporting information.

For the rectangular corrugated slit pore, the total poten-
tial felt by the test fluid atom can be expressed as the sum of
potential from each substrate, that is,

Vtot (y,z) =Vsubs (y,z)+Vsubs (y,H− z) , (8)

where H is the separation of basal walls on the two opposite
substrates, as shown in Fig. 1(a). Performing FEA calcula-
tion, one can map the 2D solid–fluid potential to an effective
1D potential, which is only z-dependent, that is,

βVeff (z) =− ln
{

1
Ly (z)

∫
exp [−βVtot (y,z)] dy

}
. (9)

Here, β = 1/kBT with kB and T being the Boltzmann constant
and absolute temperature, respectively. In Eq. (9), Ly (z) is the
accessible length in y-direction for the fluid atom at a height
of z. The details for derivation of Eq. (9) can also be found in
the supporting information. Due to the mean field treatment in
the calculation of Veff (z), the potential in Eq. (9) is referred as
a MF-AW-FEA model.

In general cases, the pillars on the opposite substrates
may be out of phase with each other. This may exert an ef-
fect on the 2D potential, and then on the effective potential
Veff (z). For simplicity, the present work considers only the
case in which pillars on opposite substrates are symmetrical
with respect to the plane z = H/2.

3. Density functional theory for inhomogeneous
fluids
According to statistical mechanics, the equilibrium den-

sity in inhomogeneous fluids can be determined by minimizing
the grand potential functional Ω [ρ]. For the slit pore system
under consideration, it can be expressed as[52]

Ω [ρ (z)] = F [ρ (z)]+
∫

ρ (z) [Vext (z)−µ] dz. (10)

Here, F [ρ] is the Helmholtz free energy functional, while
Vext (z) is the external potential, which should be replaced with
Veff (z) in the MF-AW-FEA model. In addition, µ denotes the
chemical potential in the bulk phase.
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According to the Barker–Henderson scheme,[53] one can
split the fluid–fluid interaction into repulsive and attractive
parts, that is,

ϕff (r) =


∞, r < d,
0, d < r≤σ ,
ϕff,att (r) , σ < r≤rc,
0, r > rc,

(11)

with rc and d being cut-off of LJ potential and effective hard
sphere diameter, respectively. In addition, ϕff,att (r) is defined
as

ϕff,att (r) =


0, r ≤ σ ,

4ε

[(
σ

r

)12−
(

σ

r

)6
]
, σ < r≤rc,

0, r > rc.

(12)

In Eq. (11), the effective hard sphere diameter can be accu-
rately reproduced by[54]

d =
1+0.2977(βε)−1

1+0.33163(βε)−1 +0.0010477(βε)−2 σ . (13)

In DFT for simple fluids, the Helmholtz free energy func-
tional is usually decomposed into ideal and excess parts, that
is, F = Fid +Fex. The former can be exactly expressed as

βFid [ρ (z)] =
∫

ρ (z)
{

ln
[
ρ (z)Λ

3]−1
}

dz (14)

with Λ being the de Broglie wavelength.
In contrast, the exact expression for Fex [ρ (z)] is usu-

ally unknown for the realistic systems, and some approxima-
tion should be made for the implementation of DFT calcula-
tions. According to the perturbative split of ϕff (r) in Eq. (11),
Fex [ρ (z)] can be split into contributions from hard sphere and
attractive tail, that is,

Fex [ρ (z)] = Fhs [ρ (z)]+Fatt [ρ (z)] . (15)

The hard sphere contribution Fhs [ρ (z)] is treated by modi-
fied fundamental measure theory (MFMT) developed by Yu
et al.[55]

βFhs [ρ (z)] =
∫

Φ [nα ] dz. (16)

Here, Φ [nα ] and nα are reduced free energy density and
weighted density, respectively. Specific expressions for
Φ [nα ] and numerical details about nα can be found in the
literature.[55–57]

Furthermore, the weighted density approximation
(WDA)[58–61] has been proven to be powerful to treat the
long-ranged attractive tail. In WDA, Fatt [ρ (z)] can be con-
structed from bulk equation of state (EoS) by replacing the
bulk density with a weighted density ρ̄ (z) as

βFatt [ρ (z)] =
∫

ρ̄ (z) fatt (ρ̄ (z)) dz (17)

with fatt(ρ) denoting the attractive contribution of the
Helmholtz free energy per particle in bulk phase. fatt(ρ)

can be obtained by combining the modified Benedict–Webb–
Rubin (MBWR)[62] EoS for the LJ fluid and the Carnahan–
Starling (CS)[63] EoS for the hard sphere fluid. More de-
tails about the WDA calculation can be found in our previous
works.[64,65]

Once Fex [ρ (z)] is constructed, the equilibrium density
can be calculated by minimizing the grand potential Ω [ρ (z)],
which leads to the Euler–Lagrange equation

lnρ (z) = β

[
µ− δFex [ρ (z)]

δρ (z)
−Vext (z)

]
. (18)

Prior to the calculation of ρ (z), Vext (z) should be calculated
firstly by Eq. (9). Actually, determination of Vext (z) is straight-
forward because analytical expression for the 2D fluid–solid
potential has been obtained in Eqs. (4)–(8). For an obtained
Vext (z), the nonlinear equation, say Eq. (18), is solved in a
standard manner by Picard iteration method with the grid size
of 0.02σ . The iterations are continued until the sum over
the grid points of the absolute values of the differences be-
tween two consecutive iterations is smaller than 10−6. In the
calculation, the involved numerical integrations and convolu-
tions are all determined by the standard trapezoidal quadra-
ture. More detail about the algorithm of DFT calculation can
refer to Ref. [56] and the references in it.

Unlike the case of smooth pore, the involved spatial in-
tegration

∫∫
dxdy in calculations for rough pores is no longer

a constant. Instead, it should be z-dependent because the pil-
lars prohibit the fluid particles from entering the region they
have occupied, as sketched in Fig. 1(b). Therefore, any vol-
ume integral of the form

∫∫
(·)dxdydz should be replaced by∫

(·)Aacc (z) dz. Here, the z-dependent accessible area Aacc (z)
can be obtained as follows:

Aacc (z)
A

=


1− w1+2σfs

λ
, z < D,

1−
w1+2

√
σ2

fs−(z−D)2

λ
, D+σfs ≥ z≥D,

1, z > D+σfs,

(19)

with A the projected area of the whole substrate on its basal
wall. For instance, the excess adsorption in the rectangular
corrugated slit pore should be calculated as

Γex =
1
A

∫
dzAacc (z) [ρ (z)−ρb] (20)

with ρb the fluid density in the bulk phase.

4. Results and discussion
In DFT calculations for inhomogeneous fluid, the external

potential Vext(z) plays a decisive role because it makes the con-
fined fluid different from the corresponding bulk phase. To un-
derstand the potential arising from the rectangular corrugated
slit pore, we have calculated the 2D wall potential Vtot (y,z).
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A contour of Vtot(y,z) for argon atom between two adjacent
pillars with w1/σ = w2/σ = D/σ = 3.0 has been presented
in Fig. 2. It is obvious that for the given geometry of sub-
strate, the potential Vtot(y,z) has a specific distribution near
the substrate. It is quite different from that of the smooth pore,
because the pillars on the substrate make the potential inho-
mogeneous along y-direction.

. . . . .


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¥
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Fig. 2. Contour of the 2D wall potential βV tot(y,z) of argon atom between
two adjacent pillars. The reduced parameters are set as w1/σ = w2/σ =
D/σ = 3.0, σss/σ = 1.0, εss/ε = 1.0 and ρsσ

3 = 1.0.

In order to apply the MF-AW-FEA model to the DFT
calculations, we have calculated the 1D effective solid–fluid
potential in the rectangular corrugated slit pores with differ-
ent geometry. The results for argon at 87.3 K are shown in
Figs. 3(a)–3(c). For the purpose of comparison with the re-
sults from RC-AW-FEA model,[50] which has simulated the
potential from one single rough wall, the pore width in our
calculation has been set as H/σ = 20.0. This pore width is
large enough to regard that the two corrugated substrates are
immune to each other. In addition, other parameters in the
MF-AW-FEA calculations are set the same as those used in
the simulation, which has been listed in Table 1.

Table 1. Parameters used for calculation of Vext(z) with the MF-AW-FEA
model; in Figs. 3 and 4(c) for argon at 87.3 K, while in Figs. 7 for CO2 at
273 K.

Species σff (nm) εff/kB (K) σsf (nm) εsf/kB (K) p0 (bar)
Ar 0.3405 119.8 0.34025 57.92 1.0

CO2 0.349 227.9 0.344 79.9 34.7

Figure 3(a) presents the 1D effective external potential
near a rectangular corrugated substrate with w1/σ = w2/σ =

3.0 and D/σ = 1.0–4.0. Obviously, the potential from MF-
AW-FEA shows a similar pattern to that of potential from RC-
AW-FEA.[50] Specifically, each curve has two minima, one at
z1 ≈ σ , while the other at z2 ≈ D+σ . Actually, the minimum
at z2 arises from the attraction of top surface of the pillars. In
the case of D/σ = 1, the result from MF-AW-FEA is slightly
higher than that from RC-AW-FEA. This stems from the dif-
ferent manner in which the roughness of substrate is modeled.
That is, the substrate is defined to be rectangular corrugated in

the MF-AW-FEA model, while it is random sampled in RC-
AW-FEA model. Furthermore, it is shown that for a larger
D, the potential curve is generally lowered in between the two
minima. This can be attributed to the enlarged lateral area gen-
erated by higher pillars, which provide more adsorptive sites
on the microscopic point of view.
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Fig. 3. MF-AW-FEA model of the potential for argon atom in the rect-
angular corrugated pores of different parameters, but all with H/σ = 20.
(a) Effect of D on Vext(z). Lines are results from MF-AW-FEA with
w1/σ = w2/σ = 3.0, while lines with symbol are those from RC-AW-
FEA and O-FEA by MC simulation.[50] (b) Effect of w1 on Vext(z),
with w2/σ = 3.0 and D/σ = 2.0. (c) Effect of w2 on Vext(z), with
w1/σ = 3.0 and D/σ = 2.0.

Effect of w1 on the 1D effective external potential is de-
picted in Fig. 3(b). Obviously, the two minima on each curve
coincide at the same position because the height of the pillars
has been fixed. Further comparison suggests that the poten-
tial is lowered with the increase of w1, especially in the region
near the top of the pillars. Actually, larger w1 corresponds to
wider top area of the pillars. By averaging along y-direction,
this leads to stronger attraction there. Further, the effect of w2

on the 1D effective external potential is presented in Fig. 3(c).
It is obvious that the effect of w2 on the potential is just oppo-
site to that of w1. For the case of w2/σ = 1000, the potential
curve coincides completely with that of Steele 10–4–3 poten-
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tial, which indicates the vanishing influence of the pillars in
this limiting case.

Having obtained the effective 1D potential for the rectan-
gular corrugated pores, one can proceed with calculations for
the structure and thermodynamic properties of fluid in these
pores. However, it is necessary to check the performance of
our DFT calculation at first. To this end, we perform calcula-
tion for confined LJ fluid in a smooth slit pore, which is mod-
elled by Steele 10–4–3 potential. The results in Fig. 4(a) sug-
gest a good agreement between DFT results and those from
MC simulations.[66]
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Fig. 4. (a) Density profiles of LJ fluid confined in smooth slit pores with
kBT/ε = 1.2 and ρbσ3 = 0.5925. Lines are results from our DFT calcu-
lations, while symbols are results from MC simulations.[66] (b) Density
profile of argon fluid confined in a smooth pore and rectangular corru-
gated pore with w1/σ = w2/σ = D/σ = 3.0. In both calculations, we
set ρbσ3 = 0.8, kBT/ε = 1.2 and H/σ = 10.4. (c) Excess adsorption
isotherms of argon at 87.3 K on the BP-280 solid by different models
of pore potential. For the purpose of comparison, experimental data[67]

and GCMC results[50] are also included.

Example sets of density profile for fluid in rectangular
corrugated slit pores are shown in Fig. 4(b). In the calcu-
lation, parameters are set as w1/σ = w2/σ = D/σ = 3.0,
H/σ = 10.4, kBT/ε = 1.2, and ρbσ3 = 0.8. As stated above,
fluid particles cannot enter the region that the pillars have oc-
cupied. Therefore, the accessible region should be considered,

and the density output by the DFT calculation should multi-
ply the quality Aacc(z)/A. As shown in Fig. 4(b), both density
curves, with and without the consideration of Aacc(z), show
maximum at z = 4σ , which implies the minimum of Veff (z)
there. In contrast, both curves coincide between 4σ and 6.4σ

because Aacc (z)/A = 1 in this region. Furthermore, compari-
son of ρ(z) between smooth and corrugated pores shows that
they are markedly different, especially in the region near the
top surface of the pillars. This indicates that the pillars can sig-
nificantly modulate the fluid structure in the corrugated pore.

In order for a further verification of the efficiency of
the MF-AW-FEA model, calculation for the excess adsorp-
tion isotherms of argon on BP-280 solid is performed at T =

87.3 K. The result with w1/σ = 7, w2/σ = 3.0 and D/σ = 1.0
is given in Fig. 4(c). In the figure, results from experimen-
tal measurement[67] and GCMC simulation[50] are also pre-
sented for a purpose of comparison. In the calculation, the
pore width is set as H/σ = 20.0. Evidently, the DFT re-
sult agrees very well with the experimental data in the region
p/p0 ∈ (10−5,0.1). With a further increase of p, the curve
shows a modest deviation from the data. The deviation can
be ascribed to the mean-field treatment in the MF-AW-FEA
model. Even so, the DFT result with MF-AW-FEA model still
shows better agreement with experimental data than GCMC
results with O-FEA model, in the region of p/p0 ∈ (10−4,1).

4.1. Excess adsorption isotherms

Excess adsorption is important in either theoretical or en-
gineering analysis, and may provide noteworthy information
about the global behavior of confined fluids. To understand the
effect of pore geometry on excess adsorption Γex, adsorption
isotherms of confined LJ fluids in the rectangular corrugated
slit pores are calculated in different cases of H, D, w1, and w2.
The results are given in Figs. 5 and 6. In Fig. 5, dependence
of Γex on H for LJ fluid confined in smooth slit pores is firstly
calculated with kBT/ε = 1.2 and ρbσ3 = 0.5925. Comparison
with MC results[68] shows that they agree well.

In Figs. 5, results for excess adsorption with w1/σ = 1–
6 show that for each value of w1, Γex presents oscillatory in-
crease with H. This can be understood as follows. For the pore
width that gives a maximum of Γex, the fluid configuration in
the pore is more ordered, which indicates that the particles
are efficiently arranged in layer structures, and the available
space is utilized in a better way. In addition, the period of os-
cillation is nearly one diameter, which displays the influence
of hard sphere excluded volume on determining the packing
of the confined fluid. Further comparison between the curves
shows that the oscillation of Γex and its amplitude are enhanced
by larger w1, which indicates the constructive influence of w1

on Γex.
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Fig. 5. Dependence of Γex on H for confined LJ fluids in the rectan-
gular corrugated pores with different w1. Other parameters are set as
kBT/ε = 1.2, ρbσ3 = 0.5925, w2/σ = 3.0 and D/σ = 2.0. In calcula-
tion for smooth pore, we set kBT/ε = 1.2 and ρbσ3 = 0.5925, which
are the same as those used in MC simulations.[68]
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Fig. 6. Excess adsorption isotherms of confined LJ fluids in different
rectangular corrugated slit pores. kBT/ε = 1.2 and H/σ = 10.0 has
been set in the calculations. Specifically, (a) dependence of isotherms
on D with w1/σ = w2/σ = 3.0. (b) dependence of isotherms on w1
with w2/σ = 3.0 and D/σ = 2.0. (c) dependence of isotherms on w2
with w1/σ = 3.0 and D/σ = 2.0. In (a), logarithmic axis is used to
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It is evident in Fig. 6(a) that in the low and high density
regions, the height of pillar exerts an opposite influence on Γex.
Actually, there is a competitive mechanism about the effect of
D on Γex. For a larger D, the higher pillar leads to an adsorptive
effect because it provides more adsorptive sites. On the other
hand, larger D leads to wider depletion layer around the pil-

lar. This depletion region prohibits the particle from entering,
and then depresses the adsorption. The winner in the com-
petition depends on the density in the pore. For sufficiently
large densities, multi-layer structures occur in the pore, and
then the former is dominant. In contrast, for low densities, the
latter holds an advantage, because the increase of Γex arising
from additional adsorptive sites is not enough to compensate
the decrease of Γex arising from the enlargement of the deple-
tion layer.

Results in Fig. 6(b) suggest that w1 has the same effect
on Γex as D. With the increase of w1, the adsorptive effect
and depletion effect win their competition in high density and
low density region, respectively. However, the switching point
has been shifted leftwards. This implies that the advantage of
depletion effect has been depressed in its competition with the
adsorptive effect, because the depletion layer keeps unchanged
as w1 varies. In contrast, Fig. 6(c) shows that the effect of w2

on Γex is opposite to that of w1. With the increase of w2, the
adsorptive effect of the pillars is weakened, because its attrac-
tion has been lowered by the area-weighted average in a larger
spatial region.
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Fig. 7. Excess density of CO2 confined in sinusoidal corrugated slit
pore with different widths. The solid and dashed lines are results of this
work and 2D-NLDFT[69] calculation, respectively. Note that lines with
the same color correspond to results for the identical pore width. The
number in the figure denote the pore width, but in units of Å.

It is necessary to point out that the procedure proposed
here should not be limited to this specific roughness, but
should be applicable for other complex, or even random sur-
face, so long as its shape or geometry can be mathematically
described. As a test, we perform calculations for confined
CO2 in a sinusoidal corrugated slit pore, which has been in-
vestigated with 2D-NLDFT by Jagiello et al.[69] Based on
the 2D wall potential proposed by Jagiello et al., an effec-
tive 1D wall potential can be calculated by using the MF-AW-
FEA model. The parameters in the calculation has been given
in Table 1. The excess densities of confined CO2 at 273 K
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are shown in Fig. 7. The comparison with results from 2D-
NLDFT suggests that they agree well for all the chosen pore
widths. This demonstrates the good performance of the MF-
AW-FEA model in its application to other rough pores.

4.2. Solvation force

In smooth slit pore, solvation force is the normal force
exerted by the fluid on per unit area of each wall. Its oscillat-
ing behavior has been confirmed in smooth pores. However,
solvation force between some non-crystalline surfaces may be
different due to their molecularly roughness on the surfaces.
To understand the effect of roughness on solvation force, cal-
culations are performed for the LJ fluid confined in the rectan-
gular corrugated slit pore. In the context of thermodynamics,
the solvation force can be expressed as[70]

fs =−
1
A

(
∂Ωex

∂H

)
µ,T

. (21)

Here, excess grand potential Ωex = Ω + pV with p the bulk
pressure, and A refers to the projected area of the substrates.
Note that the effect of pillars on fs has been taken into account
in the calculation of Ωex.

Firstly, the dependence of fs on H is calculated for the
confined LJ fluid in rectangular corrugated slit pores. The re-
sults in Fig. 8 show that for each case of D, fs exhibits oscil-
lating behavior with H. Moreover, the period of oscillation is
nearly one diameter of the fluid particle. For the same reason
as that for the oscillation of Γex in Fig. 5, the oscillation of fs

stems from the variation of the ordered configuration of fluids
in the pore. Obviously, each curve exhibits a maximum near
(H−2D)/σ = 2.0. This maximum corresponds to an ordered
layer structure in the fluid, while the subsequent maxima in the
curve indicate the newly formed layers in the pore. In addition,
the solvation force is generally negative for the pore satisfies
(H−2D)/σ < 2.0, which indicates an attraction between the
opposite walls.
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Fig. 8. Dependence of fs on H under different conditions of D.
w1/σ = w2/σ = 3.0, ρbσ3 = 0.8 and kBT/ε = 1.2 are set in the cal-
culations. For the purpose of comparison, the corresponding results for
smooth pore is given by the dark yellow line. Note that except the curve
for D/σ = 1.0, other curves have been shifted up by 1 in turn from
bottom to top.

It is apparent in Fig. 8 that the oscillation amplitude of fs

for the rectangular corrugated pore is much smaller than that
for the smooth slit pore. Moreover, the oscillation amplitude of
fs is weakened as D is increased. As D is large enough, its in-
fluence on fs may be too small to be distinguished. This can be
ascribed to the higher pillars, which destroy the ordered layer
structure, and then weaken the normal pressure and solvation
force in the pore. Actually, in order to quantify the effect of
geometrical roughness on solvation force, Frink et al.[71] had
proposed an empirical fitting with an exponentially decaying
oscillatory function. According to their fitting, the oscillation
amplitude of the solvation force decreases significantly with
the roughness, though a weak increase occurs as the rough-
ness is further increased. Obviously, this is consistent with the
results in Fig. 8.

In order for a better understanding of the effect of rough-
ness on fs, the dependences of fs on w1 and w2 are also calcu-
lated. The results are given in Fig. 9. Results in Fig. 9(a) show
that for the given value of H and other chosen parameters, fs

increases monotonously with w1, while its rate of increase de-
creases with H. When H is large enough, fs may become inde-
pendent on w1, just as shown in the case of H/σ = 12.0. While
in Fig. 9(b), w2 shows an opposite effect on fs. This can be
understood by the superposition approximation,[71,72] which
interprets the solvation force in rough pore as a weighted av-
erage of those in several smooth pores of different width. For
the rectangular corrugated slit pore under consideration, it in-
volves only two types of smooth slit pore of widths H and
H −D. For the given H and D, increasing of w1 leads to a
larger weight of the smooth pore of width H−D. This causes
an enhancement of fs, because fs in narrower pores is stronger
than that in wider pores. On the contrary, increasing of w2 cor-
responds to a larger weight of the wider smooth pore of width
H, which interprets the reason why fs decreases with w2, as
shown in Fig. 9(b).
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Fig. 9. Effects of w1 and w2 on fs for confined LJ fluids with ρbσ3 =
0.8, kBT/ε = 1.2 and D/σ = 2.0. For (a), w2/σ = 3.0, while for (b),
w1/σ = 3.0.
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4.3. Absolute and relative surface free energies

For fluid near smooth substrate or in pores, surface ten-
sion can be well defined in formal thermodynamics. How-
ever, surface tension in rough pores gets more complicated be-
cause the complex geometry may result in inhomogeneity and
anisotropy of the surface tension.[73] Besides, the rough geom-
etry and the anisotropy of surface tension make it a difficult
task to determine the surface of “tension”, because it depends
heavily on the geometrical characteristics of the rough sub-
strate. In contrast, calculation of surface free energy is more
convenient, since it is a global measurement of the whole sys-
tem.

According to the formal statistical mechanics, surface
free energy in a slit pore can be calculated as the excess grand
potential per unit area over that of bulk phase[74]

ωs =
Ω [ρ (z,H)]−Ωb

2A
(22)

with ρ (z,H) standing for the density in a pore of width H.
Besides, Frink et al. have also defined a relative surface

free energy on unit area as[71]

∆ωs ≡
Ωex (H)−Ωex (∞)

2A
, (23)

where Ωex (H) stands for the excess grand potential in the pore
of a width H, while Ωex (∞) represents that in the limit case of
H→ ∞. Physically, Eq. (22) defines an absolute surface free

energy, while ∆ωs in Eq. (23) is a relative measurement of the
surface energy for fluid in pore with finite H over that in a ref-
erence pore. Therefore, the minimum of ∆ωs may supply in-
formation about the equilibrium separation the two substrates.

In order to obtain useful insight to understand interfacial
phenomena near rough substrates, both ωs and ∆ωs for LJ flu-
ids confined in a rectangular corrugated slit pore have been
calculated with ρbσ3 = 0.8 and kBT/ε = 1.2. Effects of H,
w1 and w2 are given in Fig. 10. In Figs. 10(a) and 10(d), com-
parison between results of ωs and ∆ωs in different cases of D
suggests that ωs, ∆ωs, and their oscillating amplitudes with H
are all depressed with the increasing D. The pillars on the sub-
strate should be responsible for the depression because higher
pillars may destroy the ordered layer structure of fluid in the
pore.

Further, Fig. 10(a) shows that for each value of H, ωs be-
comes more negative as D increases. In the Young’s scheme,
it corresponds to smaller contact angle and enhanced hy-
drophilicity of the wall.[75] This results from the expanded
lateral surface and more adsorptive sites on it. Further, as H
is increased, each ωs curve decreases to an asymptotic value,
which corresponds to the isolated substrate case. In Fig. 10(b),
ωs decreases monotonously with w1 for each value of H. This
can be ascribed to the enhanced confinement effect that arising
from the narrow space between the top surface of pillars on the
opposite substrates. For the obvious reason, effect of w2 on ωs

is just opposite to that of w1, as shown in Fig. 10(c).
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Fig. 10. The ωs and ∆ωs of confined LJ fluids with ρbσ3 = 0.8 and kBT/ε = 1.2. (a)–(c) Dependence of ωs on H, w1 and w2 under different
conditions. (d)–(f) Dependence of ∆ωs on H, w1 and w2 under different conditions. Specifically, in (a) and (d), w1/σ = w2/σ = 3.0. In (b)
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Results for ∆ωs are given in Figs. 10(d)–10(f). Obviously,
∆ωs exhibits extremely weak dependence on D, and it tends to
zero when H is sufficiently large. As also shown in Figs. 10(e)
and 10(f), w1 and w2 modulate ∆ωs in an opposite manner,
while they exert an extremely weak influence on ∆ωs as H
is large enough. Unlike ωs in Fig. 10(b), ∆ωs in Fig. 10(e)
monotonously increases with w1 for each case of H. This
means that wider pillars enhance the correlation between the
opposite corrugated substrates, and then leads to larger ∆ωs,
as suggested by the superposition approximation.[71]

4.4. Thermodynamic response functions

Thermodynamic response functions, which are defined
as the first derivative of fundamental thermodynamics quali-
ties, provide rich information about critical behavior and phase
transition. However, there are too many such derivatives and
relations between them. Actually, Bridgman[76] had picked
out three fundamental members, and all other response func-
tions can be expressed in terms of the three. These three
functions are isobaric thermal expansivity αP, isothermal com-
pressibility κT and isobaric heat capacity CP (in NPT ensem-
ble). Note that for canonical ensemble, CP should be replaced
by isochoric heat capacity CV , which relates CP via the relation
CP =CV +TV α2

Pκ
−1
T .[77] Here, V is the volume of the fluid.

By utilizing the fundamental thermodynamic relation, the

above thermodynamic response functions are usually calcu-
lated as[77]

αP≡
(

∂V
∂T

)
P
=− 1

ρ

(
∂ρ

∂T

)
P
,

κT≡−
1
V

(
∂V
∂ p

)
T
=

1
ρ

(
∂ p
∂ρ

)−1

T
,

CV≡
(

∂U
∂T

)
V
=−T

(
∂ 2F
∂T 2

)
V
. (24)

Actually, these scalar equations are originally defined for uni-
form bulk phase. However, in confined fluids, some of these
properties may be position-dependent or even tensors. Takes
the isothermal compressibility κT in confined fluid for exam-
ple, one should calculate its components by using the corre-
sponding components of pressure tensor. However, in an ul-
trasonic experiment for κT in confined fluid, its anisotropy
cannot be measured experimentally. Therefore, one usually
regards κT as a scalar or an averaged macroscopic value, with
which the confined fluid is regarded as a whole. This is likely
to represent the experimental observable in ultrasonic experi-
ment. Similarly, in the calculation of the thermodynamic re-
sponse functions, one can also regard them as averaged macro-
scopic quantities, though they maybe position-dependent on
the atomistic level.
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Fig. 11. Dependence of αP, κT and CV on H, w1 and w2 for confined LJ fluids with ρbσ3 = 0.8 and kBT/ε = 1.2. The top, middle and
bottom rows are results for αP, κT and CV , respectively. The left, middle and right columns show respectively the H, w1 and w2 dependence
of thermodynamic response functions. The same type of lines in each column correspond to the same value of parameters in calculations.
Specifically, (a)–(c) w1/σ = w2/σ = 3.0, (d)–(f) w2/σ = 3.0 and D/σ = 2.0, (g)–(i) w1/σ = 3.0 and D/σ = 2.0.
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Relations between state parameters of the fluid are re-
quired in the calculation of these response functions. This can
be obtained from the existing EoS, such as those proposed by
Tang and Lu,[78] Kolafa and Nezbeda,[79] Mecke et al.[80] or
MBWR[62] for LJ fluids. To keep consistency with the WDA
in the DFT calculations, we have employed the MBWR EoS.
Furthermore, in order to take into account the effects of con-
finement and pore roughness, we replace ρb with an averaged
pore density ρav ≡ 1

H
∫ H

0 dzρ(z), which contains information
about confinement and roughness.

Figures 11(a), 11(d) and 11(g) present results for αP of
confined LJ fluids in rectangular corrugated slit pores. Fig-
ure 11(a) shows that αP descends oscillatorily with H. The
oscillatory behavior results again from the ordered configura-
tion of the fluid in the pore, while its decline can be under-
stood by the increase of ρav with H, which has been shown
in Fig. 5. In a denser fluid, the stronger excluded volume de-
presses its expansion with temperature, and then leads to a
smaller αP. In addition, decreasing of αP with D stems from
the enlargement of lateral area around the pillars, which may
adsorb more particles and then depresses αP. Influences of w1

and w2 on αP are given in Figs. 11(d) and 11(g), respectively.
As shown in Fig. 6(b), ρav increases with w1 for the bulk den-
sity ρbσ3 = 0.8. Therefore, as w1 increases, αP should be
depressed by the enhanced excluded volume in the fluid. The
influence of w2 on αP is just on the opposite.

Results of κT for LJ fluid in rectangular corrugated slit
pore are given in Figs. 11(b), 11(e) and 11(h). Obviously, in-
fluences of H, D, w1 and w2 on κT have the same patterns as
those on αP. This is owing to the fact that fluid is more difficult
to deform for a larger average density. In contrast, influences
of H, D, w1 and w2 on CV of LJ fluid in corrugated slit pore is
just opposite to those on αP and κT . This is because in a fluid
with larger average density, stronger correlation between parti-
cles results in an increase of inter energy, and then its isobaric
heat capacity CV . This is consistent with the results presented
in Figs. 11(c), 11(f) and 11(i).

5. Conclusion
In conclusion, structural and thermodynamic properties

of confined LJ in rectangular corrugated slit pores are investi-
gated by classical density functional theory. At first, a method
for effective 1D solid–fluid potential, say the MF-AW-FEA
model, is proposed for the rectangular corrugated slit pore.
Application of this effective 1D potential to the adsorption of
argon on BP-280 has verified its ability and effectiveness in
the investigation of fluids near rough surface. Further, the ef-
fective 1D potential has been employed to calculate the struc-
ture of LJ fluids confined in rectangular corrugated slit pore
of different geometrical characteristics. Based on the obtained
density in the corrugated pore, the thermodynamic properties

including excess adsorption isotherms, solvation force, surface
free energy, and thermodynamic response functions of fluids,
are calculated respectively. The influences of pore geometry
on these properties are investigated.

The results suggest that the geometrical parameters in-
cluding H, w1, w2 and D of the rectangular corrugated slit
pore, have distinct influences on these properties. Firstly, the
increase of w1 or D can enhance these properties, while w2

shows an opposite effect. Secondly, these properties usually
exhibit oscillation with pore width due to the variation of the
ordered configuration of fluid in the pore. The amplitude of
the oscillation can also be modulated by the geometrical char-
acteristics of the pore. Thirdly, in the limiting case of w1→ ∞

or w2 → ∞, the corrugated pore approaches to a smooth pore
of specific width, and these thermodynamic properties tend to
those of the corresponding smooth pore. In summary, these
results provide us some novel and interesting insight about the
fluids confined in rough pores. It is expected to be helpful to
explore relevant issues including wetting, bubble, droplet and
other interfacial phenomena near surfaces of complex topol-
ogy.
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