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Adsorption of CO2 and CH4 in MIL-47 investigated
by the 3D-RISM molecular theory of solvation

Cristina Gavazzoni* and Munir S. Skaf *

Metal–organic frameworks (MOFs) comprise a class of highly porous nanomaterials formed by

the assembly of organic molecular templates connected by metal ions. These materials exhibit a large

diversity of pore size and geometry, topology, surface area, and chemical functionality. MOFs are parti-

cularly promising materials for developing new technologies for capture and storage of greenhouse

gases such as methane and carbon dioxide. Here we apply the three dimensional reference interaction

site model (3D-RISM) molecular theory of solvation to study the interactions of CO2 and CH4 with the

metal–organic material MIL-47. The 3D-RISM integral equations were solved to determine the three

dimensional density correlation functions of the gas (solvent) relative to the atomic positions of the

MIL-47 framework, treated as static solute sites. The computed solvent spatial distributions inside

MIL-47 pores were used to identify whether or not there exist preferable binding sites and the binding

free energy landscape for the gas of interest at low computational costs compared with other molecular

modeling techniques, such as grand canonical Monte Carlo and molecular dynamics simulations. The

3D-RISM formalism was applied to pure CO2, pure CH4, and binary mixtures of these gases of various

compositions under different pressure conditions. The results indicate that both gases bind very weakly

to MIL-47 and that this material exhibits nearly vanishing CO2/CH4 selectivity. The 3D-RISM

computations presented here can be extended to investigate the physical adsorption of gases on other

MOFs and nanoporous materials, providing an alternative low-cost computational approach to study

gas capture and storage in nanoporous materials in general and, in particular, to determine the binding

free-energy landscape in these systems.

1 Introduction

Emissions of man-made chemicals, such as carbon dioxide
(CO2) and methane (CH4), are considered the main causes for
the global climate changes. CO2 emissions increased 1.6% to
36.2 Gt (billion tonnes) in 2017 after three years of little or no
emissions growth1,2 and CH4 emissions increased by a factor of
two in the last century.3 As a consequence, much effort has been
made to develop ways of preventing greenhouse emissions,
promoting carbon capture and storage, and to repurpose these
gases through chemical transformations. As the main component
for natural gas, methane can be readily used in power plants
providing cleaner combustion processes than coal or oil. Carbon
dioxide, in turn, can be used on enhanced oil recovery4,5 and as a
processing solvent in polymer applications.6

However, the capture and storage of these gases are only part
of the challenge. In many cases the separation of two or more
gases is also needed. Natural gas, for example, also contains

carbon dioxide, nitrogen, and light hydrocarbons. The presence
of CO2 is undesirable since it reduces the energy content of the
natural gas and damage the pipelines due to its corrosive
behavior in the presence of water. To cope with these and
other challenges, many different types of materials have been
studied in order to make these technologies more efficient
and economically viable. Polyethylenimine (PEI)-modified
mesoporous molecular sieve of MCM-41 type, for instance,
exhibits an adsorption capacity of 15 mg CO2 per g-PEI7 and
carbon nanotube-reinforced polymeric membranes achieved a
selectivity of CO2/CH4 ratio of up to 45.8 Computer simulations
of a porous carbon nanotube membrane indicated a high CO2

selectivity over CH4 due to size exclusion,9 identified high CH4

storage capacity in carbon-based materials,10 and were used to
screen several zeolites in terms of CO2 selectivity.11

Metal–organic framework (MOFs) materials have been
widely studied due to their promising technological applica-
tions in several areas,12,13 in particular, gas separation, purifi-
cation, and storage due to the fact that their structure and
properties can be easily tuned to the molecular level. MOFs
are constructed by linking inorganic secondary building units
with organic linkers and, by combining different units, one can
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design a MOF with the desired pore size, functional groups
or accessible sites.14 Several MOFs were already studied as
possible adsorbents for CO2, CH4, and several other gases,15–19

and, yet, the increasing number of possibilities when it comes to
develop new MOFs makes the screening of an ideal material for a
specific application a highly non-trivial task. Therefore, it is vital
to use fast and reliable methods to characterize new materials and
to identify adsorption mechanisms that may lead to improved
MOF properties.

In the computational field, grand canonical Monte Carlo20–22

(GCMC) and molecular dynamics (MD) simulations are the most
commonly used techniques to study gas adsorption in MOFs,
whereas quantum chemical methods are required for investiga-
ting catalysis and other reactive processes.23–25 Using GCMC,
it is possible to compute important thermodynamic equilibrium
properties such as gas uptake, species selectivity, and adsorption
enthalpy under different thermodynamic conditions. MD
simulations, in turn, are quite suitable to study transport proper-
ties and have been applied in several studies, including methane
diffusion3 and CO2 transport properties in MIL-47,26 water inter-
action with MOF-5,27 and benzene diffusion in MOF-5.28 Recently,
machine learning approaches have been proposed to identify MOFs
with the desired properties. Machine learning methods were
applied to predict CO2 working capacity and CO2/H2 selectivity29

in MOFs and in quantitative structure–property relationship models
to identify high-performing MOFs for methane purification.30

Despite the indubitable power of GCMC and MD techniques
to investigate gas adsorption thermodynamics and transport in
MOFs and other nanostructured materials,31–33 estimating
local binding affinities of guest molecules at specific sites of
the host nanostructured framework is challenging because the
binding affinity is a measure of the host–guest binding free
energy, a computationally-demanding quantity to compute by
molecular simulations.34 The 3D-RISM-KH (three dimensional
reference interaction site model with the Kovalenko–Hirata
closure approximation) is a molecular theory of solvation based
on a first-principles statistical mechanics integral equation
formalism that allows for the calculation of the ensemble-
averaged, equilibrium spatial solvent distribution around a
given solute molecule or host site at a much lower computa-
tional cost compared to other methods.35 From the equilibrium
spatial solvent distribution obtained by solving the integral
equations, several thermodynamic properties can be calculated
analytically, including binding enthalpies and, most notably,
the three-dimensional (3D) host–guest binding free-energy
landscape across the nanostructure. Like GCMC or MD molecular
simulation methods, 3D-RISM-KH uses atomistic force fields to
describe the intermolecular interactions and has been success-
fully applied to a variety of problems, such as the selective ion-
binding by proteins,36 adsorption of alkali ions in Prussian Blue
nanoparticles,37 the behavior of interfacial water in biological
systems,38 the structure and stability of oligomeric polyelectrolyte
gel networks,39 and the generalized binding forces in model ligno-
cellulosic materials,40,41 to name a few examples. Furthermore,
combinations between simulations and the 3D-RISM were
proposed in order to enhance the computation speed.42,43

Here we apply the 3D-RISM-KH solvation theory to study
adsorption and selectivity of CO2 and CH4 gases by MIL-47 – a
metal organic framework consisting of infinite chains of
corner-sharing V4+O6 octahedra connected by terephthalate
groups that lead to a one-dimensional diamond shaped pore.
The MIL-47 structure was fully characterized by Barthelet et al.44

and has been studied for adsorption and separation of xylene
isomers and ethylbenzene,45 hydrogen sulfide adsorption,46

methane and CO2 diffusion,3,26 and CO2 uptake.47 Differently
from the isostructural MIL-53, MIL-47 has a rigid, breathing-free
structure,47 which is ideal for 3D-RISM calculations,35 since
flexible structures would require performing calculations for
several possible solute structures in order to understand the
material behavior. For such systems, 3D-RISM techniques could
also be combined with Monte Carlo or MD simulations to
generate an ensemble of different structures, which may depend
on the gas loading. Our goal here is to investigate binding of CO2

and CH4 to the MIL-47 structure and to examine CO2/CH4

selectivity (or lack thereof) under different external pressure
conditions using the 3D-RISM-KH formalism as a test-case for
3D-RISM computation of the binding free-energy landscape in
nanostructured materials. Computations were carried out for gas
densities in the range 0.001–0.1 g cm�3, which correspond
approximately to external pressures in the range 0.5–50 bar and
1.0–140 bar for CO2 and CH4, respectively.

2 The 3D-RISM solvation theory

In this work we obtained the three dimensional density correla-
tion functions by numerically solving the 3D-RISM integral
equations carrying ensemble-average structural information
for a system containing a solvated macromolecule.35,48–50

An excellent review of the theory and its application to a variety
of molecular systems has been provided by Fedorov and
co-workers.35 For a solute–solvent system at infinite dilution,
the 3D-RISM integral equations reads

hgðrÞ ¼
X
a

ð
dr0caðr0Þwag r� r0j jð Þ (1)

where hg(r) and cg(r) are the total and direct correlation func-
tions of the g solvent site around the solute macromolecule,
respectively, and wag(r) is the solvent–solvent pair susceptibility
function. In order to calculate the solvent–solvent susceptibility
function one must solve the equations for the dielectrically
consistent one-dimensional RISM theory.51 The wag(r) is given by

wag(r) = wsolv
ag (r) + rhsolv

ag (r) (2)

where hsolv
ag (r) is the solvent–solvent total correlation function in

the absence of the solute and wsolv
ag (r) is the intramolecular

correlation function that describe the structure of the solvent
molecule. Therefore, the solvent–solvent susceptibility function
carries information about the solvent interactions in the
absence of the solute.

In order to obtain the three dimensional correlation functions,
eqn (1) must be complemented with a closure equation.
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Kovalenko and Hirata48 (KH) closure couples the mean
spherical approximation (MSA) and the hypernetted chain
(HNC) closure to describe strongly associative liquid systems
accurately. The numerical stability of the RISM calculations
under the KH approximation versus HNC and other closure
relations has been discussed for the chemical potential of
strongly attractive ionic solutions.52 In the 3D-RISM formalism,
the KH closure reads:

ggðrÞ ¼
exp �ugðrÞ

�
kBTð Þ þ hgðrÞ � cgðrÞ

� �
if ggðrÞ � 1

1�ugðrÞ
�
kBTð Þ þ hgðrÞ � cgðrÞ if ggðrÞ4 1

8<
:

(3)

where gg(r) = hg(r) + 1 is the normalized local solvent density
distribution around solute site g relative to the bulk distribution,
also known as density correlation function, T is temperature, kB is
the Boltzmann constant and ug(r) is the interaction potential
between solvent and solute sites, usually described as a sum of
Lennard-Jones and Coulomb potentials in many force fields.

Unlike MC or MD molecular simulations, 3D-RISM and
other integral equation approaches usually require a soft-core
repulsive potential at every charged site in order to prevent the
build up of spurious solvent density fields near the origin.
This may be particularly relevant for highly compressible fluids
such as the ones considered here. The success of RISM-KH
calculations with modified potentials obtained by adding
soft-core Lennard-Jones terms on charged hydrogen atoms
has been demonstrated for supercritical water under different
density (0.025–1.0 g cm�3) and temperature (300–800 K)
conditions in the presence of self-ionization processes,53 for
density fluctuation calculations of water from vapor-like to
liquid-like densities (0.0001 to 1.0 g cm�3), with focus on the
near critical region,54 as well as on the liquid–vapor coexistence
of water and methanol, both in bulk and sorbed in nanoporous
carbon aerogel.55 In their 2002 paper,55 Kovalenko and Hirata
provide a very nice historical account of the RISM-KH develop-
ment from the liquid state theory point of view where these and
other issues are discussed.

The potential of mean force (PMF) centered at particular
MOF site g provides the free energy profile for ligand binding as
a function of the distance between a solvent molecule (ligand)

and g and is related to the local density correlation function
gg(r) by:

PMFg(r) = �kBT ln[gg(r)] (4)

The PMF is the reversible work involved in bringing two or
more selected particles from infinity separation to a final
configuration56 and, in this sense, it is the Gibbs free energy
difference between these two states at constant pressure
and temperature. The solute–solvent adsorption or binding
free energy, DG, is defined as DG = PMF(rmin) where rmin is
the distance where the PMF reaches the minimum.

Here, the calculations were carried out for T = 300 K and
several densities of the solvent gas. The Lennard-Jones (LJ)
parameters and charges where taken from the TraPPE model
for the CH4

57 and from the EPM2 model for the CO2.58 The
structure used for MIL-47 was obtained from the Barthelet et al.
study.44 The potential parameters for MIL-47 were taken from
previous molecular simulations of CO2 in MIL-47,26 on which a
LJ soft-core has been added to the vanadium atoms. The
vanadium distance (s = 3.144 Å3) and energy (e = 0.016 kcal mol�1)
parameters were taken from the UFF force field59 without any
further refinement. Fig. 1 shows a fragment of the MIL-47 structure.
For the calculations, this structure was replicated 10 times along
the longitudinal axis of the tube (x direction).

The 3D-RISM was solved considering a cubic supercell of
128 � 128 � 128 Å3 divided in 1283 grid points. The MOF was
placed inside the simulation box with its center of mass
coinciding with the center of the box. The dielectric constant
of all the solvent gas was set to 1 and the integrals were
converged to a root mean square accuracy of 1 � 10�4. The
1D and 2D profiles were obtained by averaging over the area of
normalization or the axis of normalization as follows

gðzÞ ¼
Ð
area

gðrÞdxdyÐ
areadxdy

; 1D properties (5)

gðy; zÞ ¼
Ð
axisgðrÞdxÐ

axisdx
; 2D properties (6)

All calculations were performed using the RISM suite
implemented in the Amber package.60 Since the 3D-RISM-KH
framework is designed for more dense liquid systems, it is

Fig. 1 MIL-47 Structure. Vanadium, oxygen, carbon, and hydrogen atoms are shown in pink, red, blue, and white, respectively. View from the (a) z–y
plane, (b) x–y plane and (c) diagonal view.
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important to ascertain that the calculations are reliable under
the low density conditions considered here. Therefore, we
computed the pair correlation functions for both gases in the
absence of the MOF for r = 0.001, 0.01 and 0.1 g cm�3. The g(r)
for carbon atoms are well behaved and present a first peak at
r = 4 Å for CH4 and r = 4.2 Å for CO2. The peak heights are
approximately 1.5 for both gases and the results for CO2 are
consistent with those reported by Koga et al.61 for carbon
dioxide under supercritical thermodynamic conditions using
an HNC-like closure.

3 Results
3.1 Pure solvent

First, we study the adsorption of pure CO2 and CH4 in MIL-47.
From the 3D-RISM calculation, we obtained a three dimen-
sional density correlation function that shows, for each grid
point, the value of the local gas density with respect to that of
the bulk, i.e., how many times more likely it is to find a gas
molecule around that position relative to the bulk. Fig. 2 shows
the two dimensional density correlation obtained by averaging
the three-dimensional distribution over the longitudinal axis of
the MIL-47 pores.

For lower densities, CH4 exhibits a weak preference for the
corners of the pore and, as the density increases, the distribu-
tion becomes even more diffuse, as depicted in the left panels
of Fig. 2: for r = 0.001 g cm�3 (B1.5 bar), the regions marked
red represent sites in which methane molecules are found
with a probability about seven times higher than in the bulk.
As the density increases, the regions marked red (high CH4

concentration) become increasingly less prominent, indicating
a more homogeneous occupancy of the MIL-47 pore by CH4

molecules.
Methane is a relatively bulky molecule compared to the

MIL-47 pore diameter, roughly spherically symmetric and

nonpolar, with zero dipole and quadrupole moments. According
to our results, it shows no strong preference for any specific site
along the tunnel-like pore of the framework. Therefore, the
organization of the methane inside the pore is determined
essentially by dispersion interactions and the packing of mole-
cules inside the pores. Occupying the corners allows for CH4

molecules to settle, while avoiding unfavorable competition
among them. As the density increases, the methane is forced to
fill the pore more uniformly.

Distinctively, for r = 0.001 g cm�3 (B0.56 bar), CO2 mole-
cules fill the pore almost uniformly, with densities as large
as seven times the bulk density at these thermodynamic
conditions (right panels in Fig. 2). Nevertheless, there is a
small region in the left and right corners of the pore where
the probability of finding a carbon dioxide molecule is eight
times the bulk density (regions marked in dark red). As the CO2

density increases, this preference for the horizontal corners of
the pore becomes more apparent.

Carbon dioxide, unlike CH4, has a significant quadrupole
moment ([1.427 � 0.061] � 10�39 C m2)62 and may interact with
specific sites of the MOF. For the particular case of MIL-47,
a reentrant oxygen linked to two adjacent vanadium can be
found on the equatorial right and left corners of the pore (see
Fig. 1), creating, on both sides, a local dipole moment pointing
to the center of the pore, thus providing preferable interaction
sites for CO2 via dipole–quadrupole interaction. Nevertheless,
a recent study47 suggested that, due to the relatively weak
enthalpy of adsorption observed experimentally, no specific
adsorption sites are expected in the MIL-47 sample for the
CO2 quadrupole to interact with. In order to understand this
apparent discrepancy, we investigated the 2D density correla-
tion function on the x–y plane, the 3D density correlation
function and the potential of mean force (PMF). As discussed
below, the specific interactions between MIL-47 and CO2 seen
in the calculations are indeed too small to be detected by
adsorption calorimetry.

Fig. 3 shows the 2D density correlation function on the x–y
plane compared with the position of the atoms in the MIL-47
structure. Methane is found nearly equally distributed along
the tunnel, with no particular correlation with any MIL-47 site
(top panel in Fig. 3). The CO2 longitudinal distribution, on the
other hand, is markedly correlated with the positions of the
reentrant oxygens of MIL-47, located near positions x = 61.5,
65.5 and 69 Å in this picture.

The 3D spatial maps of density distributions gg(r) of repre-
sentative solvent sites in the interior of the nanostructure for
both methane and carbon dioxide are shown in Fig. 4 for g 4 4.
The 3D maps indicate the regions inside the nanopores where
the local density enhancement of carbon (blue) and oxygen
(green) atoms is at least four times that of the bulk and allow
reconstruction of preferred binding modes. Methane shows a
mild preference to occupy the regions near the surface of the
pore rather than its center, whereas carbon dioxide appears to
fill the pore more uniformly, with the carbon atoms mostly at
the center and oxygens further out close to the pore surface.
The vertical peaks exhibited by the oxygen 3D map indicate an

Fig. 2 2D density correlation function on the z–y plane for CH4. Different
densities are shown: r = 0.001 g cm�3 (upper panels), r = 0.01 g cm�3

(mid panels) and r = 0.10 g cm�3 (lower panels). Red represents high
probability and blue lower probability of finding a solvent molecule,
relative to the bulk.
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organization of carbon dioxide molecules aligned to the y-axis
of the MOF, consistent to the slipped parallel structure,63 and
the T-like dipole–quadrupole interactions.

The PMF profile is related to the solvent distribution func-
tion by means of eqn (3), from which the Gibbs binding free
energy, DG, for each species can be computed, as discussed
above. The computed PMF along the principal axis of MIL-47 is

shown in Fig. 5 for r = 0.01 and 0.07 g cm�3. The oscillatory
behavior seen in Fig. 5 reflects the atomic roughness of the
MOF. For methane the lowest values correspond to interstitial
spaces in the MOF structure, whereas for carbon dioxide the
lowest minima correspond roughly to regions near the MOF’s
oxygen atoms. A hint of this is reflected in the small spikes seen
in Fig. 4 for CO2 (green) and can also be seen in Fig. 3, which
shows periodic minima roughly 4 Å apart along the main
axis for CO2. The amplitudes of the oscillations, however, are
less than 0.1 kcal mol�1 and are essentially immaterial to the
discussion. DG is estimated from the average PMF over the
extension 40 o x o 90 Å.

Fig. 3 2D density correlation function on the x–y plane for CH4 (top) and
CO2 (bottom) for r = 0.10 g cm�3. Red represents high probability and blue
lower probability of finding a solvent molecule. For clarity, the structure of
MIL-47 is shown in the middle.

Fig. 4 3D density correlation function for CH4 ((a) z–y plane and (b) x–y
plane) and CO2 ((c) z–y plane and (d) x–y plane) for r = 0.10 g cm�3. The
colors represent the carbon (blue) for both molecules and CO2 oxygen
(green). The surfaces are shown for g 4 4.

Fig. 5 Potential of mean force in the x direction for density (a)
r = 0.01 g cm�3 and (b) r = 0.07 g cm�3.

Fig. 6 DGads for CH4 and CO2 as a function of density.
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Fig. 6 shows DG as a function of the bulk gas density for
both CH4 (black) and CO2 (red). Methane turns out slightly
more stable than carbon dioxide inside the nanostructure,
which, in turn, is less affected by increasing the gas density
or pressure. Methane adsorption is slightly more sensitive
to the available volume and, therefore, increasing the density
affects the ability of MIL-47 to capture CH4. However, the
difference in DG between the two gases is very small compared
to thermal energy, varying from approximately 0.15 kcal mol�1

at r = 0.001 g cm�3 to 0.06 kcal mol�1 at r = 0.10 g cm�3,
indicating that MIL-47 is not CH4/CO2 selective. Moreover, this
small difference in the free energy suggest that, despite of the
existence of mildly preferred position near the reentrant oxygen,

the quadrupolar interactions of the CO2 with this particular site is
not significant for the adsorption process.

3.2 Mixtures

Let us now consider the molecular distribution inside the
MIL-47 structure for CO2–CH4 mixtures. Calculations were
made for several total densities and compositions. Fig. 7 shows
the 2D density correlation function for different molar fractions
(xCH4

= 0.1, 0.5, and 0.9) at rtotal = 0.01 and 0.07 g cm�3.
Methane behaves similarly for all total densities studied: for
low xCH4

there is a relatively large region with high probability
of finding a methane molecule (seven and six times more likely
then the bulk for rtotal = 0.01 and 0.07 g cm�3, respectively).
As the methane molar fraction increases, this region shrinks.
The 2D density correlation functions for CO2 show a stretching
of the CO2 distribution in the z direction for all mixtures

Fig. 7 2D density correlation function on the z–y plane for CH4 and CO2

for (a) rtotal = 0.01 g cm�3 and (b) rtotal = 0.07 g cm�3. Results for different
molar fractions are shown: xCH4

= 0.1 (top panels), xCH4
= 0.5 (mid panels)

and xCH4
= 0.9 (lower panels). Red represents high probability and blue

lower probability of finding a solvent molecule.
Fig. 8 DGads for CH4 and CO2 as a function of methane molar fraction for
(a) r = 0.01 g cm�3, (b) r = 0.03 g cm�3 (c) r = 0.07 g cm�3.
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considered and CO2 molecules become restricted to the center
of the tunnel-like pore, a region slightly unpreferred by CH4.

The computed binding free energy of each species is shown
in Fig. 8 as function of the composition for r = 0.01, 0.03, and
0.07 g cm�3. The binding of these gases to MIL-47 is quite
insensitive to composition, with methane binding slightly
better when mixed with carbon dioxide than when present as
pure solvent. At lower (higher) total bulk density, CO2 mole-
cules tend to increase (decrease) its binding affinity as the
mixture gets richer in methane. That is, depending on the bulk
density, the trend of the CO2 binding to MIL-47 with composi-
tion may change. The small CH4 over CO2 selectivity may
become even smaller at low total density for CH4-rich mixtures
(Fig. 8a). Nevertheless, this effect seems to be way too small for
any practical purposes.

4 Concluding remarks

In this work, we applied the 3D-RISM integral equation form-
alism to study the molecular distribution and binding free-
energy of CH4, CO2 and CH4/CO2 mixtures in the metal–organic
material MIL-47. Calculations were carried out for T = 300 K,
different bulk densities, and several molar fractions in the case
of mixtures. From the 3D-RISM theory we obtained a three
dimensional density correlation function, which allows the
identification of preferred interactions sites, and the computa-
tion Gibbs free-energy profile obtained from the potential of
mean force.

We studied the adsorption of the CH4 and CO2 separately
and identified two different adsorption mechanisms. Methane
adsorption is simply due to the packing of molecules inside the
pore, whereas carbon dioxide also interact with the reentrant
oxygen atoms linked to two adjacent vanadium sites on the
equatorial right and left corners of the pore via a dipole–
quadrupole coupling. This additional interaction, however, is
not strong enough to effectively influence the gas adsorption
and, as a consequence, does not provide the energetic advan-
tage needed for separation of CO2. Therefore, despite of the
high CO2 uptake reported,47 the MIL-47 metal–organic material
would not exhibit CO2/CH4 selectivity according to our
calculations.

We showed that the 3D-RISM formalism used in this work is
an effective tool to determinate adsorption sites, adsorption
free energies and to make propositions on the adsorption
mechanisms and selectivity in MOFs. It has the advantages of
being dielectrically consistent, in the thermodynamic limit by
definition, fast and economically viable which makes this
technique a reliable way to study small molecules dispersion
on nanostructured materials such as MOFs. Whereas 3D-RISM
method provides an attractive approach to compute adsorption
free-energy landscapes for such a system, the computation of
total gas uptake via 3D-RISM is not as straightforward because
it would require a nontrivial spatial integration of the density
distribution. However, since gas uptake can be readily calcu-
lated by means of GCMC simulations, 3D-RISM methods can be

combined with GCMC techniques using the same force fields
to gain a more detailed understanding of gas adsorption
on MOFs.
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