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On the molecular origin of high-pressure effects in nanoconfinement:
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Experiments and simulations both suggest that the pressure experienced by an adsorbed phase con-
fined within a carbon nanoporous material can be several orders of magnitude larger than the bulk
phase pressure in equilibrium with the system. To investigate this pressure enhancement, we report
a molecular-simulation study of the pressure tensor of argon confined in slit-shaped nanopores with
walls of various models, including carbon and silica materials. We show that the pressure is strongly
enhanced by confinement, arising from the effect of strongly attractive wall forces; confinement
within purely repulsive walls does not lead to such enhanced pressures. Simulations with both the
Lennard-Jones and Barker-Fisher-Watts intermolecular potentials for argon-argon interactions give
rise to similar results. We also show that an increase in the wall roughness significantly decreases
the in-pore pressure due to its influence on the structure of the adsorbate. Finally, we demonstrate
that the pressures calculated from the mechanical (direct pressure tensor calculations) and the ther-
modynamic (volume perturbation method) routes yield almost identical results, suggesting that both
methods can be used to calculate the local pressure tensor components in the case of these planar

geometries. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824125]

. INTRODUCTION

Phases confined in nanopores often exhibit a physical
and chemical behavior that is significantly different from that
of the bulk phase. Such effects arise from reduced dimen-
sionality and from the strong interaction of the adsorbate
molecules with the walls of the porous materials. These ef-
fects are relevant to applications such as the purification of
water and air streams, heterogeneous catalysis, drug delivery,
sensors, energy storage, the fabrication of nanomaterials such
as nanowires, insulators in microcircuits, and electrodes for
fuel cells and supercapacitors.

Experimental studies have shown that phenomena that
occur in the bulk phase only at high-pressure (e.g., 10°-
10* bar or more) are often observed in nanopores in ma-
terials such as carbons and silicas, even though the bulk
phase in equilibrium with the porous material is at a low
pressure (1 bar or less). Examples include high-pressure
chemical reactions, high-pressure solid phases, high-pressure
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effects in solid-liquid equilibriums, and effects on spec-
tral properties.'”” The dimerization of nitric oxide, 2NO =
(NO),, has been well-studied and is a prototypical example
of a high-pressure reaction that occurs in porous carbons at
low pressure. In activated carbon fibers (with an average pore
width of 0.8 nm), the mole fraction of dimers is found to
be 99% at 300 K and 1 bar bulk pressure, as measured by
magnetic susceptibility, while in the bulk gas phase at the
same conditions the corresponding yield is less than 1 mol.%
dimer.? Fourier transform infrared spectroscopy experiments
on this reaction in single-walled carbon nanotubes (1.35 nm
in diameter) at somewhat lower temperatures similarly indi-
cated ~100 mol.% conversion to dimers.! A simple thermo-
dynamic calculation suggests that a bulk phase pressure be-
tween 12000 and 15000 bar is required to achieve a dimer
conversion of 98-99 mol. % at these temperatures. In addition,
phases that occur only at high-pressure in the bulk material
are often observed in nanopores. High-resolution transmis-
sion electron microscopy and synchrotron X-ray diffraction
experiments provided evidence that KI nanocrystals in single-
walled carbon nanohorns (~2 nm diameter) exhibit the super-
high-pressure B2 structure at pressures lower than 1 bar,
which is induced at pressures above 19000 bar for bulk KI
crystals.” Surface force apparatus experiments have been used
to observe liquid-solid transitions of nanophases confined be-
tween mica surfaces for several substances at temperatures
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well above their normal melting points, T,,. For exam-
ple, cyclohexane (T, = 279 K) freezes at 296 K and
n-dodecane (T, = 263.4 K) freezes at 300 K when confined
between mica surfaces in the surface force apparatus, while
the bulk phases freeze at ~440 bar at 296 K*© and ~1860 bar
at 300 K,? respectively. Such a high-pressure effect on
freezing of confined substances is consistent with recent
molecular-simulation studies, in which in-pore freezing was
found to be very sensitive to small increases in the bulk ex-
ternal pressure, which induced large pressure increases within
the confined phase.® Finally, several experimental small-angle
X-ray scattering studies suggest that there are significant ef-
fects of the adsorption of a confined phase on the pore width
and interlayer atomic spacing of the pore walls, indicating a
strong positive or negative pressure normal to the walls.”!3

The pressure tensor of argon adsorbed in a slit carbon
pore has been studied by molecular simulation.'> !¢ The pres-
sure tensor P was calculated using the mechanical route with
the Irving-Kirkwood (IK) definition of P'"-!8 for the central
region for a finite pore. In this study, we expand these results
and report molecular-simulation results for the pressure ten-
sor of a fluid of spherical molecules (argon) confined within a
slit pore with wall strengths characteristic of a variety of ma-
terials, including carbons and silicas. We explore the effects
of the structure of the wall and of the adsorbate-adsorbate
and adsorbate-wall forces on the pressure enhancement, and
demonstrate that it is the attractive interaction between the
adsorbate molecules and the pore walls that is the major fac-
tor that determines the pressure enhancement. The large pres-
sures found in the confined systems are strongly influenced
by the bulk gas pressure and by the ability of the adsorbate
to wet the pore walls. We also study the pressure and density
of confined argon along the whole pore length and show how
they change near the pore mouth.

Il. PRESSURE TENSOR IN A SLIT PORE

The total pressure exerted on a system or an elementary
surface area can be understood as the sum of a kinetic (ideal
gas) contribution from the convective momentum transport of
molecules and a configurational contribution due to interac-
tions among molecules. For an inhomogeneous fluid the pres-
sure is a second-order tensor P, where the component P,g
gives the force per unit area in the S-direction on a surface
pointing in the -direction.'®

In the case of a fluid confined within a slit pore at equi-
librium, the axial symmetry about the z-axis (normal to the
pore walls) and translational symmetry in the xy-plane imply
that all the off-diagonal components are zero, and there are
only two independent, non-zero components: P, = Py, = Pr,
the tangential pressure (parallel to the wall); and P,, = Py, the
pressure normal to the wall; moreover, they are only functions
of the z-coordinate'® (except near the pore mouth),

P= Pkin + Pconf

Pxx ny sz PT(Z) 0 0
slitpor
= | Py Py Py Z° 0 P 0 |. (D
Py Py P 0 0 Py(2)
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If the pore walls are treated atomistically and there is no
external field, the condition of mechanical equilibrium (no net
momentum transport between bulk and confined phases) is
VeP = 0. This condition will be satisfied if there is physical
contact between the confined phase and the bulk phase that is
in thermodynamic equilibrium with it. For the slit pore sys-
tem, mechanical equilibrium requires that Py be a constant
within the pore, i.e., independent of x, y, and z.'®

The kinetic contribution of the local pressure tensor in
a slit pore is well defined and is Py;,(z) = p(2)kgT1, where
p(z) is the local number density of the molecules, k is Boltz-
mann constant, 7 is temperature, and 1 is the unit tensor. How-
ever, the configurational contribution to the local pressure ten-
sor is not uniquely defined, and it is necessary to adopt an
operational definition of how the intermolecular pair forces
contribute to the pressure at a point in space, as discussed
below.!-1?

A. Irving-Kirkwood definition

The pressure tensor can be calculated by the mechani-
cal route according to the momentum conservation law. For
fluids composed of spherical molecules, interacting through
a pairwise additive potential, the local pressure tensor can be
expressed as'2°

Cij

1 du(ij)
P(r) = p(r)ksT1— - <Z o,

dis(r — i)>, (2)
i#]

where r is the position vector, i and j are indices of molecules,
u(ij) is the pair potential between molecules i and j, C;;
is any arbitrary contour connecting the center of mass of
molecule i, r;, to the center of mass of molecule j, rj, r;
=r1; — I;, and 8(x) is the Dirac delta function. The sec-
ond term on the right-hand side in Eq. (2) is the configura-
tional contribution to the pressure tensor, and for an inhomo-
geneous system, different choices of the contour Cj; will lead
to different definitions of the local pressure tensor, the most
widely used definitions being those of Irving-Kirkwood and
Harasima.

Irving and Kirkwood!” chose Cj; to be a straight line con-
necting the centers of molecules i and j. In the planar case, the
Irving-Kirkwood expression for the pressure can be written
252!

(rij)a(rij)o ' (rij)
rij |zi]

1
Poo,ix(zr) = p(zi)kpT1 — ﬂ<§
1]

X9<Zk_Zi>9<Zj_Zk>>, 3)
Zij Zij

where u'(rj) = duldry, z; is the z-coordinate for the plane
where the pressure tensor is evaluated, o represents the x-,
y-, or z-directions, 6(x) is the Heaviside step function, and A
is the area of the z-plane. The two Heaviside step functions in
Eq. (3) ensure that the interaction between molecules i and j
contributes to the pressure tensor at plane z = z; if the straight
line between molecules i and j passes through that plane. The
tangential and normal components of the pressure tensor for
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planar surface can be written as®!

2,2
Xij & Yij u'(rij)

rij i1

1
Prx(zx) = p(z)kpT — ﬁ<§

XQ(Zk—Zi)0<Zj—Zk)>’ @
Zij Zij

Py 1x(zi) = p(z)kpT

_L<Zi’2ju,(rij)9(2k_2i)9(2j—Zk>>.
2A iz Tii |Zij1 Zij Zij

&)

Equations (4) and (5) are convenient for computer coding.

B. Harasima definition

Harasima®* chose the contour C;; to be composed of two
straight segments: from (x;, y;, z;) to (x;, yj, z;), and then from
(xj, ¥}, zi) 0 (X}, y;, zj)- In the case of the planar surface, the Ha-
rasima normal component of the pressure tensor is the same
as that for the Irving-Kirkwood definition, and the tangential
component can be written as?!

1 xiit 4 vi?
PT,H(Zk)zp(Zk)kBT_a<; Tu (rij)é(zx — zi))-

(6)

The physical meaning of the Dirac delta function in
Eq. (6) is that the configurational part of the tangential pres-
sure is zero at a plane where there are no molecules. Thus, in
a layering system, the Harasima tangential pressure is “con-
centrated” on the planes where the molecular layers are lo-
cated, whereas the Irving-Kirwood tangential pressure is “dis-
tributed” along the space between the molecular layers.

C. Volume perturbation method

The pressure tensor can also be calculated from a direct
thermodynamic definition. The pressure is given by the de-
crease in the Helmholtz free energy for an infinitesimal in-
crease in the volume in the constant-NVT ensemble. We refer
to this as the volume perturbation method (sometimes referred
to as the ghost volume change method)**~%° of pressure calcu-

lation. For a homogeneous phase the pressure can be obtained
py?23-27:29-32

PV =_— <B_F) =kgT (M) , 7
A% N.T A% N.T

where F'is the Helmholtz free energy, V is the volume of the
system, N is the total number of the particles, and Q is the
canonical partition function. For an inhomogeneous phase, if
we change the volume by a small amount AV by perturbing
in the a-direction only (keeping the other two dimensions,
Lg, constant), the pressure tensor component P,, can be
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obtained as:?%-%°

PV (8F>
« v N.T.Lpa

kpT —AU
~ pkgT — —2—In <exp( >> . 8)
AV ksT )y,

In the slit pore, the normal pressure tensor is a con-
stant, and can be calculated from Eq. (8) by taking o = z.
On the other hand, the tangential pressure, which depends on
Z, should be calculated locally. To apply Eq. (8) to calculate
the local tangential pressure, one can divide the system into
a number of thin slabs in the z-direction, whose position and
thickness are z; and 8z, respectively. Thus, the local tangential
pressure is>> 36

kpT —AUz)
PY(z) = p(z)kpT — ﬂ In <eXp (TTZk>>N” ©)

where AU(z) is the configurational energy change at slab k.
In order to calculate AU(z;) for a particular slab we must de-
fine how the pair potential energies will be assigned. Differ-
ent choices will give different tangential pressure profiles, but
their integrals over the pore width will be the same in the
case of planar symmetry.”’ Two possible choices are: (1) if
molecule i is located in slab k;, and molecule j is located in
slab k;, then half of the interactive energy between them, 1/2
u(r;j), contributes to slab k;, and the other half, 1/2 u(r;), con-
tributes to slab k;; and (2) the interactive energy u(r;;) linearly
contributes to the slabs between them, i.e., each slab takes a
fraction of 8z/Iz;l u(r;). With both choices, the energy sum-
mation over all the slabs provides the same total energy for
the pore system. The first choice was mathematically defined
by Ladd and Woodcock:?’

1
U(zi) = 3 Z Hy(zi)u(rij),
i%)
1, for |z; — zx| < 6z/2

where Hi(z;) = . . (10
0, otherwise

The top-hat function H; in Eq. (10) is analogous to the use
of the Dirac delta in Eq. (6), corresponding to the Harasima
definition used with the mechanical route. Thus, the local tan-
gential pressure calculated with the assignment of energy de-
fined by Eq. (10) should be equivalent to the Harasima pres-
sure from the mechanical route. This definition was adopted
by Ghoufi ef al.’! to calculate the surface tension of water in
slit pores.

We also develop the mathematical expression for the sec-
ond choice of energy assignment,

1 L& 8z kK — I 2 — 2
U(zk>=522—u<rij)e( ¢ )9( j k), an
Zij Zij

i=1 j#i 12ij

where 0 is the Heaviside function. As with the Irving and
Kirkwood partitioning (cf. Eq. (4)), the product of two 6 func-
tions ensures that the pair-wise interactive energy only con-
tributes to slabs between the two molecules. Thus, the lo-
cal tangential pressure calculated by this definition of energy
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assignment (Eq. (11)) should be equivalent to the IK pressure
calculated following the mechanical route.

lll. SIMULATION DETAILS AND MODELS

We investigate the pressure tensor of argon (a) confined
in various slit pore models. We consider a Lennard-Jones (LJ)
model for argon, where u,,(r;j) = 45(,,1[c7aa/r,j)12 — (Uaa/}",'j)6],
and o4, = 0.3405 nm, ,,/kg = 119.8 K,3® and a truncation
of the potential at 5o ,,. The Barker-Fisher-Watts (BFW) po-
tential model is also assessed, as it provides a more accurate
representation of the argon-argon interaction,

5

uaaBFW(rij)=8BFW{ expla(1—rij/1m)] Z Ai(rij[rm—1)
i—0

5
- Z Co;/18 + (rij/rm)zj]}a

i=3

EBFW _hj
ool 2]
> Tij ! i

Y A e
XiZ(;Al<rm )I:(rij/”m_l) 01]

l’mi 2jCy; i\
rij [8+(rij/rm)2j]2 'm .

j=3

BFW
uaa/ (rij) =

The parameters eprw, ', A, Coj, and § are taken from Ref. 40
and listed in Table I. The interaction energy vs. the separation
distance for these two models are plotted in Fig. 1.

For carbons, a simple slit pore model is Steele’s (10,4,3)
potential, which treats the walls as structureless, rigid, and of
infinite dimension (cf. Fig. 2(a)). The interaction of an adsor-
bate molecule with the wall is given by Ref. 41,

2 ac 10 ac 4
Uay(2) = 27T8ﬂ€prwO-a2C — G_ _ G_
15\ % .

o
B <3Aw(z +O.61Aw)3)}’ (12)

where ¢, and o, are LJ parameters for an adsorbate
molecule interacting with a carbon atom in the wall,

TABLE I. The BFW parameters for argon.*

eprw/ kg (K) 142.095
Py (D) 0.37612

Ao 0.277 83

Ay —4.504 31

A> —8.331215
As —25.2696

Ay ~102.0195

As —113.25

Co 1.107 27

Cs 0.169 713 25
Co 0.013 611

a 12,5

s 0.01
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FIG. 1. Intermolecular interaction pair potentials for argon for the LJ and
BFW models.

Pw = 114 nm™3 is the carbon atom density of the graphene
wall, A, = 0.335 nm is the interlayer spacing between
graphene sheets, and z is the distance between the center of
an adsorbate molecule and the plane of the carbon atoms at
the wall’s surface.*! Periodic boundary conditions are applied
in the x- and y-directions, so that the slit pore is of infinite
dimension in the xy-plane.

We also study a more realistic pore model with finite
pore length and flexible and fully atomistic pore walls.'® This
model (shown in Fig. 2(b)) is a slit-shaped pore with 3 layers
of graphene (L X Lya = 3.408 nm x 6.8866 nm) in
each wall. The pore is of finite length in the y direction, and so
the confined phase is in direct physical contact with a bulk gas
phase at both ends of the pore (each bulk phase has a y-length
of 6.8866 nm, i.e., three times of the pore length). The two
walls lie parallel to the xy-plane, and are symmetric about z
= 0. The carbon atoms are connected to their lattice positions
by springs, with the value of the spring constant, k;, matching
the adaptive intermolecular reactive bond order (AIREBO)
potential,42 areactive force field for carbon; atoms in different
layers interact via the LJ potential, where o .. = 0.34 nm and
ec/kg = 28 K. The lattice positions of the carbon atoms in the
outermost layers are fixed in space, but the lattice planes of
the surface and central graphene layers are permitted to move,
thus allowing the effect of the confined nanophase on the pore
width and interlayer spacing of the pore wall to be studied.
Periodic boundary conditions are applied in the x-direction
only. In the y- and z-directions, hard wall boundary conditions
are used. For the finite pore model (made of carbon as well as
the silica pore described later), the properties are calculated in
the region far away from the pore mouths (labeled “averaging
region” with a length of 6 o, in Figs. 2(b) and 2(c)), where
the pore edge effects are negligible.

A variety of adsorbate-wall interactive potentials are used
with the realistic pore model in order to understand the forces
that lead to the pressure enhancement effects. In a first as-
sessment, the fluid-wall interaction is modeled with a normal
LJ potential characterized with the parameters defined earlier,
and Lorentz-Berthelot combining rules are employed for the
unlike pair interactions (i.e., &4c = \/€aa€cc and 04 = (O a
4+ 0.)/2). The Weeks-Chandler-Andersen (WCA) purely
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FIG. 2. The simulation cells of: (a) carbon slit pore described with a Steele
(10,4,3) rigid, structureless wall; (b) carbon slit pore with atomistic, flexi-
ble wall; and (c) silica slit pore. The green circles represent adsorbed argon
molecules, and the blue circles and slabs represent wall atoms and carbon
structureless walls, respectively. Carbon atoms are shown at reduced scale
for clarity. The atoms in silica are less dense than in the carbon wall.

repulsive potential*? is then used for the fluid-wall interaction,
with the LJ parameters of carbon as the wall parameters,

WCA(rl])
. 48ac[(0ac/rij)12 - (Uac/rij)6] + Eac Tij < 21/60ac
- 0 rij > 21/60ac

13)
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This potential model allows one to study whether the pressure
enhancement arises from the attractive or repulsive adsorbate-
wall forces, or from geometric confinement effects. In a sub-
sequent investigation the fluid-wall interaction is modeled as
a LJ potential, but the LJ parameter ¢,/ kg between the wall
atoms is varied from 0.982 K to 98.2 K, which allows the
effect of the strength of the wall attraction (or the wetting
parameter o, = ,owAwoazwsaw/ €aa) ON the pressure enhance-
ment to be studied.

Finally, we study the pressure tensor of argon in an atom-
istic finite silica slit pore (schematically shown in Fig. 2(c)).
Starting with the S-cristobalite silica structure,** we carve out
a slit-shaped pore, and remove the unsaturated Si atoms as
well as the free oxygen atoms on the carved out surface. The
dangling oxygen atoms (those having only one bond with Si
atoms) are saturated by adding H atoms to neutralize the sur-
face. The system is then randomized slightly. The model is
now an atomistic silica pore with a finite length of 6.8 nm, and
the bulk phase is in contact with each end of the pores. The
fluid-wall interaction is modeled by the PN-TrAZ potential*
with the parameters listed in Ref. 46.

We study argon adsorption in the aforementioned models
for different bulk pressures. The reduced slit pore width (H* =
Hlo 4,) is varied from 2.0 to 8.0, where H is defined as the dis-
tance between the wall planes in the case of the Steele (10,4,3)
potential, or the distance between the innermost graphene lay-
ers on opposing wall surfaces, when at their equilibrium po-
sitions (for the atomistic, flexible carbon model), or the av-
erage distance between oxygen layers on the opposing wall
surfaces (for the silica slit pore). Semi-grand canonical Monte
Carlo simulations are employed with fixed volume V, temper-
ature T, chemical potential of the confined adsorbate p,, and
number of wall atoms N,, (for the atomistic models). The sys-
tem is first brought to thermodynamic and mechanical equi-
librium for 10® Monte Carlo moves, and subsequently carry
out a further 103 Monte Carlo moves to calculate the average
properties (the same frequency is assigned to the translational
insertion and deletion moves of adsorbate molecule as well
as the translational move of wall atoms; the displacement of
the lattice plane of the graphene layer is tried each 10 above-
mentioned MC moves for the realistic pore wall model).
To calculate the average in-pore density, the accessible pore
width is used (the “dead” region due to the highly repulsive
interaction between adsorbate and wall atoms is excluded);
practically, the dead region can be determined from the space,
close to the wall, with zero probability to find an adsorbate
molecule, at a pressure higher than the condensation pressure.

IV. RESULTS AND DISCUSSION
A. Structureless rigid pore walls

For the simplest case, the density and pressure of LJ ar-
gon confined in a pore characterized with Steele’s (10,4,3)
structureless rigid infinite walls (H* = 3.0) at 87.3 K are pre-
sented in Fig. 3. The argon density and pressure profiles at
1 bar bulk pressure are shown in Fig. 3(a). The two peaks
in the density profile indicate the well-known layering effect
in confined systems. More argon layers are found in larger
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FIG. 3. Simulation results for a structureless rigid infinite slit pore (described
with the Steele potential) of separation H* = 3.0, at 87.3 K: (a) the density
and pressure profiles at 1 bar bulk pressure; (b) the tangential pressure profiles
from the mechanical route and thermodynamic route at 1 bar bulk pressure;
and (c) the average in-pore density and pressures of argon as a function of
bulk pressure.

pores, and the inner layers (0* = po.° < 5 at the peak)
are less dense than the layers in contact with the wall (p*
> 7 at the peak). From the simulation snapshots, it appears
that the argon molecules in the contact layers adopt a face-
centered cubic (fcc) structure, which only occurs at pressures
higher than a few hundred bar for bulk argon at 87.3 K. The
peak in the tangential pressure is located where the density
peak occurs. The maximum tangential pressure is enhanced
by a factor of ~19000 (as obtained with the IK definition)
or ~12000 (with the Harasima definition), and the normal
pressure, which is a constant through the pore width, is neg-

J. Chem. Phys. 139, 144701 (2013)

ative in this case and enhanced by a factor of ~2000. The
normal pressure can oscillate with pore width due to packing
effects, with an amplitude of ~5000 bar, and can be positive
or negative.'® In the central region of the pore (the vicinity of
z=0), where the density is close to zero (very low probability
to find an argon molecule due to the layering effect), the Ha-
rasima tangential pressure is almost zero as expected, but the
IK tangential pressure is negative with appreciable magnitude
(—1000 bar), because the attractive interaction between ar-
gon layers contributes to the negative pressure at the planes
sitting between the argon layers, i.e., in the central region.
However, the integrals of the tangential pressures over the
pore width (the difference from the normal pressure cor-
responding to the surface tension) obtained with both def-
initions are the same (within ~0.1%). We also compare
the pressures calculated with the thermodynamic route to
those with the mechanical route, and find that the tangen-
tial pressure from the two routes agree within statistical error
(Fig. 3(b)). Moreover, the normal pressure determined with
these two routes is essentially the same (—2204 bar).

The effects of bulk pressure in a structureless rigid pore
with periodic boundary conditions are shown in Fig. 3(c) for
the pore of H* = 3.0 at 87.3 K. Argon starts to be adsorbed
at Py ~ 1 x 107 bar, and at higher pressures two jumps
in the density and Pgjk peqx correspond to phase transitions
from a gas-like to a liquid-like phase (at Py ~ 5 X 1073
bar), and from the liquid-like to a fcc crystal phase (at Py
~ 1 x 10~ bar). After the transition to the fcc crystal phase,
there is another jump in the density and tangential pressure
(at Ppux ~ 1 x 1072 bar); by contrast, no such jump is ob-
served for the atomistic flexible finite pore (Fig. 4(b)). This
additional jump in a pore with fixed periodic boundary condi-
tions occurs because the pore can only hold an integer number
of molecules; more argon cannot adsorb until the bulk pres-
sure (chemical potential) is large enough to squeeze an ad-
ditional molecule into the adsorbed layer. By contrast, for a
pore of finite length, the in-pore molecular arrangement and
intermolecular distance can change gradually depending on
the bulk pressure, since molecules can adsorb at the mouth
and on the external surface of the pore. Thus, for a given bulk
pressure the average density within the pore of finite length
can be higher than for the rigid pore with periodic bound-
ary conditions, and since the average separation distance be-
tween molecules is then smaller for the finite pore, the tan-
gential pressure will be higher. These phenomena were also
observed in a non-local density functional theory study of
gas adsorption in finite and infinite carbon pores.*’ In addi-
tion to the maximum value, the average of the pressure across
the pore, Pr 1k aug = ,ﬁz Prix@p)dz/ 7 ,ﬁz p(2)dz, is
also shown in Fig. 3(c). Both increase rapidly with Py, fol-
lowing the increase in density, while Py is only slightly af-
fected. The pressure enhancement factor, Prk peak/Ppuik, can
be as large as 7 orders of magnitude at Py, ~ 10~ bar and 4
orders of magnitude at Py, ~ 1 bar at 87.3 K.

B. Atomistic flexible pore walls

In Fig. 4, we show results for the density and pressure
of LJ argon confined in a more realistic slit pore model at
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FIG. 4. The components of the pressure tensor for an atomistic flexible finite
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argon at 1 bar bulk pressure; (b) the average in-pore density and pressures
of LJ argon as a function of bulk pressure; and (c) the pressures of LJ argon
along the pore length, showing the behavior near the pore mouth, at 1 bar
bulk pressure.

87.3 K: a fully atomistic flexible wall with finite length and of
width H} = 3.0, where H is the reduced pore width with re-
spect to the argon diameter when the pore is empty, defined as
the distance between the centers of the carbon atoms forming
the first graphene layer on the opposing walls. In Fig. 4(a),
we show the argon density and pressure profiles (in the cen-
tral averaging region, hereafter, unless specified) at 1 bar
bulk pressure. The results are quite similar to those obtained
with the simpler Steele (10,4,3) structureless rigid wall model
(Fig. 3(a)). The peak in the tangential pressure for the atom-
istic model is higher than for the simpler model (30000 bar
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compared with 19 000 bar). A similar difference is also found
for the peak in the density (8 compared with 6). This dif-
ference arises from the nature of the infinite rigid pore with
periodic boundary conditions, where the argon layer is not
as dense as it would be at the same bulk pressure in an in-
finitely long pore due to the reason discussed in Sec. IV A.
The tangential pressure is then much lower because of the
looser arrangement of argon. Hence, the slit pore of finite
length gives a more realistic representation of the system.
The normal pressure in this model is —1650 bar, in qual-
itative agreement with that found for the simpler model in
Sec. IV A.

In Fig. 4(b), we show the effect of bulk pressure in the re-
alistic model with a slit separation of H} = 3.0 at 87.3 K. The
bulk pressures at which argon starts to be adsorbed changes
from a gas-like to a liquid-like phase, and then from the
liquid-like to a fcc crystal phase as those in the simpler model
(Fig. 3(c)). However, beyond these jumps, the isotherms in
the realistic model change more smoothly than for the sim-
pler model.

The finite atomistic pore model allows one to examine
edge effects — how the pressure tensor components change
in going from the pore center to its mouth. In Fig. 4(c), the
pressures of LJ argon along the pore length at 87.3 K and
1 bar bulk pressure are shown. Both the normal and the tan-
gential pressures are almost constant in the central region (in
the y-direction) of the pore, and start to be less enhanced and
approach to the bulk pressure when close to the pore mouth
(starting at ~2.0 o, from the pore mouth).

C. Effect of the adsorbate interaction: BFW argon

The influence of the intermolecular potential model for
argon (LJ vs. BFW) on the adsorption in slit pores is shown
in Fig. 5 for the realistic finite pore model of width H) = 4.5
at 87.3 K and 1 bar bulk pressure. The average in-pore den-
sities of the two cases are almost the same (with ~1% devi-
ation), but while the LJ model argon exhibits a similar local
density for the contact layer (~9, peak value of reduced den-
sity) it has higher peak values for the central layers (~6.4)
than those for BFW model argon (5.5). The density peaks of
the central layers for the BFW argon are slightly wider, and
thus the central layer of BFW argon is slightly less closely
packed than for LJ argon. For the contact layer, the calcu-
lated tangential pressure of the BFW argon (~22 000 bar) is
about the same as for the LJ argon (~21 500 bar), while for
the central layers it is appreciably higher for the BFW argon
(~6700 bar) than for LJ argon (~5000 bar). This could be
attributed to the configurational contribution from the inter-
layer interaction of argon: for BFW argon, which is softer,
there is a higher probability to have argon molecules in dif-
ferent layers closer to each other compared with LJ argon,
and this smaller separation distance gives rise to the repul-
sive contribution to the pressure tensor. From this observation,
we conclude that the tangential pressure is not very sensi-
tive to the potential model, because the resulting adsorbate ar-
rangement will also contribute to the configurational pressure
and compensate for small differences in the potential models.
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FIG. 5. The density and pressure profiles of (a) LJ argon and (b) BFW argon
in an atomistic flexible finite slit pore of H; = 4.5, at 87.3 K and 1 bar bulk

pressure. The apparent drop in the normal pressure near the wall is believed
to be an artifact due to poor statistics in this region.

Furthermore, for a pore of H = 4.5, there are four argon lay-
ers and the interlayer spacing of argon is ~0.85 o ,,, smaller
than the LJ diameter of argon, and thus the repulsive interac-
tion of argon molecules in different layers is important. The
normal pressure for BFW argon (~1790 bar) is appreciably
smaller than that for LJ argon (~2660 bar), which is also a
result of the softer nature of BFW argon (with the same de-
gree of compression in the normal or z-direction, the repulsion
between BFW argon is weaker than that for LJ argon). There-
fore, LJ argon and BFW argon exhibit quantitatively similar
layering and pressure enhancement phenomena, and thus the
LJ potential model is a reasonable approximation with much
higher efficiency in computation.

D. Effect of the argon-wall attractive interaction

An examination of the various contributions (Kinetic,
adsorbate-adsorbate, and adsorbate-wall interactions) to the
enhanced tangential pressure in the argon layer in contact
with the wall has indicated that the argon-argon configura-
tional contribution is dominant at temperatures in the liquid
range for all of the models studied. The in-plane radial distri-
bution function also showed that the separation distance be-
tween argon molecules in this layer is reduced, so that the
repulsive interaction is very strong.'® To demonstrate the role
of the attractive forces between the adsorbate molecules and
the wall, we carry out simulations for the finite, atomistically
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FIG. 6. The density and pressure profiles of argon in the atomistic flexi-
ble slit-pore model with finite length described using a WCA soft repul-
sive adsorbate-carbon potential, Eq. (13), at 87.3 K and a bulk pressure of
(a) 5 bar and (b) 200 bar. The argon-argon interaction is the full Lennard-
Jones potential, as before.

structured wall for a WCA (purely repulsive) adsorbate-wall
interaction, Eq. (13); the other (adsorbate-adsorbate, carbon-
carbon) interactions remained the same as before. The result-
ing pressure and density profiles are shown in Fig. 6 for two
different bulk pressures. At 5 bar bulk pressure, the density
and the normal pressures are almost constant within statistical
error. There is no layering, and the pressure is not enhanced
(Fig. 6(a)). At 200 bar bulk pressure, there is a very weak lay-
ering effect, and the pressure is enhanced by a factor of ~2.5
(Fig. 6(b)). This assessment indicates that the compression
of the argon layers is mainly a result of the attractive forces
exerted on them by the walls, and is not just a geometric con-
finement effect.

E. Effect of the wetting parameter

From the functional form of the Steele potential, one sees
that the prefactor pu,Awaazw €aw governs the absolute strength
of the solid-fluid interactions. Hence, it is useful to define a
microscopic wetting parameter,“g’49 oy = prwaazwsaw /€aas
as the ratio of the effective average solid-fluid to fluid-fluid
interaction strength.

The influence of o, on the fluid density and pressure is
studied by varying the parameter for the adsorbate-wall attrac-
tion (&, ). Walls with values of «,, much greater than 1 can be
regarded as “strongly attractive,” while those with «,, much
less than 1 can be considered “weakly attractive.” We show in
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Fig. 7(a) the average in-pore density and maximum tangential
pressure in pores of H) = 3.0 with different o, values. As
expected, an increase in «,, raised the in-pore density and the
argon phase is thus more closely packed. As the average inter-
atomic distance becomes less than the value of o, molecules
explore the repulsive region of the intermolecular potential
and the maximum tangential pressure increases accordingly.
Additionally, as shown in Fig. 7(b), a larger value of «,, re-
sults in lower bulk pressure required for the phase transition,
and a higher in-pore density. Here, we show the results for
the pore walls with the o, of 1.26, 2.14, and 2.43, which are
comparable with the «,, of argon on silica, carbon, and mica
surfaces, respectively,*'**%3% while the atomistic structure of
the wall is kept as graphene (we only change &,,, to vary o).

F. LJ argon in large pores with atomistic flexible
carbon walls

To explicitly illustrate the effects of increasing the pore
width on the adsorption and the in-pore pressures, we per-
formed simulations of LJ argon adsorption in carbon pores
of H* = 15 and 30 (5.1 and 10.2 nm) with atomistic flexible
carbon walls, at 87.3 K and 1 bar bulk pressure. We also sim-
ulated the bulk LJ argon gas at the same temperature and bulk
pressure (and thus the same chemical potential). The profiles
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FIG. 8. Snapshots and tangential and normal pressure profiles of LJ argon
confined in the atomistic flexible carbon slit pores at 87.3 K and 1 bar bulk
pressure: (a) H* = 15, (b) H* = 30, and (c) without any confinement (bulk
phase argon). In the snapshots, the dark blue rectangular (square) indicates
the simulation box boundaries, and the red and light blue spheres represent
argon molecules and carbon atoms, respectively.

of the pressure tensor components and the snapshots for these
three systems are shown in Fig. 8.

For H* = 15, although the argon molecules fill up the
pore (see the snapshot in Fig. 8(a)) as for smaller pores
(Fig. 2 of Ref. 16), only the argon molecules close to the
walls are arranged in ordered layers (about two layers on
each side), whereas those in the central region are arranged
more randomly (i.e., weaker layering effect); this can be com-
pared to the case in smaller pores (H* < 8.0), where al-
most all the argon molecules are aligned in order across the
pore width (Fig. 2 of Ref. 16). In agreement with this adsor-
bate configuration, the peak tangential pressure is still very
high for the contact layers (~18 800 bar), but the local peak
of the tangential pressure decays almost exponentially as it
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approaches the central region. The normal pressure is con-
stant at ~27 bar.

For H* = 30, the pore is so large that the argon molecules
do not completely fill the pore at the given condition (see the
snapshot in Fig. 8(b)). However, the argon molecules close
to the walls are still arranged in ordered layers (about two or
three layers on each side), and are followed by an intermedi-
ate region of condensed argon molecules arranged much more
randomly (a liquid-like phase). In the most central region, a
gas-like phase (similar to the bulk phase) is present. Hence,
due to the large pore width, argon molecules are adsorbed as if
there were two separated carbon surfaces. In agreement with
this structure, the peak tangential pressure is also very high
for the contact layers (~17 500 bar), and the local peak of the
tangential pressure decays rapidly as it approaches the central
region. The normal pressure is constant at ~17 bar. This be-
havior of the pressures is similar to the case of H* = 15, with
greater reduction in pressure enhancement due to the larger
pore size.

Bulk argon in a cubic simulation box with side of 8 nm
(or 23.5 in reduced units) and periodic boundary conditions
applied to each direction behaves similarly as an ideal gas (see
the snapshot in Fig. 8(c)). The calculated tangential (parallel
to the z-plane) and normal (perpendicular to the z-plane) pres-
sures are ~1.03 bar and are the same in the whole simulation
box within statistical error (Fig. 8(c)).

The results show that the pore width strongly affects the
structure of the adsorbate and thus the resulting pressure ten-
sor components. A smaller pore with two walls close to each
other induces a very close-packed adsorbate phase and thus a
large pressure enhancement effect; as the pore becomes larger
the adsorbate in the central region is more randomly arranged,
and may even become a gas-like phase, resulting in a reduced
pressure enhancement effect.

G. Silica pores

Finally, we show the density and pressure profiles of ar-
gon adsorbed in a slit silica pore (H* = 3.0) at 87.3 K and
1 bar bulk pressure (Fig. 9). The normal pressure is constant
within the interior of the pore, as expected. However, the tan-
gential pressure of argon in the silica pore is significantly
lower than that in the carbon pore of the same slit separa-
tion, at the same bulk condition (~2000 bar compared with
20000-30000 bar for the local peak values); thus, the pres-
sure enhancement effect in the silica pore is significantly re-
duced compared with that in the carbon pore. We also note
that, although there are only two adsorbed layers in the car-
bon pore (Fig. 4(a)), there are five layers of argon molecules
adsorbed in the slit silica pore with H* = 3.0 as can been
seen from the density profiles (cf. Figs. 9(a) and 9(b)). More-
over, the peak value of the density is appreciably smaller
(p* ~ 2.5) than in the carbon pore (p* ~ 8). From the z-
coordinates of the contact layer of argon and of the wall
atoms, we see that the contact layer is located at a plane where
there are also wall atoms. This results from the fact that the
silica wall surface is “atomically rough,” so that the adsorbate
can be “embedded” into the wall (Fig. 10(a)). The radial dis-
tribution function (Fig. 9(c)) shows that in the argon layers,
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there are strong peaks located at a separation distance larger
than 1.49 (in reduced units), which gives rise to an attrac-
tive interaction between adsorbate-adsorbate molecules, and
results in a negative adsorbate-adsorbate configurational con-
tribution to the tangential pressure (Fig. 9(b)) at the planes
where there are argon layers.

In the silica pore (or any pore with rough surface), the
separation distance between neighboring argon molecules in
the contact layer is dominated by surface geometric effects: as
adsorption starts, the adsorbate molecule tends to be accom-
modated on the wall surface or the “hole” of a rough surface
where the attractive interaction is the strongest (Fig. 10(a)),
instead of being closely packed as on a smooth surface or
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FIG. 10. Schematic representations of adsorbate molecules accommodated
on (a) a rough surface (e.g., the surface of a silica pore) and (b) a smooth
surface or an atomistic surface with high atomic density (e.g., the graphene
surface). The dark circles (green) represent the adsorbate molecules, and light
circles or slab (light blue) represent the wall surface.

atomistic surface with very high surface density (e.g., atom-
istic graphene) (see Fig. 10(b)). Thus, the distance between
neighboring adsorbate molecules on a rough surface strongly
depends on the geometric arrangement of the surface atoms.
The arrangement of the adsorbate in the contact layer also
influences the arrangement of the second layer of adsorbate,
which can also be embedded partly in the contact layer; this
holds true for the following adsorbate layers as the adsorption
progresses. Since the adsorbate layers are partly embedded
with each other, their interlayer spacing is smaller than the ef-
fective diameter of the adsorbate molecule, thus allowing five
layers of argon in a silica pore of H* = 3.0, with lower density
peaks.

V. CONCLUSIONS

In summary, our calculations have shown that very
high tangential and normal pressures are expected in carbon
nanopores with relatively smooth walls. Moreover, these two
pressures show distinctly different behaviors, with the local
tangential pressure being strongly dependent on the distance
from the wall and about an order of magnitude larger than the
normal pressure. These in-pore pressures, which are several
orders of magnitude larger than their equilibrium bulk coun-
terparts, provide a unifying explanation for a wide range of
previously unconnected experimental observations. The pres-
sure enhancement effect arises from the strong attractive na-
ture of the pore wall, which leads to a strong compression
of the adsorbate, particularly for molecules in contact with
the wall. The compression leads to a strong repulsive force
between adsorbate molecules (especially in the tangential di-
rection); thus, a relatively small change in the in-pore density,
resulting from a correspondingly small change in the equi-
librium bulk pressure, has a very large effect on the in-pore
tangential pressure. This suggests that it should be possible
to experimentally observe a range of high-pressure phenom-
ena by simply varying the bulk pressure. The pressures cal-
culated from the mechanical and the thermodynamic routes
yield identical results to within the measurable error, suggest-
ing that both methods can be equivalently used to calculate the
local pressure tensor component. The thermodynamic route
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could be useful to calculate the pressure tensor for pores of
other geometries, where the corresponding formulae with the
mechanical route have not yet been derived.’> The in-pore
pressure is very sensitive to the roughness of the wall sur-
face, as the pressure enhancement effect relies on the ability
to form well-defined layers of adsorbate. A rough surface ge-
ometry impedes the compression of the fluids, particularly in
the contact layers.

Finally, we note that large tangential pressures are not
unexpected even for fluid-fluid interfaces. Thus, the interfa-
cial tension, y, of a planar interface can be obtained from
the mechanical definition, y = [*_(Py — Pr (2)) dz. For the
vapor-liquid interface of water at 25 °C, the surface tension
is 75 mNm~! and Py = Ppu = 0.03 bar. This means that
for a typical interfacial width of w =1 nm, the average
(Py — Pr(2)) = 7.5 x 10’N m~2 = 750 bar. As the bulk pres-
sure is small, the average tangential pressure, (Pr(z)) ~ —750
bar, a large negative value. As shown in this paper, the effect is
amplified in the case of nano-phases confined between solid
surfaces, and the tangential pressure is positive rather than
negative as a result of the lateral compression of molecules
near the wall due to the strongly attractive wall forces.
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