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Abstract We report grand canonical Monte Carlo simula-
tions for a Lennard-Jones (LJ) fluid modeled on methane
confined in nanospace with jungle-gym-like (JG) cubic
structure, which is typically found in porous coordination
polymers. Pillars composing the cubic structure were mod-
eled as structureless smooth solid rods made of LJ carbon.
We examined the effects of pore size, pore geometry, rod
thickness, and rod potential onto the condensation phenom-
ena in the JG pore structure. The simulations clarified that
the condensation pressure and adsorption amount in the JG
structure were influenced by pore size and rod potential,
while the transition type was determined by rod thickness.
The characteristics of the JG structure lie in the sensitiv-
ity to the slight changes in pore size, rod thickness, and
rod potential owing to the combination of the packing ef-
fect of molecules and the superposition effect of rod poten-
tials.

Keywords Metal organic frameworks · Condensation
phenomena · Jungle-gym cubic nanospace · GCMC
simulation

Abbreviations
d pore size of the jungle-gym cubic structure, m
k Boltzmann constant, J·K−1

N number of molecules
p vapor pressure, Pa
ps saturated vapor pressure, Pa
r interaction distance between molecules or between a

molecule and a pillar rod, m
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rc cutoff distance of LJ potential, m
T temperature, K
V volume of the simulation box, m3

z interaction distance between a molecule and a slit wall,
m

� separation between lattice planes appeared in (3), m
ε energy parameter in LJ potential, J
φ interaction potential, J
μ chemical potential, J
ρl line density of atoms in a pillar rod, m−1

ρs number density of atoms in solid, m−1

σ size parameter in LJ potential, m

1 Introduction

Phase behavior of fluids confined in nanospace is of great
importance to fabricate new porous materials and character-
ize pore size distributions. A lot of experimental studies have
been done to clarify the phase behavior in nanospace. Be-
cause microscopic information extracted from experiments
is rather limited depending on experimental conditions,
computer simulation is an alternative tool to investigate fluid
behavior and adsorption mechanisms in nanospace. We have
studied condensation (Miyahara et al. 1997, 2000), solidi-
fication (Miyahara and Gubbins 1997; Kanda et al. 2000),
and sublimation phenomena (Kanda and Miyahara 2007) in
slit and cylindrical pores employing the molecular dynam-
ics (MD) and grand canonical Monte Carlo (GCMC) tech-
niques to depict phase diagrams in nanopores in terms of
bulk pressure and temperature. Our simulations of freez-
ing/melting transition revealed that freezing point temper-
ature changes dramatically due to the combination of three
factors: (i) the compressing effect induced by the pore-wall
potential energy, (ii) the geometrical hindrance effect, and
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(iii) the tensile effect. For vapor−liquid transition, the com-
bination of the fluid−wall attraction, the shape of meniscus,
and curvature-dependence of surface tension plays an im-
portant role in determining the critical condensation pres-
sure. As a result, key factors are demonstrated to be the
fluid−wall interaction and pore geometry as well as pore
size.

Recently, a new class of nanoporous materials called
functional porous coordination polymers (Kitagawa et al.
2004) or metal organic frameworks (MOFs) (Yaghi et
al. 2003) has been attracting practical interest as well as
scientific interest. MOFs, which are composed of metal
ions/clusters and bridging organic “pillar” ligands, of-
fer completely new pore geometries of, e.g., one dimen-
sional (1D) square or zigzag channel (Pan et al. 2003;
Dybtsev et al. 2004) and 3D interconnected cubic channel
(Chui et al. 1999; Eddaoudi et al. 2002) that are never seen
in the conventional porous materials such as zeolites and ac-
tivated carbons. Their important features lie in crystallinity,
high surface area, extremely low density, and controllable
pore size by changing the length of pillar ligands. Taking
advantage of the features, these materials can find applica-
tions in materials for gas storage (Noro et al. 2000; Rosi
et al. 2003), separation of gas mixture (Kosal et al. 2002;
Pan et al. 2006), and heterogeneous catalysis (Seo et al.
2000). Although extensive studies by means of computer
simulation (Vishnyakov et al. 2003) as well as experiments
have been reported on their structures, adsorption isotherms,
storage capacity, and separation selectivity, largely unex-
plored are phase behaviors of fluids confined in nanospace
with pore geometry specific to MOFs. Modeling MOF ar-
chitectures as well-defined simple shapes would be quite
effective to find basic features of fluids confined in the coor-
dination space (Bojan and Steele 1998).

In the present study, we conduct GCMC simulations of
a Lennard-Jones (LJ) fluid confined in a simplified “jungle-
gym-like” structure of primitive cubic shape with 3D inter-
connected channels modeled on 3D open frameworks. Pillar
ligands composing the 3D frameworks are modeled as uni-
form solid rods to construct a cubic lattice structure, and
the LJ fluid as methane. Condensation phenomena in the
jungle-gym cubic structure are studied to explore the ef-
fects of the fluid−rod interaction, pore geometry, and pore
size.

2 Model and simulation

2.1 Simulation model

The GCMC method (Allen and Tildesley 1987) was used
to simulate condensation in a pore system with 3D inter-
connected channels. Figure 1 shows a jungle-gym-like (JG)

Fig. 1 A schematic drawing of the simulation box

simulation box, in which structureless solid rods are placed
at even intervals so that they construct a cubic lattice struc-
ture. The simulation box was composed of a minimum of
3 × 3 × 3 cubes with the periodic boundary conditions for
all directions. The pillar rods were assumed to be made of
LJ carbon aligned with a line density ρl, which is referred
to as the “graphitic rod”, and the fluid was LJ methane.
The LJ parameters for the graphitic rod and methane were
σ ss = 0.340 nm, εss/k = 28.0 K and σ ff = 0.381 nm,
εff/k = 148.1 K, respectively. The line density ρl was cal-
culated to be 1.955/σ ss assuming a hexagonal structure of
carbon atoms in a graphene sheet.

2.2 Potential models

For the fluid−fluid interaction, the LJ 12-6 potential was
used:

φff(r) = 4εff
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where r is the interaction distance. The cutoff distance was
set to rc = 5σ ff. For the fluid–rod interaction, a “11-5” LJ
potential was used, which is derived by a line integral of the
12-6 LJ potential:

φsf(r) = 3πεsfρlσsf
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where σ sf and εsf are the LJ cross parameters for the
fluid−rod interaction and given by the Lorentz−Berthelot
mixing rules.
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As for the potential in structureless slit pore, the so-called
10-4-3 potential was applied:

φslit(z) = 2πρsεsfσ
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where z is the distance between a fluid and the wall surface,
ρs the number density of atoms in the solid, � the separation
between lattice planes.

2.3 Simulation details

The center-to-center distance between two rods, d , was de-
fined as pore size, and varied from 2σ ff to 5σ ff in the simu-
lations. The potential profile inside a cube was calculated by
superposing the fluid−rod potentials of 1200 rods surround-
ing the cube, i.e., summing 20 rod contributions for each
x, y, z direction. A triple overlap of the fluid−rod potential
at an intersection of three rods was corrected by subtracting
the overlapped potential obtained by an integral of 12-6 LJ
potential along the intersection length which was regarded
as the center-to-center distance of LJ atoms. Note that the
calculated potential profile inside a cube with the correc-
tion showed fairly good accordance with the profile calcu-
lated by summation of 12-6 LJ potentials for the same struc-
ture but with rods composed of explicit LJ carbon atoms
aligned with the same line density ρl. The potential profile
was pretabulated on a 0.05 Å grid, and the potential at each
point in 3D space was calculated through interpolation dur-
ing the simulations.

For the simulations of an adsorption sequence, starting
from a sufficiently low relative pressure, the last configura-
tion of a run was used as the initial configuration for the next
run with a higher pressure up to a saturated vapor pressure.
Alternatively, the configuration of the saturated pressure was
used as the starting condition for the next run for a desorp-
tion sequence. The relation between the chemical potential
μ and the pressure p is given by

μ − μs = kT ln

(
p

ps

)
, (4)

where μs is the chemical potential corresponding to the sat-
urated vapor pressure ps, k the Boltzmann constant, and T

the temperature.
The length of the runs was 40000 steps per molecule, and

1200–2000 molecules were used for liquid state. The overall
density ρ∗ of fluid in the pore is

ρ∗ = ρσ 3
ff with ρ = 〈N〉

V
, (5)

where 〈N〉 is the ensemble average of the number of mole-
cules in the pore space and V is the volume of the simulation
box including the rod volume.

3 Results and discussion

3.1 Effects of pore size

Figure 2 shows adsorption isotherms at 148.1 K (T ∗ = 1.0)

in the JG cubic porous structure for four different pore
sizes. For pores of 3, 4, and 5σ ff, the isotherms show a
discontinuous step indicating the pore condensation, while
the micropore filling is observed for the case of d = 2σ ff.
Unfortunately most of the experiments of methane adsorp-
tion in MOFs have been conducted under the condition that
methane is a supercritical fluid, and consequently the pore
condensation has not been so far observed. For the vapor
adsorption, however, a discontinuous step in an isotherm
has been reported for nitrogen adsorption in a specific type
of MOFs (Eddaoudi et al. 2002), and recently the discon-
tinuous step is demonstrated to be due to the pore conden-
sation (Walton and Snurr 2007). Our simulation results are
thus consistent with those results, and indicate that the pore
condensation occurs in relatively larger pores and that the
pore size of d = 3σ ff would be around the boundary that
changes adsorption mechanism from the pore condensation
to the micropore filling. Note that the hysteresis appeared for
d = 4 and 5σ ff would be an artifact specific to the GCMC
method used in the present study, and the true equilibrium
must be within the hysteresis loop. The critical condensation
pressure shows a monotone decrease with decreasing pore
size, which would be due to two contributions: the Kelvin ef-
fect on condensation and the effect of the fluid−rod interac-
tion. The adsorption amount also decreases with decreasing

Fig. 2 Simulated adsorption isotherms of LJ methane in the jun-
gle-gym cubic nanopore for four different pore sizes
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Fig. 3 Same as Fig. 2 but for the pore sizes around 2σ ff

pore size, but the trend is quite different around the pore size
as small as 2σ ff, as demonstrated in Fig. 3. The smallest pore
size with d = 1.9σ ff shows the highest amount among the
three. The effect of packing efficiency of molecules would
become obvious in this range of pore sizes, in which only
about four molecules per cube are accommodated, in addi-
tion to the enhancement of the superposition effect of rod
potentials.

3.2 Effects of pore geometry

To extract pure effects of pore geometry on the conden-
sation process, we compared the results of JG structures
with those of slit pores, both of which are composed of
LJ-methane molecules with the same intermolecular poten-
tials and size parameters as used for fluid methane. We set
the number density of methane molecules in the slit wall
to be ρs = 0.706/σ 3

ff with � = 1.123σ ff, and the line den-
sity in the rod to be ρl = 0.890/σ ff, which are based on the
simulation results of bulk phase to calculate the liquid den-
sity of LJ-methane at the vapor−liquid equilibrium condi-
tion at T ∗ = 1.0. We refer to these as the “methane wall”
and “methane rod” respectively. In this condition, the mag-
nitude of the fluid−solid interactions is assumed to be al-
most the same for the slit pore with methane wall and JG
with methane rod. Figures 4(a) and 4(b) show simulated
adsorption isotherms in JG with methane rod and slit pore
with methane wall. Note that the volume of the slit pore was
taken as the space between the planes of the nuclei of the
first layer of methane molecules of the walls, which includes
some dead space in the vicinity of the walls. No hysteresis
was confirmed in the isotherms for the slit pore, while a hys-
teresis was observed only for d = 5σ ff for JG with methane
rod. Because the critical condensation pressure would reflect
only the Kelvin effect on condensation in the condition of

Fig. 4 Simulated adsorption isotherms in (a) jungle-gym cubic pore
with methane rod and (b) slit pore with methane wall for different pore
sizes

the fluid−solid potential, the comparison between methane
wall slit and methane rod JG would make clear the effect
of pore geometry. No sharp vapor−liquid transition occurs
for smaller pores of both types as seen from Fig. 4, and the
critical condensation pressure is accordingly defined as the
inflection point of an adsorption isotherm to make the com-
parison between the two easy. Figure 5 shows the relation
between the critical condensation pressure and the effec-
tive pore size defined as surface-to-surface distance between
rods or walls, where an error bar indicates the width of a
hysteresis loop and the plot placed at the middle of an error
bar does not mean true equilibrium. JG with methane rod
shows higher condensation pressures than those of slit with
methane wall, indicating weaker effects of JG pore geome-
try onto the condensation process.

JG with graphitic rod, however, exhibits lower conden-
sation pressures than those of slit for smaller pore sizes
in spite of similar condensation pressures to those of the
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Fig. 5 Relation between the critical condensation pressure and the ef-
fective pore size

methane rod case for larger pores, as seen in Fig. 5. Stronger
fluid−rod interaction relative to fluid−fluid interaction
would result in the acceleration of the condensation phe-
nomena in JG with graphitic rod. To evaluate the strength
of the fluid−rod interaction, the coefficient 3/2πεsfρlσ sf in
the 11-5 potential function was calculated for the both cases.
Surprisingly, the graphitic rod potential was found to be only
1% greater than that of the methane rod. This sensitivity to
the changes in the rod potential is a marked characteristic
of the JG structure, which would be caused by strong over-
lapping of a lot of rod potentials. Note that 1% increase
in the wall potential of slit pore gave no significant differ-
ence in the condensation pressure compared with that of the
methane wall.

Because the graphitic and methane rod have different
thickness, to examine separately the effects of the potential
and thickness, we compared in Fig. 6 adsorption isotherms
in JG with three different types of rods: (i) graphitic rod,
(ii) methane rod, and (iii) “graphitic-thick” methane rod that
has the same potential as the methane rod and the same
thickness as the graphitic rod. The graphitic-thick methane
rod gives higher condensation pressure than that of the
methane rod, indicating the decrease in the rod thickness
leads to the increase in the condensation pressure probably
due to the broadening of the pore space. The difference in
the adsorption isotherms between the graphitic rod and the
graphitic-thick methane rod would thus reflect pure effects
of the rod potential, demonstrating that slight increase in the
fluid−rod interaction leads to the considerable decrease in
the condensation pressure and the increase in the adsorption
amount indicated by the arrows in Fig. 6.

Another prominent difference in the adsorption isotherms
is the phase transition behavior: the graphitic rod and the
graphitic-thick methane rod exhibit the sharp increase at the

Fig. 6 Comparison of adsorption isotherms for the jungle-gym struc-
tures with three different types of rod. The pore size is fixed at 3σ ff

vapor–liquid equilibrium, while the methane rod gives rather
moderate increase. Because the graphitic-thick methane rod
gives the pore condensation behavior, the difference in inter-
action potential between the graphitic rod and the methane
rod would not completely explain the difference in the ad-
sorption behavior. Because d = 3σ ff is around the boundary
of adsorption mechanism as stated in Sect. 3.1, slight in-
crease in the rod thickness would prevent the formation of
adsorbed layers around rods by narrowing the space between
rods, resulting in the gradual pore filling. Also, the differ-
ence in the surface area of rods would be another factor that
contributes to the difference in the adsorption behavior. It
is surprising that the difference in the rod thickness on the
order of 0.1 Å induces the significant change in the transi-
tion behavior. As a result, the thickness of the rod is demon-
strated to affect the sharpness of the transition for the pore
sizes near the boundary between the micropore filling and
the pore condensation.

4 Conclusions

We have modeled a MOF structure with interconnected 3D
channels as a JG cubic porous structure composed of struc-
tureless solid rods, and simulated condensation process in
the pore structure using the GCMC method. Through inves-
tigating the effects of pore size, pore geometry, and rod po-
tential, we obtained the following conclusions.

(1) The adsorption behavior in the JG structure is quite sen-
sitive to the angstrom-order of difference in the pore size
and rod thickness. Pore size affects the critical conden-
sation pressure and adsorption amount. The pore con-
densation occurs for larger pores, while smaller pores
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give the micropore filling. The pore size boundary of
adsorption mechanism would be around 3σ ff, and rod
thickness plays a role in determining the sharpness of
vapor−liquid transition around the boundary pore size.

(2) JG pore geometry has weaker effects on the condensa-
tion process than slit shaped pore. However, slight in-
crease in the fluid−rod potential dramatically enhances
the condensation especially for small pore size. The sen-
sitivity to the rod potential specific to the JG structure
results from the superposition effects of a lot of contri-
butions of rod potentials, which becomes outstanding in
the small pore size around 2σ ff.
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