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Pressure enhancement in carbon nanopores: a major confinement effect
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Phenomena that occur only at high pressures in bulk phases are often observed in nanopores,

suggesting that the pressure in such confined phases is large. We report a molecular simulation

study of the pressure tensor of an argon nanophase within slit-shaped carbon pores and show

that the tangential pressure is positive and large, while the normal pressure can be positive or

negative depending on pore width. We also show that small changes in the bulk pressure have a

large effect on the tangential pressure, suggesting that it should be possible to control the latter

over wide ranges in laboratory experiments.

1. Introduction

Nanophases confined within solids with pores of nanometer

dimensions often exhibit physical and chemical properties that

are dramatically different from those of the bulk material.1

Such confinement effects are of fundamental interest across

many fields, and result from the reduced dimensionality and

the strong intermolecular forces between the molecules in the

confined phase and the porous material. They find practical

applications in areas as diverse as purification of water and

air streams, heterogeneous catalysis, drug delivery, sensors,

energy storage, in fabrication of nanomaterials such as nano-

wires, as insulators in microcircuits and as electrodes for fuel

cells and supercapacitors.

Phenomena that occur only at very high pressures (e.g.

thousands or tens of thousands of bars) in the bulk phase

material are often observed to occur in the confined phase at

pressures (the pressure of the bulk phase in equilibrium with

the confined phase) that are orders of magnitude lower.2,3

Examples of such phenomena include high pressure chemical

reactions, high pressure solid phases, high pressure effects in

solid-liquid equilibria and effects on spectral properties. The

well-studied nitric oxide dimer reaction, 2NO 2 (NO)2,

provides an illustration of the high pressure effect. In the bulk

gas phase it has a yield of less than 1 mole% dimer at 300 K

and 1 bar pressure, but in activated carbon fibers having

an average pore width of 0.8 nm the yield of dimers is

99%, as measured by magnetic susceptibility.4 Fourier trans-

form infrared spectroscopy measurements of this reaction in

single-walled carbon nanotubes with a diameter of 1.35 nm

similarly show 100% dimers5 (Table 1), and molecular simula-

tion results6 for NO dimerization in slit-shaped carbon pores

and carbon nanotubes are in qualitative agreement with these

experiments. A simple thermodynamic calculation shows that

dimer yields of 98–99 mole% would only be reached in the

bulk phase at pressures between 12 000 and 15 000 bar at these

temperatures. Numerous studies also observe high pressure

phases in nanopores.7–13 Liquid-solid transitions in nano-

phases confined between atomically-smooth mica surfaces in

surface force apparatus experiments have been observed for

several substances at temperatures well above their normal

melting points, Tmp. Examples are shown in Table 2, and

include cyclohexane7–9 (Tmp = 279 K) at 296 K (bulk phase

freezes atB440 bar at 296 K) and n-dodecane10 (Tmp= 263.4 K)

at 300 K (bulk phase freezes atB1860 bar at 300 K). Molecular

simulations11 for dodecane between mica surfaces are in agree-

ment with the experimental data. Finally, we note several

experimental small-angle X-ray scattering studies that show

significant effects of the adsorption of a confined nanophase

on the pore width and interlayer atomic spacing,12,13 indicative

of strong positive or negative pressure normal to the pore walls.

With the aim of providing fundamental understanding of

these apparently unconnected effects in confined nanophases,

we report a molecular simulation study of the pressure tensor

for argon within a simple slit-pore model of a microporous

carbon. Using semi-grand canonical Monte Carlo (SGCMC)

simulation, we examine the effects of the extent of confinement

(pore width), temperature, and bulk phase pressure on the

density and pressure profiles, and on the radial distribution

functions. We show that the tangential pressure, PT, parallel

to the walls is positive and reaches tens of thousands of bars

locally at ambient bulk pressure, while the normal pressure,

PN, can be positive or negative, depending on the pore width,

and is of the order of thousands of bars. We further find that

the tangential pressure is sensitive to small changes in the bulk
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pressure, suggesting that it should be possible to control PT

over wide ranges in laboratory experiments. The normal

pressure leads to changes in the pore width and graphene

interlayer spacing during adsorption, as has been observed

experimentally.12

The paper is arranged as follows. In section 2 we give a brief

discussion of the conditions for thermodynamic and mechanical

equilibrium in nanopores, as well as the equations for the pressure

in inhomogeneous systems. In section 3 the model system used to

investigate the local pressure tensor is described along with details

of the calculations. In section 4, we present and discuss the results.

Finally, in section 5, we summarize our findings and discuss

related avenues of interest for future investigation.

2. Pressure tensor

Our system consists of a uniform bulk fluid phase (bulk) in

thermodynamic and mechanical equilibrium with a confined

nanophase (pore), as shown in Fig. 1. Thermodynamic equili-

brium requires the temperature and chemical potential to be

equal in the two phases:

Tbulk = Tpore

mbulk = mpore. (1)

The condition of mechanical equilibrium requires that there

be, on average, no net momentum transfer once the system

has reached equilibrium. For two homogeneous fluid phases

separated by a planar interface this leads to equality of the

scalar pressure in the two phases. In the confined nanophase,

however, the pressure P(r) is a second order tensor, while that

in the bulk phase is a scalar, Pbulk. P(r) has elements Pab(r),

that give the force per unit area in the b-direction acting on a

surface element pointing in the a-direction at point r. Since

there is no external field present in our system the mechanical

equilibrium condition becomes:14

r�P(r) = 0. (2)

Our slit pore system has axial symmetry about the z-axis

and translational symmetry in the xy plane, so that Pxx =

Pyy = PT and Pzz = PN. Moreover, mechanical equilibrium,

eqn (2), requires that:

@PT

@x
¼ @PT

@y
¼ 0

@PN

@z
¼ 0: ð3Þ

Thus, the tangential pressure is independent of x and y but

dependent on z, the distance from the walls, while the normal

pressure is independent of x, y and z, but not equal to the bulk

phase pressure due to the intermolecular forces from the walls.

For a system of N spherical particles, an expression for the

many-body pressure tensor can be rigorously derived from

the microscopic law of momentum conservation.14,15 In the

case that the particles interact in a purely pair-wise fashion,

the local pressure tensor is given by:

PðrÞ ¼ rðrÞkBT1� 1

2

XN
iaj

duðrijÞ
drij

Z
Cij

dðr� ~‘Þd~‘

* +
; ð4Þ

where r(r) is the local particle density, 1 is the unit tensor, u is

the pair-wise intermolecular potential energy function, Cij is an

arbitrary contour from the center of mass position of particle i,

ri, to the center of mass position of particle j, rj, rij = rj� ri and

the brackets indicate that the quantity inside is ensemble-

averaged. The first term on the right in eqn (4) is the kinetic

contribution to the pressure tensor that arises from convective

momentum transport across the surface elements, whereas

the second term is the configurational contribution due to

intermolecular forces between particles.

Eqn (4) is formally rigorous, but while the kinetic term is

uniquely defined the configurational contribution is not, due to

the arbitrary nature of the contour integral. Physically this means

that there is no unique way of determining how forces acting

between particles should be assigned to elements of the local

pressure tensor. This is a consequence of the momentum flux

being defined with respect to the gradient of the pressure tensor

and not the pressure tensor itself.14,15 However, we can make an

operational definition of the configurational contribution to the

pressure by choosing a particular path for the contour integral.

The most natural choice is that of Irving and Kirkwood,16 who

chose the integration path to be a straight line along the vector rij,

~‘ðri; rjÞ ¼ lrij þ ri; 0 � l � 1: ð5Þ

Table 1 Comparison of product mole fraction in bulk phase and in
porous carbons for the NO dimerization reaction

Porous material Pore size/nm T/K

(NO)2 mole fraction

Bulk Confined

ACF4 0.8 298–423 o 0.01 0.98–1.0
SWCNT5 1.35 103–136 r0.01 1.0

Table 2 Surface force apparatus results7–9

Substance Pore width/nm Tmp/K Texp/K Pfreezing at Texp/bar

cyclohexane 1–7 279 296 B440
n-dodecane 2.5–10 263.4 300 B1860

Fig. 1 The simulation cell. The dark (green in color) circles represent

adsorbate argon molecules, and the light (blue in color) circles

represent carbon atoms. Dashed circles represent the equilibrium

positions of carbons atoms. C atoms are shown at reduced scale for

clarity.
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With this choice substituted into eqn (4), the Irving–Kirkwood16

(IK) expression for the pressure tensor is obtained,

PIK ðrÞ ¼ rðrÞkBT1� 1

2

XN
iaj

rijrij

rij

duðrijÞ
drij

*

�
Z 1

0

dldðri � rþ lrijÞ
�
:

ð6Þ

Alternatives to the IK contour have been proposed, the most

noteworthy being that of Harasima.17 Both methods yield the

same result for the surface tension at planar interfaces.15 How-

ever, in addition to being the most widely used and natural choice,

only the IK definition has been shown to yield expressions for the

pressure difference, surface tension and Tolman length that are

consistent with those obtained using microscopic sum rules.18

More seriously, the Harasima contour has been found to yield

inconsistent and unphysical results when calculated using different

coordinate systems.19 For these reasons, we have used the IK

definition of the pressure tensor for the calculations presented in

this study.

The expression for the local pressure tensor provided by

eqn (6) is amenable to evaluation in molecular simulation of

complex systems. In practice, however, calculation of all the

components of the pressure tensor is a cumbersome task, and

the complexity of the results of such calculations would likely

obscure physical interpretation for all but simple systems. As a

result, application of eqn (6) is usually restricted to situations

in which off-diagonal elements of the pressure tensor are zero

(Pab(r) = 0 (a a b)) due to the symmetry of the system. For

example, at an infinite planar surface lying in the xy-plane,

symmetric about the z-axis, there are only two unique non-

zero components, a normal and a tangential component, as

discussed above. Likewise, in spherically symmetric systems,

only PN(r) = Prr(r) and PT(r) = Pyy(r) = Pff(r) need to be

calculated. In systems with cylindrical symmetry, eqn (6)

reduces to a slightly more complicated form, since all three

diagonal components, Prr(r), Pyy(r) and Pzz(r), are non-zero

and vary radially.20

3. Methods

Molecular simulation was used to study the local pressure tensor

of argon confined in a model carbon slit-pore. Although the

slit-pore model is a highly simplified approximation of the

porous features found in many real materials,21 it has played

an essential role in the development of theoretical approaches

for characterizing porous materials.22 In addition, it also

provides a unified context for achieving a fundamental under-

standing of the impact of various confinement effects1,3 on

adsorption,23 transport,24 chemical reaction25 and poro-

mechanics.26 The slit-pore model is also capable of making

quantitative predictions of the adsorptive properties of ordered

carbon materials, such as graphitizable carbon blacks.27,28 For

the purposes of this study, it provides a well-established

starting point for understanding pressure enhancement effects

in confined systems in which eqn (6) may be readily evaluated.

Semi-grand canonical Monte Carlo simulations13,29 in

which the volume of the simulation cell, V, temperature, T,

chemical potential of the adsorbate, ma, and number of pore

wall atoms, Nw, are fixed, were used to study argon adsorption

and the local pressure tensor in an atomistically-detailed, finite

and flexible carbon slit-pore model. Since the pore is finite, the

adsorbed phase is in direct physical contact with the bulk

argon gas phase at temperature Tbulk and pressure Pbulk at

both ends of the pore, thus ensuring that mechanical equili-

brium is reached (eqn (2) and (3)). The usual Monte Carlo

particle moves, and particle insertion and deletion attempts,

assure that the system reaches thermal and chemical equili-

brium (eqn (1)). As shown in Fig. 1, a rectangular simulation

cell comprised of a slit-shaped carbon pore, symmetric about

z= 0, was used. Opposing walls of the slit-pore each consisted

of 3 layers of graphene that lay parallel to the xy-plane.

During the simulations, the positions of the outermost gra-

phene layers were kept fixed in space, but the two innermost

graphene layers in each pore wall were permitted to move, thus

allowing the effect of the confined nanophase on pore width

and interlayer spacing to be studied. The dimensions of the

simulation cell were Lx � Ly � Lz = Lx,wall � (3 � Ly,wall) �
(He+5� d002,e), where Lx,wall� Ly,wall=3.408 nm� 6.8866 nm

are the dimensions of the graphene layers. Here He is the

width of the pore when empty, defined as the distance between

the innermost graphene layers on the opposing wall surfaces,

when at their equilibrium positions. The values for the

graphene interlayer spacing when empty, d002,e=0.3395 nm,

0.3405 nm and 0.3438 nm at 87.3 K, 135 K and 300 K,

respectively, were obtained by running an initial set of simula-

tions of an empty pore. Carbon atoms in a given graphene

layer were arranged on a hexagonal lattice, with a C–C bond

length of 0.142 nm. The atoms in all layers were connected to

their lattice positions by a harmonic potential, with a spring

constant, ks = 18.1 N/m, that was obtained by matching to

the AIREBO potential of Stuart and coworkers for carbon.30

Interactions between carbon atoms in different graphene

layers were modeled using the Lennard-Jones (LJ) potential

with Steele’s parameters,31 ecc/kB = 28.0 K and scc = 0.340 nm.

Argon–argon and argon–carbon interactions were also

modeled using the LJ potential. The LJ parameters used for

argon,32 eaa/kB = 119.8 K and saa = 0.3405 nm, are widely

used and have been shown to accurately predict the vapor-liquid

equilibrium envelope.33 Parameters for the argon-carbon inter-

actions were estimated using the usual Lorentz-Berthelot com-

bining rules (i.e., eac ¼
ffiffiffiffiffiffiffiffiffiffiffi
eaaecc
p

and sac = (saa + scc)/2). All LJ

interactions were truncated at rc = 5s and intermolecular

distances were evaluated according to the minimum image

convention. Periodic boundary conditions were applied in the

x-direction, and hard-wall boundary conditions were used for

the y and z directions.

Adsorption isotherms for argon at 87.3 K (normal boiling

point of argon), 135 K (under, but near the critical point) and

300 K (ambient temperature and supercritical), were simulated

over a wide range of bulk pressures in the slit-pore model.

To obtain an appropriate relationship between the chemical

potential and the bulk pressure of argon over the range of state

conditions examined, the LJ equation of state of Johnson

et al.34 was used. The SGCMC simulations were run for a total

of 1.2 � 108 MC moves at each chemical potential, with

statistics collected over the second half of the simulations.

Insertions, deletions and displacements of argon atoms were
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attempted with equal probability. Displacements of carbon

atoms about their lattice sites were attempted with the same

frequency as the argon trial moves, while the layer displace-

ment attempts along the z-axis were made with an average

frequency of 1/400 MC trial moves. To expedite equilibration,

final atomic configurations were used as starting configura-

tions for the simulations performed at subsequent chemical

potentials along the adsorption isotherms.

Evaluation of the local pressure tensor inside the slit-pore

was carried out at regular intervals during the production

phase of the SGCMC simulations, with a minimum of 30 000

samples used to compute ensemble averages at each state

point. The calculations were restricted to an averaging region

deep inside the pore, far away from the pore-bulk interface,

as depicted in Fig. 1. Within this averaging region, it was

assumed that spatial variations in the xy-plane could be

neglected and that the pressure tensor components only vary

along the z-axis normal to the surface of the pore walls. This

allowed for calculations to be performed inside the averaging

region using expressions for the local tangential and normal

components of the pressure tensor derived by Walton et al.35

from eqn (6) for an infinite interface in the xy-plane,

PT ;IKðzÞ ¼ rðzÞkBT �
1

4A

X
iaj

x2ij þ y2ij

rij

1

jzij j
duðrijÞ
drij

*

� y
z� zi

zij

� �
y

zj � z

zij

� �� ð7Þ

and

PN;IKðzÞ ¼ rðzÞkBT �
1

2A

X
iaj

z2ij

rij

1

jzij j
duðrijÞ
drij

*

� y
z� zi

zij

� �
y

zj � z

zij

� ��
;

ð8Þ

respectively. In eqn (7) and (8), A is the area of the surface,

y(x) is the unit step function and xij, yij and zij are components

of the intermolecular separation vector rij. The expression in

eqn (7) results from averaging the two in-plane components,

PT,IK(z) = (Pxx(z) + Pyy(z))/2, while PN,IK(z) = Pzz(z), as

discussed in the previous section. For a planar interface,

the condition of mechanical equilibrium, eqn (3), requires

PN,IK(z) = constant, independent of z. Thus, in principle,

eqn (8) only needs to be evaluated at one point along the z-axis

in order to calculate the normal component of the pressure

tensor. In this study, eqn (7) and (8) were evaluated every

0.01 nm along the z-axis of the slit-pore. The normal compo-

nent of the pressure tensor was calculated by averaging the

values taken along the z-axis. The standard error of the mean

for the normal component served as a check to ensure that the

simulations were properly equilibrated and that the sampling

procedures used to calculate the pressure tensor yielded results

within the desired statistical uncertainity of 5%.

4. Results and discussion

Adsorption isotherm and pressure tensor calculations were

carried out in model carbon slit-pores with reduced pore widths,

H�e ¼ He=saa, ranging from 2.0 to 8.0 (0.68 to 2.72 nm). These

pore sizes were chosen because they encompass the typical range

of micropore widths found in materials such as nanoporous

carbons.36,37 Density and pressure profiles are shown in Fig. 2,

together with snapshots of argon adsorbed in pores of different

widths at 87.3 K and 1 bar bulk pressure.

The density profiles exhibit the well known layering effect of

confinement, with 1, 2, 4 and 6 layers of argon molecules for

H�e ¼ 2:0, 3.0, 4.5 and 7.0, respectively, which are also shown

in the accompanying snapshots. Very high local densities are

observed at the center of the contact layers, with r* = rs3aa
rising to over 7 for all these pores. Examination of the

confined layers of argon shows that the molecules have

adopted a face-centered cubic (fcc) structure, as in the solid

phase of bulk argon. At 87.3 K the fcc crystal phase occurs

only at pressures above several hundred bars for bulk argon.38

Fig. 2 The density and pressure profiles and snapshots at 87.3 K and

1 bar bulk pressure for pores of reduced widths,H�e , of 2.0, 3.0, 4.5 and

7.0, respectively. Carbon atoms are shown at reduced scale for clarity.
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The tangential pressure profile follows that of the density, with

very high pressures of over 20 000 bar at the contact layer

peaks for all pore widths. For H�e ¼ 2:0, only a single layer of

argon can be accommodated, and the tangential pressure at

the peak is approximately 60 000 bar. The normal pressure PN,

while smaller, oscillates with pore width due to oscillations in

the average density in the pore. We note that PN is simply

related to the solvation (or disjoining) pressure by Psolvation =

PN � Pbulk.

The contribution of the kinetic and configurational terms to

the pressure profiles (see eqn (4)) are shown in Fig. 3a and b

for H�e ¼ 3:0 at 87.3 K and 1 bar bulk pressure. In each case,

the argon-argon and argon-carbon contributions of the con-

figurational part of the pressure tensor profiles are shown

separately.

As is evident from Fig. 3a, the tangential pressure profile

is strongly dominated by the configurational contribution

arising from argon-argon interactions. This large, positive

contribution that arises in the contact layers indicates the

presence of strong repulsive forces between argon molecules

within the layer. The argon-carbon contribution is slightly

negative and decreases to a value of B �2500 bar in the

contact layers. For a pore of infinite extent in the xy-plane,

eqn (7) suggests that the argon-carbon contribution to the

tangential pressure should be zero due to the symmetry of the

system. However, for the atomically-detailed, finite slit-pore

model presented here, this symmetry is not strictly maintained

due to the structure of the pore walls. This leads to a slightly

negative argon-carbon contribution to the tangential pressure

tensor. We note that a similar negative contribution would

also be expected in any real material, since the porous features

are finite and structured. This negative contribution to the

tangential pressure is roughly offset by the positive kinetic

contribution at this temperature, which peaks at approxi-

mately 2500 bar at the density maxima. The kinetic part of

the normal pressure profile is the same as in the tangential

pressure profile, again with a peak height of B2500 bar.

However, both the argon-argon and argon-carbon configura-

tional contributions are negative, which reflects the fact that the

forces are attractive and that the system is in tension, rather than

compression, along the normal direction. Figs. 2 and 3b show

that mechanical equilibrium is maintained, with PN constant in

each case, within the statistical uncertainty of the calculations,

as required by eqn (3).

The high in-pore tangential pressures arise from the con-

finement of the nanophase and the strong attraction between

the carbon walls and argon molecules, which force the

adsorbed phase into highly compressed layers. To demonstrate

this, we calculated the in-plane (xy-plane) radial distribution

function, g(r), which gives the probability distribution of

finding two argon molecules at a separation distance, r, within

the same layer. The in-plane g(r) for the contact layers of

argon in the H�e ¼ 3:0 pore is shown in Fig. 4a at the boiling

point of argon, 87.3 K and 1 bar, and also at ambient

temperature and 3990 bar. For reference, g(r) is also shown

for bulk liquid argon at 87.3 K. The first peak in g(r) corres-

ponds to the most probable nearest neighbor distance in a

given layer. At both state conditions examined, this distance is

found to be significantly smaller than in bulk liquid argon at

87.3 K and is in the steeply rising repulsive region of the

intermolecular pair force, as shown in Fig. 4b. This large and

positive repulsive force gives rise directly to the observed large

tangential pressures. Such compression has been previously

reported for strongly attractive surfaces.39 Preliminary calcu-

lations indicate that similar pressure tensor profiles and

neighbor distances are also found in slit-pores modeled using

Steele’s (10,4,3) potential.31 This suggests that the compression

of the adsorbed layers is not strongly affected by the atomistic

nature or flexibility of the pore walls, although these features

are essential in capturing the deformation of the pores in

response to these large forces. However, we note that for hard

spheres against a hard wall, where attractive forces are absent,

there is little or no enhancement of the tangential pressure.40

It is of interest to note that this situation is the opposite of

that observed in gas-liquid interfaces, where the most probable

separation between neighboring molecules in the xy-plane is

greater than that in the bulk liquid. Thus, in our MC simula-

tions of the gas-liquid interface for argon at its normal boiling

point, we find that the most probable argon–argon separation

distance is r* = 1.17, significantly greater than for bulk liquid

argon (r* = 1.12), so that the average pair force is negative

(attractive), as it must be to produce a surface tension (see also

ref. 41). The tangential pressure in this case is therefore

negative, being approximately �80 bar near the center of the

interface.

The effect of varying the bulk pressure and temperature is

shown in Fig. 5 for the H�e ¼ 3:0 pore. At 87.3 K, argon

adsorption starts to occur at Pbulk B 2 � 10�5 bar, and at

somewhat higher pressures there are two jumps in the density

Fig. 3 Decomposition of the (a) tangential and (b) normal pressure

tensor profiles into the kinetic contribution and the argon-argon and

argon-carbon configurational contributions for H�e ¼ 3:0 at 87.3 K

and 1 bar bulk pressure.
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and in the peak value of the tangential pressure (PT,peak)

corresponding to phase transitions from a gas-like to a

liquid-like pore phase (at Pbulk B 6.2 � 10�5 bar) and from a

liquid-like to a fcc crystal pore phase (at PbulkB 1.2� 10�4 bar).

In addition to the peak value of tangential pressure, PT,peak, the

value averaged across the pore, PT,avg =
R
H/2
�H/2PT(z)f(z)dz, is

also shown, where the probability density at z is f(z) = r(z)/R
r(z)dz. Both are observed to increase rapidly with Pbulk,

following the increase in density, whereas PN is only slightly

affected. At 87.3 K the pressure enhancement, PT,peak/Pbulk,

is very large, being more than 7 orders of magnitude at

Pbulk B 10�4 bar and falling to over 4 orders of magnitude at

Pbulk B 1 bar. As the temperature is increased, first to 135 K

and then to 300 K, the nanophase capillary condensation

transition vanishes (these temperatures are above the pore

critical temperature) and there is no evidence of a liquid–solid

transition, as shown in Fig. 5b and c. The kinetic contribution to

the pressure tensor components becomes relatively more impor-

tant at these higher temperatures, and this reduces the pressure

enhancement, PT,peak/Pbulk, considerably, to about three orders

and one order of magnitude at 135 K and 300 K, respectively.

The normal pressure oscillates in sign as the empty pore

width, H�e , is increased (Fig. 6). Such oscillations in PN are

observed in surface force measurements7,8 as well as in simula-

tions and theoretical calculations,42 and are well-known to

arise from density oscillations in the pore that result from the

layered structure of the adsorbed phase. For example, for a pore

with an empty width of H�e ¼ 2:0 only one layer of adsorbed

argon can be accommodated, and increasing H�e further does

not allow the formation of another adsorbed layer to begin until

H�e � 2:4. Since additional argon molecules cannot adsorb,

increasing the pore width from 2.0 to 2.4 reduces the in-pore

density, resulting in a decrease in the normal pressure. At

H�e � 2:4, the pore is wide enough so that a second layer of

argon can begin to form, which causes an increase in the density

and normal pressure. The density and normal pressure peak

when the pore is just wide enough to accommodate a complete

second layer of argon (H�e � 2:7), and further increases in pore

width leads to another decrease in density until a third layer of

argon can start to form. Thus, the oscillations follow the

formation of adsorbed layers as the pore width is increased.

The period of the oscillations is approximately equal to the

distance between molecules in adjacent layers, which is close to

the LJ diameter of argon, saa = 0.34 nm.

Fig. 4 (a) Radial distribution function in the xy-plane for confined

argon at 300 K and 3990 bar bulk pressure (A, dashed line) and at

87.3 K and 1 bar bulk pressure (B, dotted line), and the isotropic radial

distribution function for bulk argon at the boiling point at 87.3 K

(C, solid line). (b) The intermolecular pair force between two argon

atoms, F, with the most probable nearest neighbor separation

distances shown for the three cases illustrated in (a).

Fig. 5 The average in-pore density and pressure of argon as a

function of bulk pressure at 87.3 K, 135 K and 300 K, respectively,

for the pore of reduced width of H�e ¼ 3:0.
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Positive and negative oscillations of the normal pressure

indicate that the system is in compression and tension, respec-

tively, in the direction normal to the pore walls. This results in

an expansion or contraction of the pore, as illustrated in

Fig. 6. For smaller pore widths, changes in the pore width

and interlayer spacing are approximately in the range �0.02
and �0.005 nm, respectively. As the pore width increases,

smaller changes are observed due to the decay in the oscilla-

tions of the normal pressure. The magnitude of these changes,

and of the normal pressures, are consistent with the experi-

mentally known value of Young’s modulus43,44 for graphite

(in the direction normal to the basal plane), which is E> =

PN/(Dd002/d002,e)E 36.5 GPa, where Dd002 is the change in the

interlayer spacing due to adsorption. Taking 0.003 as a typical

value of the latter quantity (see Fig. 6) gives a PN value of

3285 bar, in qualitative agreement with the results for the

normal pressure. We note that similar results have also been

reported by Do et al. 45 for argon adsorption in a slit-pore with

atomically-smooth, movable walls modeled using a modified

Steele potential.31

Such mechanical deformation of adsorbent materials during

sorption has recently received considerable attention. In highly

flexible materials, such as metal–organic frameworks, mecha-

nical forces arising from the adsorbed guest phase have been

observed to cause a dramatic reversible collapse of the

porous structure, resulting in deformation-induced sorption

hysteresis.46 In more rigid materials, such as mesoporous silica

SBA-15, more subtle deformation has been observed in both

experiment and simulation.13 Nevertheless, even these smaller

deformations are found to have a significant impact on

adsorption behavior.13 We note that the changes observed in

Fig. 6 are qualitatively similar to those observed in diffraction

experiments on activated carbons,12 although the magnitudes

of the changes observed experimentally are larger than those

found in our simulations. This difference is to be expected,

since activated carbons have a density of B1.6 g cm�3, much

lower than for graphite (rm B 2.23 g cm�3), and this less dense

structure is expected to lead to more deformation.

5. Conclusions

In summary, our calculations show that very high tangential

and normal pressures are expected in carbon micropores and

small mesopores. These high in-pore pressures provide a

unifying explanation for a wide range of previously uncon-

nected experimental observations, including the occurrences of

high pressure phases and high pressure reactions in carbons,

and could provide a route to connect the behavior of the

confined phase to that of the bulk phase. Such a connection

could prove useful as a guide to future experimental studies of

high pressure phenomena in nanoporous carbons. A further

important finding is that relatively small changes in the bulk

pressure (and to a lesser extent, the temperature) have a very

large effect on the in-pore pressure. This sensitivity to the bulk

phase pressure provides an explanation of the large effect of

bulk pressure on the melting curve for confined phases that

has been observed in molecular simulations.47,48 This also

suggests that it should be possible to experimentally observe

a range of high pressure phenomena by simply varying the

bulk pressure.
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